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ABSTRACT

The fabrication of a large aluminum hull with state of the art
materials and construction techniques is shown to be technically feasible.
Present 5000 series ailoys have adequate properties, though additional

research is required, particularly into fatigue characteristics. Ex-
perience to date with existing aluminum ships has been good, though
instances of cracking at welds and ccrrosion have been noted. Criteria

for the design of the aluminum hull structure are presented and justified.
Methods of fire protection and system/equipment installation are evaluated,
and operational characteristics of an aluminum bulk carrier are reviewed.

The designs of a large aluminum bulk carrier and an equivalent steel
ship are presented and compared. The aluminum ship's structure weighs
43 per cent less than the steetl ship, and its hull is about 50 per cent
more flexible. Cargo deadweight is increased 7-1/2 per cent.

Cost studies 1indicate that for the same return on investment the
required freight rate of the aluminum bulk carrier is higher than the
eguivalent steel ship, for all levels of procurement, assumed hull life,
or voyage length considered.

Areas for further research are presented and further investigations
of large aluminum ships are proposed.
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I.  INTRODUCTION

This report summarizes the results of a study of the present technical
state of the art to determine the feasibility of economical construction
and operation of a large high density deadweight carrier constructed
entirely of aluminum.

The present level of technology in the aluminum industry is suf-
ficiently advanced to warrant active consideration of the use of aluminum
for a large bulk carrier. This study is given further impetus by the
recent emphasis of life cycle cost, which has provided the techniques
necessary to justify higher initial expenditures where the potential for
long-term economic benefits exist.

Background

Aluminum alloys suitable for use in a marine environment have been
available for approximately 30 years, offering significant advantages in
reducing structural weight and hull maintenance. However, the unit
material cost of aluminum alloys is presently between 5 and 6 times that
of mild steel. The use of aluminum alloys generally reduces hull structural
weight by approximately 50 per cent relative to steel, so that the total
material cost of an aluminum hull will be between 2-1/2 and 3 times that
of a comparable steel hull. Since aluminum construction does not generally
result in a significant reduction in the labor costs for hull construction,
the higher material cost produces a corresponding increase in overall con-
struction cost which must be passed on to the purchaser., This factor has
generally restricted the use of aluminum to the following marine applications:

0 High-speed hull forus, particularly planing hulls, where the
higher hull cest can be justified on the basis of superior
performance.

C Special applications where the resistance of aluminum to
specific corrosive environments is required.

) Superstructures, where the reduction in topside weight justi-
fies the higher materizl cost.

0 Applications where light hull weight is essential to suit
draft limitations or lifting requirements.

In addition to the foregoing restrictions, the introduction of
aluminum alloys into the marine industry has encountered technical dif-
ficulties in some areas, resulting from either the basic characteristics
of aluminum alloys, or from misuse of these alloys during fabrication.
Among "the problems" experienced with aluminum marine applications are:

0 Early problems with the introduction of aircraft-type alloys
and fastening methods which were unsuited for a marine
environment.

o Problems with welding prior to the introductio.. ¢f the 5000
series alloys. Although these problems have been largely
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overcome, careful consideration must still be given to strength
degradation, locked-in stresses and distortion in way of welds.

0 Problems with isolation of dissimilar metals, particularly
at mechanically-fastened joints between aluminum and steel
structures exposed to salt water. Additional problems occur
with installation of piping and equipment, shafting, propellers,
mooring and anchor gear, etc.

o Law fire resistance of aluminum structures. This has required extensive

investigation due to the low melting point of aluminum and
gross loss of structural integrity resulting from fire.

) Exfoliation of the 5456 alloy in the Navy patrol and
assault craft, and crevice corrosion in way of welds and
discontinuities.

) Use of improper primer/paint systems.

o} Improper fabrication of aluminum weldments due to lack of
qualified welders. This problem has largely disappeared at
facilities where a significant quantity of their production
is of aluminum construction.

The aforementioned limitations and problem areas have tended to
restrict the use of aluminum to smaller hulls and other specialized
applications in the marine field until recent years. However, as the
technical problems have been overcome and the state of the art in fabri-
cating aluminum structures has advanced, aluminum has been considered
and used in larger hulls, including:

o U. S. Navy 8L foot ICM-8 landing craft.

0 U. S. Navy PGM high-speed patrol craft, 154 feet long.

o 2Ll foot oceanographic vessel SEA PROBE, now under construction.
o The shallow draft tanker "INDEPENDENCE", 118 feet long.

) The trailership "SACAL BORINCANO", 306 feet long.

0 Commercial and military hydrofoils.

0 86 foot aluminum purse seiner, presently under construction.
o 223 foot aluminum barge "ALUMINIA".

o 16G foot ferry GTS "AVALON".

A major factor affecting the future of aluminum in marine applications
is the recent trend toward evaluation of life cycle cost, in which all
factors affecting the economics of a specific system are evaluated over
the lifetime of the system to determine total cost throughout its life.

The use of life cycle cost techniques permits the designer and economist
to trade-~off higher first cost of an aluminum ship against potential fuel
savings or increased earning capacity resulting from lighter hull weight,
as well as economies in hull maintenance and higher scrap or resale value.
This factor, in conjunction with the recent advances in the state cf the
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art in fabricating and maintaining aluminum, jastifies consideration of
aluminum in the construction of a large hull such as the bulk carrier
presently under consideration.

Scope of Study

This program consisted of four phises:

0 Material and Design Studies including a review of alloy
properties, development of criteria, methods of fabrication,
fire resistance, effect on systems and effects on operations,

o Comparative Ship Design and Evaluation, including modification
of the selected steel bulk carrier 1o suit 1969 strerg:h
standards, and design of an equivalent aluminum bulx carrier:
dimensions, midship section, weights, and construct.on cost.

o} Cost Studies, wherein equivalent steel ard alumirum bulx
carriers are analyzed to determine relative required freight
rates over several trade routes and for operating lives of
from 20 to 30 years. These studies are conducted for both
single hull and multi-hull procurement.

) Recommended Areas for Further Study wherein a research progran
is proposed for extending this study in areas requiring further
investigation.

The study was originally specified tc te based upon comparison to an
existing US-built bulk carrier or a realistic design study reflecting
ABS requirements. Since few, if any, large ocean going high-dersity
bulk carriers have been built in this country in the past 20 years,
this study is based on a hypothetical ship which is physically identical
to a recent large foreign built bulk carrier approved by ABS. All cost
factors are based upon construction in the United States and operation
under the American Flag. This approach is considered preferable to
basing this work on a design study, since the physical characteristics
of the existing base line ship are well documented and fully proven in
service.

Selection of Bulk Carrier

The ship selected as a basis for developing the hypothetical high
density bulk carrier is the M.V, CHALLENGER. This ship is an ocean geing
flush deck bulk carrier with raised forecastle and poop, & carge holds
and machinery aft. The characteristics of the CHALIENGER are surmarized
in Table 1.
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TABLE 1. Principal Characteristics - M.V. Challenger

Length Overall 6321-10"

Length Between Perpendiculars 5901-6-1/2"

Beam 881 -7"

Depth 52120

Draft 351 -9"

Deadweight 36,858 LT max.

Light Ship 7,892 LT

Displacement Lh,750 LT max.

Shaft Horsepower 9,600 max. (Diesel)

Design Speed 14.8 Knots

Range 10,L00 statute miles

Built 1965, Mitsubishi Heavy Industries, Ltd.

Classification ABS b!d A1 E  "Bulk Carrier" + AMS
Strengthened for heavy cargoes

Registration Monrovia, Liberia, No. 2373

Gross Tonnage 19,633 (Liberian)

Net Tonnage 13,451 (Liberian)

The M.V. CHALLEMGER is of mild steel construction, and is longitudinally
framed. The general arrangements and a typical midship section are shown in
Figures 1 and 2 respectively.

This vessel was chosen for several reasons:

0 The aluminum hull structure would be economically more viable
for a smaller bulk carrier (30-40,000 tons deadweight) than
with a larger vessel, since the effects of reduced hull weight
are more pronounced.

0 Sufficient data is available on the ship to produce a high
level of confidence in the physical characteristics of the
base line design.

0 Incory -ation of aluminum hull structure on a relatively small
ressel ropresents less of a technical risk and results in
scantiings which are not bteyond the state of the art to fabricate.
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II., MATERTAL AND DESIGN STUDIES

ITA. REVIEW OF ALUMINUM ALLOYS

This section includes a comprehensive review of the properties of
veldable aluminum alloys suitable for a marine envirconment and the selec-
tion of the most appropriate alloy or alloys for the construction of a
large aluminum bulk carrier. In order to limit the scope of the study,
only 5000 series alloys are considered for hull structure. Although €020
series alloys, such as 6061, have excellent salt water corrosion resistance,
their weldability is not considered suitable for welded structural applica-
tions. However, 6000 series alloys could be considered for catwalks, joiner
panels and other similar appiications,

The areas covered in this review include the following:

1. Mechanical Properties (Static and Fatigue)
. Toughness
Buckling Strength

2

3

li. Corrosion and Abrasion

5. Weldability and Workability
6

. Alloy Material Cost

7. Selection of Alloys

Mechanical Properties (Static and Fatigue)

This phase of the aluminum bulk carrier feasibility study is a review
of alloy properties including parent and welded static and fatigue strengths
for 5000 series aluminum alloeys.

The following factors have a primary effect on the static and fatigue
strengths of pareni and welded aluminum, and are herein evaluated uanti-
tatively, where possibi:, or qualitatively: alloy temper, materi~l thick-
ness, weld procedure, filler wire alloy, type of weld - single veg¢ butt,
double vee butt, fillet, etc., weld process (MIG, TIG, etc.), weid defects,
cold working, surface finish of parent metal and weld, stress concentrations
such as notches, craters, welds, etc., service environment, differences in
laboratory test specimens and test procedures.

Cumulative fatigue, low and elevated temperatures, compositien and
grain size are discussed. MNowever, the effects of these latter factors
the static and {atigue properties of pareat and welded aluminu~ alloys
beyond the scope of this study. Future required the~retical ana exper
mental investigations are defined.




-8-

Nume rous references have been reviewed and those pertinent to this
study are References (1) through (36). The tables and curves presented
were obtained from the references, and represent typical or average
values. Some of the values are based on little data, while others are
typical of the values obtairncd from numerous tests. In using these
values or curves for design purposes, it is recognized that they often
represent relative trends, and can be used only to compare materials and
define those variables that affect the material properties evaluated. A
more ccmplete literature survey and evaluation of properties is being
performed by the American Welding Society, in preparation for a major
test program.

Static Properties

Table °, obtained from Reference (1), presents minimum, maximum and
typical static strength values for urwelded 5000 series alumimum sheet
ad plate. The values are obtained from many tests amd are accurately
representative of the material properties. Table 3 presents wmwelded
static strength limits for S000 series alumimum extrusions. Table §
presents values for the static strength of butt-welded 5000 series
alumimm allcys tested in axial tension. The average vaiues are obtained
from both field and laboratory welded specimens of various thicknesses and
dimensions, References (2) through {17). Values are presented for speci-
mens in the as-welded condition with the bead on and for specimens with
the weld bead machined flush with the parent material or bead off. Where
undefined, the values correspond to specimens in the ~s-welded condition.
Results for specimens with weld defects are not inclu.ed, and no differ-
entiation is rade for filler wire, type of weld, weld process or specimen
geometry since the effects of these variables are no more significant than
noimal test scatter. Several possible inconsistencies are noted in
Table L relative to the average elongation figures. In some cases, bead
on values are greater than bead off wvalues, which is questionable., In
other cases, the average values are equal to or slightly less than the
minimum values of Tables 2 amd 3. These inconsistencies reflect the
relatively limited data available on average elongations, and the need
for more consistent testing.

Comparison of Tables 2, 3 amd L clearly indicates that, for all 5000
series alloys investigated, annealed parent material, butt-welded annealed
material and butt-welded tempered material possess approximately the zame
ultimate amd yield strengths under s atic load. The elongation of welded
alloys, annealed or tumpered, approaches that of tempered parent material,
due to stress concertrations, residual stresses in the weld and metailurgical
factors. These results establish that the static strength properties cf
5,000 series aluminum welds are approximately equal to the static strength
propertics of znnealed (0 temrer) parent material.
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.

TABLE 2. Mechanical Proper:ies of Aluminum Alloy Sheet and Plate
PART A - Property Limits®

HONGATION

TENSRE STRENGTH—ksi (kg/mm®
ALLOY mcx:m® wnmare 000 | Yo percont min
- YT
min mex ! min max f or 40
5050
0.004-0.007 1800127 2.0 (169) 6 4. |
0.008.0019 185(0127) 2400169 6.0 (4.0 14
50%0.0 0.070-0.001 180 (127) 240 (16.9) 6.0 (4.7) W
00320.113 180 (120 240169 60 (4.2 2
0.114.0200 180(120) 240 (14.9) 60 (4.7 n
0.290-3.000 189 (127) 240169 40 (4@ 0
3030-H323) 0.0t7.0.020 n90(159) 200197) 160 (11.2)® 4
0.051.0.249 no(sy 800197 140 (MG é
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0.006-0.007 290 (204
90901138 0.008-0.031 290 (20.4) 2
0.032.0.08 20 (0.0 B
00510128 29.0 (30.4) 4
30305112 I 0.270-3.000 200 (14.1) 80 5.00 | %
[ ]
0.006.0.007 BO(17.6) 3NoMme
00080012 250(17.6) 3N0{2:8; 1¢
00130019 290 (17.6) 308 18
20520 0.020-0.091 250(17.0) 308 1%
0032.0.0%0 250 (17.6) 30218 . 18
ecs10.113 230 (17.8) NoM e i 1
8.1140200 B0 (17.4) N0 ! 2
0.290-3.000 250 (17.6) noms g 18
00170019 oMy 947 T
0.020.0.030 N0 NS 047 ) s
30528320 0.031.0.11) noMN ne (M | | 7
114024 310 (21.8) P X -Xo I %] :  J
0.230.0.499 neMmm no@n | : u
2.900-2 000 noaAMe b 1%y Sy x 2
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For all mumbered Footnotes, see Page i3,
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TABLE 2. Mechanical Properties of Aluminum Alloy Sheet and Plate
R G
PART A - Property L1m1tQ(cont.)
| _TENSILE STRENGTH—kii (kg/mm?) ELONGATION
Auoy THICKNESS® ULTIMATE Yo percant min
. in. R S in 2 in.
JL min max min max or 4D®
5083
| o0s1-1.500 400 (28.1) 51.0 (35.9) 180 (12.7) 29.0 (20.4) 16
1.501.3.000 39.0 (27.4) 50.0 (35.2) 17.0 (12.0) 29.0 (20.4) 16
3.001.4.000 38.01267) 160 (112) , 16
5083.0 4.001.5.000 380 (26.7) 160 (11.2) "
5.001.7.000 370 (26.0) 150 (10.5) 1«
7.001.8.000 360 (253) 140 (98) 12
5083-H112 0.250-1.500 400 (28.1) 180 127 12
1.501.3.000 39.0 (27.4) 17.0 (12.0) 12
5083-H321 K 0.188.1.500 440 (309) 56.0 (39.4) 310 (21.8) 430 (36.2) i2
w 1.501-3.000 410(2838) 56.0 (39.4) 9.0 (20.4) 09302 12
5083-H323 0.051.0.125 450 (31.6) 34.C (36.0) 340 (23.9) 440 (30.9) 8
0.126.0.249 430 (31.6) 54.0 (38.0) 340 (239) 440 (309) 10
5083-H343 0.0510.125 500 (35.2) 59.0 (41.5) 300 (27.4) 49.0 (34.4) 6
0.126-0.249 500 (35.2) 59.0 (41.5) 39.0 [27.4) 490 (34.4) 8
) 0.020-0.050 350 (24.6) 420 (22.5) 40 8 15
5086.0 0.051.0.249 350 (24.6) 420 (29.5) 14.0(9.8) 18
0.250-2.000 350 (24.6) 420 (29.5) 140 (9.8) 16
0.020.0.050 400 (28.1) 47.0(33.0) 28.0 (190 6
5086.H32® 9.051.0.249 400 (28.1) 47.0(330) 280 (19.7) 8
B . | 0250-2.000 400 (28.1) 47.0(33.0) 28.0 (19.7) 12
0.009-0.019 440 (30.9) 510 (359) 340 (239) 3
0.020.0.050 440 1309) 510 (35.9) 340 (23.9) 5
5086.-HUG 0.051.0.249 440 (309) 51.0 (35.9) 340 (239) 6
0.250-1.000 440 (30.9) £1.0(35.9) 340 (23.9) 10
0.005-0.019 47.0(310) 540 (38.0) 38.0 (267) 3
5086.H36@ 0.020.0.050 479 (33.0) 540 (38.0) 38.01267) 4
0.051.0.162 47.0 (33.0) 54.0(38.0) 38.0 (26.7) 6
5086-H38(® 0.006.0.020 50.0 (35.2) 41,0 (28.8) 3
0.188.0.499 360 (25.3) 18.0 (127) 8
5086-H112 0.500.1.000 350 (24.6) 160 (11.2) 10
1.001.2.000 350 (24.6) 140 (9.8) "
2,001-3.000 340 (23.9) 14.0(9.8) 4
- 00200831 | 300(21) 000288 | M0@D 12
51540 0.032-6.050 300 (21.1) 410 (28.8) na@n i4
0051.0.113 300 (21.1) 410(289) noen 16
B o 0.114-3.000 300 410 (288) 1.0 77 18
0.020-0.050 360 (28.9) 430(302) 260 (18.9) 5
5154.H326) 0.057.0.249 36.0 (25.3) 43.0(30.2) 260 (18.3) 8
0.250-2.000 36,0 (25.) 430(302) 260 (183) 12
0.009-0.050 39.0 (27.4) 460 (32) 290 (20.4) 4
$154H34E 0.051.0.161 39.0 (27.4) 460 (32.3) 290 (20.4) 6
0.162.0.249 39.0 (27.4) 460 (32.3) 29.0 (20.4) 7
0.250-1.000 39.0 (27.4) 460 (323) 290 (20.4) 10
0.006-0.050 420 (29.3) 490 (34.4) 320 (22.5) 3
5154.H36®) 0.051.0.113 420(29.5) 490 (34.9) 320 (22.5) 4
0.114.0.162 420:29.5 490 (34.4) 320 (22.9) 5
! 0.006-0.050 4500316 350 (24.6) 3
51544380 . 0.051.0.113 450 (31.8) 350 (24.6) 4
1 0.1140.128 450 (31.6) 350 (24.6) 5
1 0.250.0.499 320(22.3) 18.0 127) )
5154.H112 I 0.500-2.000 30.0 (21.1) noewE”n n
| 2.001.3.000 30.0 (21.1) 1007 15

For all numbered Footnotes, see Page 13,
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TABLE 2 Mecnamical Properties of Aluminum Sheet and Plate

PART 4 - (cont.)

o  TENSIE STRENGTH—ksi (kg/mm®) ELONGATION
AUOY THICKNESS D) ULTIMATE YIELD porcent min
AMD in. - SLNRTE e TR - My
TEMPER min mox min max or 400
5252
5252.H24 0.030-0.090 300 (2.1} 38.0 (26.7) [ 10
5252.-H25 0.030-0.090 31.0 218) 39.0 (27.4) 9
5252-H28 0.030-0.090 380 (267) 3
5257
5257-H241 0.030-0.090 140 (9.8) 22.0 (15.5) "
5257.H25 0.030-0.090 160 (11.2) 23.0(16.2) 10
5257126 0.030-0.090 17.0 (12.0) 240 (16.9) 9
5257.H28 0.030-0.090 200 (14.1) 6
s454
0.020-0.03) 310 (218) 410 (28.8) 1 120 (8.4) 12
54540 0.032-0.050 31.0 (21.8) 41.0(288) 120 (8.4) 14
0.0510.113 310 (21.8) 41.0(288) 120 (8.4) 16
0.114-3.000 310(218) 410 (28.3) 120 (8.4) 18
_1L_ - —— e e i e . — [ N - o -
0.020-0.050 360 (253) 4.0 (30.9) 260 (18.3) s
54544320 0.0510.249 360 (253) 44.0 (30.5) 26.0 (183) 8
0.250-2.000 360 (25.3) 440 (30.9) 260 (18.3) 12
0.020-0.050 390 (27.4) 47.0 33.0) 29.0 (20.4) 4
5454-H3E 0.051-0.161 39.0 (27.4) 47.0 (33.0) 29.0 (20.4) 6
0.162-0.249 390 (27.4) 47.0 (33.0) 290 (20.4) 7
0.250-1.0%0 39.0 (27.4) 7.0 (33.0) 290 (20.4) 10
0.250-0.499 320 (22.5) 180 (127) 8
5454-H112 0.500-2.000 31.0 (218) 12,0 (8.4) n
2.001-3.000 310 (218) 120 (8.4) 15
5456
0.051-1.500 420 (29.5) 53.0 (37.3) 190 (13.4) 300 (21.1) 16
1.501-3.000 410 (288) 52.0 (36.6) 18.0 (127) 300 (21.1) 16
5456.0 3.001-5.000 400 (28.1) 17.0 (12.0) 14
5.001-7.000 39.0 (27.4) 160 (11.2) 14
7.001-8.000 380 (267) 150 (10.5) 12
] 26n o seqos SRR
5456-H112 0 250-1.500 420 (29.5) 19.0 (13.4) A 12
1.501-3.000 410 (288) 18.0 (12.7) . 12
i , 8 | 180 I '
0.188.0.624 460 (52.3) 59.0 (41.5) 330 (23.2) 460 (32.3) 12
5456-H321 0.625-1.250 460 (323) 56.0 (39.4) 330 (23.2) 450 (31.6) 12
1.251-1.500 440 (30.9) 56.0 (39.4) 310 (218) 430 (302) 12
1.501.3.000 410 (28.8) 56.0 (39.4) 29.0 (20.4) 430 (30.2) 12
5456.-H323 0.051-0.125 480 (337) 58.0 (40.8) 360 (25.3) 460 (323) 6
' 0.126.0.249 480 (337) 58.0 (40.8) 36.0 (25.3) 460 (32.3) 8
5456-H343 0.051-0.125 53.0 (37.3) 63.0 (44.3) 410 (288) 51.0 (359) 6
0.126.0.249 53.0 (37.3) 63.0 (44.3) 410 (288) 51.0 (35.9) 8
5457
54570 ] 0.030.0.090 T 160 (11.2) 22.0 (15.5) [ T 20
5557
5557.6 [ 00300090 | 15000 200 (14.1) r j 20
5657
ses7-H21 {y 0.030-0.090 18.0 (127) 26.0 (18.3) 13
5657.H25 0.030-0.090 200 (14.) 280 (19.7) 8
5657.H26 0.030.0.090 220 (15.5) 30.0 (21.1) 7
5657.H28 0.030-0.090 250 (17.6) 5

For all mumbered Footnotes, see Page 13,
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TABLE 2 Mechanic4l Properties of Aluminum Sheet and Plate
. . (D
PART B - Tynical Propert1es~/

TENSION HARDNESS | SHEAR FATIGUE | moDuws

ALLOY STRENGTH ELONGATION ULTIMATE | ENDUR- | MODULUS®

AND | kel (kg/mm®) percent in 2 in. BRINELL [SHEARING | ANCE® OF
e R | STR
TEMPER Tveted 1z tea | NUMBER |STRENGTH | LMIT | ELASTICTTY
ULTIMATE YIELD Thick Diameter | 300 kg load ksi ksi ksi (kg/mm®)
o Spech Spedi 10 mm ball | {(kg/mm®) | (kg/mm® x 10

5005.0 102 642 25 2 nen | 100 (7.0)
5005.M12 20041 190139 10 . 14(98) 100 7.0)
5005-H14 23(182) 220159 6 14(98) 100 (7.0)
5005.H16 26(183)  25(17.4) 5 15 (10.5) 10.0 (7.0)
5005.-H18 29(204)  28(197) 4 . 16 (11.2) 100 (7.0)
5005-H32 {004 17(120) n 36 14(9.8) 10.0 (7.0)
5005-H34 23(162) 20141 8 n 14(9.9) 10.0 (7.0)
$5005-H36 26 (18.3) 24 (169) 6 46 15(10.5) 100 (7.0)
$5005.H38 29204 27 (190) 5 s\ 16(11.2) 100 (7.0)
50500 21 (14.8) 8(5.6) 2 6 15(108) | 12(8.4 100 (7.0)
5050.H32 25(17.6)  21(148) 9 46 (20 | 13en 100 7.0)
5050.H34 28(197) 24(169) 8 5 BO27N | 1360 10.0 (7.0)
5050.H36 30(21.0) 26(183) 7 58 190134 | 1408 100 (7.0)
5050.H38 32(225  29(204) 6 6 20040 | 14098 100 (7.0)
5052.0 80197 1300 25 30 4 18A27) | 16012 | 10202
5052.H32 33(232 280197 12 18 P 0040 | 170200 | 10202
5052.-H34 38(267) 2218 0 14 88 21148) | 18027 | 10202
5052.K34 001 35(249) 8 10 73 2062 | 1WO3e | 10202
5052-H38 2295 37260 7 8 7 200069 | 20041 | 10202
5056-0 2295 2055 s 85 260183 | 20040 | 10302
5056-H18 63(443)  59(41.5) 10 105 34239 | 22055 | 103092
5056.H38 60(422) 50 (35.2) 15 100 32(225 | 220155 | 10302
5083.0 2295  N048) 22 25(17.6) o 10302
5083-H321 46(323) 33(232) w | 23(162) | 10302
5086-0 38267 170120 22 23(162) 103 (7.2)
508.5-H32 Q225 3@ 2 103 (7.2
5086-H34 a7(330) 37 (260) 10 27 (19.0) 103 (7.2)
5086.-H112 90279 19134 i) L 10307.2)
5154.0 B 17020 27 58 20155 | 170200 | 10202
5154-H32 392740 3020 15 &7 220155 | 18(127) | 102(¢.2)
5154.H34 Q@5 3282 13 73 AGEH | 19034 | 10202
5154-H36 i5(31.6)  36(253) 12 78 26(183) | 20040 | 102092
5154.H38 B33 39T 10 80 8197 | 2048 | 10202
5154.H112 35(248) 17020) 25 6 o 170200 | 10202
5252-H25 34(39)  2507.6) n 68 21 (14.8) 100 (7.0}
525238, -H28 | 41(288)  35(24.6) 5 75 23 (162) 100 (7.0)
5257.H25 190340 16012 4 2 n ey 100 (7.0)
5257.H38, -H28 | 23(162)  19(13.4) 8 ) 12 (8.4) 100 (7.0)
5454.0 36(253)  17(120) 2 62 23(16.2) 102(7.2)
5454.H32 08 3021 10 73 24 (169) 102(7.2)
S454.H3¢ U409 35(248) 16 a 26 (13.3) 102 (7.2)
S454.HIN 38(267)  26(183) 4 70 23 (162) 0202
5454.H112 36(25%) 18O 18 62 23(16.2) 102 (7.2)
84560 5218 308 | u | .. . 103 7.2)
5456.HIN 7330 332 18 103 (7.2)
5436.H112 S8 240169 2 TR B 103 (7.2
5456-H321 31389 37(260) 16 % 30 (21.1) 103 (.2)
5457.0 19 (13.4) 7049 2 32 12 (8.4) 100 7 0)
5457.H25 26(183)  23(162) 12 48 16(11.2) 100 (7.0)
5457.H38,-H28 | 30(21.) 27 (19.0) ) 55 18(127) 100 7.0)
5557.0 16(11.2) 642 25 28 nen 100 (7.0)
$557.H28 2162 20(14.)) 12 40 14 (9.9) 10.0 7.0)
5857.H30,-N28 | 28(197) 240065 | 7 50 15(10.5) 10.0 (7.0)
5457-H25 23(162)  2004.1) 12 40 1498) 100 (7.0)
S457.H38,-H28 | 28(197) 24 (189) 7 50 15(10.5) 10.0 (7.0)

For all numbered Footnotes, see Page 13.
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FOOTNOTES
(Part A - Pages 9-11)

@ Mechanical test specimens are taken as detailed under "Sampling and Testing",
pages 52-54 of Reference (1).

’2_> Type of test specimen used depends on thickness of material; see "Sampling
and Testing", pages 52-5L of Reference (1).

@ For the corresponding H2 temper, limits for maximum ultimate tensile strength
and minimum yield strength do not apply.

\Li\ This material is subject to some recrystallization and the attendant loss
of brightness.

:5: D represents specimen diameter.
3

These yield strengths not determined unless specifically requested.

(Part B - Page 12)
f‘lJ . These typical properties are average for various forms, sizes and methods
of manufacture, and may not exactly describe any one particular product.

(2 Based on 500,000,000 cycles of completely reversed stress using the R.R.
Moorz type of machine and specimen.

Q/ Average of tension and compression moduli. Compression modulus is about
2% greater than tension modulus.
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TABLE 3 Mecharical Property Limits of Aluminum Alloy Extrusions
Part A - Extruded Rod and Bar
DIAMETER R a B FLONGA-
OR LEASY TENSIRE STRENGTH—ksi (lt.l mm') TION
ALLOY DISTANCE . e e | perCENRt
AND TEMPER BETWEEN ULTIMATE YIELD min In
PARALLEL FACES AREA : . e b ] 2e.
in. L oy in. min max min mox or 4D
5083
5083-0 Up thry 5.000 Up thru 32 39.0(27.4) 51.0(359) ] 160 (11.2) 14
5083.H1N Up thry 5.000 Up thrv 32 40.0 (28.1) 24.0(16.9) 12
3083-H112 Up thry 5.000 Up thru 32 39.0 (27.4) 160(11.2) 12
5086
5086-0 Up thry 5.000 Up thry 32 350(246) 460(323) |14.0(9.8) 14
S0846-H1 T Up thru 5.000 Up thry 32 36.0 (25.3) 21.0(148) 12
5086-4112 Up thry 5.000 Up thru 32 33.0 (24.6) 14.0 (9.8) 12
5154
31540 All Al 30.0(21.1) 41.0(28.8) 110@.7)
5154-H112 All Al 30.0 (21.1) 110@.7)
5454
54540 Up they 5.000 Up thry 32 31.0(21.8) 41.0(209) I 120 (8.4) 14
5454H1 1) Up thry 5.000 Up thru 32 33.0(23.2) ' 19.0(13.4) 12
3454 H112 Up thru 5.000 Up thry 32 31.0(21.8) l 120(8.4) 12
5436
5456.0 Up thry 5.000 Up thru 32 410(288) 530373 [19.0(13.4) 14
S456-H1 1Y Up thry 5.000 Up thry 32 420 (29.9) 260 (18.3) 12
$456-H112 Up thru 5.000 Up thre 32 410 (20.8) 190 (13.4) 12

TABLE 4 Static Properties of Welded Aluminum A]loys@

Minimum
Yalues, IGI Average Values
Materiu Fro | Fry | Fry (BD) pongation (§)  Condition
0.0 IR Ly 28.0 '8.0 -
-HL = ) R 70 Bead On
- - J3.n AN Bead Off
D30 .0 '3 NS 3 T -
-HY C Q0 ) L L0 Bead On
-Hy. " - - 3.l N Bead Off
=Y 3 - - -
ARTI B i .0 .0.0 -
<H 3 J.0 Bead On
K - - 3o 0 Mead Cff
-k 35 - - -
9 x Y1 N
ML Ll [DIEN 7.0 -
ERE S5 ' Ted Bead On
) . b Bead X7
N Rl T -
WMy o Tt tead W0
Moy - Paad 7
i - -
i -

O M.nirwa vi.ues are frm "Wkl ling ALy Alaninam® (Alcsaj(Referemre (!
while average ¥alyez are TPk relipefred texl reporta.
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Test values of static ultimate and yield strengths for the parent
material are generally higher than the minimum values in Tables 2 and 3.
The following exceptions were noted during the evaluation ¢. thc referenced
data, Yield strengths for 10 specimens of SL5A-H32' alloy are anproximately
10 per cent below the minimum value, Reference (9). Although significant,
this is not critical since aluminum does not have a yield point and the
yield strength is arbitrarily defined. Reference ('0) lists yield strengths
for 2 specimens of 5086-H3L alloy (0.0tL inch thickness) that are approxi-
mately 3 per cent below the minimum value. The elongation of 5083 -H113
alloy which is identical to H321 temper, is about S pe: cent less than the
minimum value, Figure 25 of Reference (13). One specimen of “0d:-H3. allcy
has a yield strength in the transverse direction ¢ per cent beolow the mini-
mum value and one specimen of SLS6-H321 has yield strengths both longitudinal
and transverse about 7 per cent below the minimum value, Refercnce (27).
These limited cases do not modify the conclusion that the properties
presented in Tables 2 through L are considered satisfactory for general
design purposes.

Fatigue Strength

Figures 3 through 9 present typical S-N fatigue curves for 5000 series
aluminum alloys and structural steel. The curves are based on average data
from available references. Some of the curves have bcen verified by many
tests while others were obtained using few specimens. Ranges of test
scatter are not presented, and the curvcs are used to develop relative
trends only. Generally, specimens with weld defects zre not included in
the development of the curves., Fabrication variables evaluated include
butt-w:lds and weld bead. Envirummen:al variables eviluated include stress
ratio R, test loading procedure, notches and water cpray.

Figure 3} describes fatigue cur.es for umwelded (parent) wlloys subjected
to zero and complete stress reversal. The values of emdurance limit (EL)
are the same, within normal experimental scatter, for all 5000 series
aluminum alloys evaluated, although the static strengths vary from 33 to
51 KSI. Complete stress .eversal (R = -') reduces tihe endurance limit by
50 per cent from the value for zero stress reversal (R = 0). The endurance
limit (EL) of mild steel is higher than that of 5000 serics aluminum by
approximately the same ratio as that for the average statir sirencths.
Fatigue curves are not presented for anncaled (0 temoer) alloys. However,
the endurance limit of annealed alloys is the same ac that of itempered
alloys, References (%), (5) and (7).

Fatigue curves for butt-welded alloys in the as-weld~? condition are
presented in Figure ! for zero and complete stress reversal. As with the
unwelded material, -1. butt-welded 5000 series aluminum alloys approach
the samc endurince limit, although the static strongths vary froam (+.9 to
6.8 KSI. Complete stress reversal reduces the endurance limit by LO per
cent from the value for zero stress reversal. The endurance limit of but:-
welded annealed alloys is the same as that of butt-welded tempered alloys,
References () amd (¥¢). A significant observation frem Figure . is that
the fatigue strength of butt-welded 5000 series alumimum is less than
half that of butt-welded structural steel, whereas the fatiguc atrength of
urelded alumimm is 70 to 80 per cent that of urwelded structural steel.
Also significant is the magnitude of the fatigue limit of butt-welded
alumimm subjected to complete siress reversal. The value, ~-7 K5I,
ieaves little room for the safely factors that are reguired because of
envirommental conditions, water spray, corrosion, notches.
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Figures 4, ©, 7 and 8 present fatigue curves for 5083-H113, 5086-H32
and 545G-H321 aluminum as well as structural steel alloys. These curves
evaluate the effects of stress ratio, weld bead removal and surface notches,
to the extent of available test data. The letter M corresponds to the
R.R. Moore rotating beam fatigue test, and the letter K refers to the Krouse
reversed beam bending fatigue test. Axial tension-compression fatigue tests
give results approximately equal to reversed beam bending results for com-
plete stress reversal. Most complete reversal tests utilize the Moore or
Krouse procedure. Where undefined, the curves for complete stress reversal
are probably developed from axial or Krouse bending tests. The factor Kp
defines the stress concentration factor at the root of the notch.

Equivalent curves of Figures 5, & and 7 are nearly coincident, and the
following discussion applies to the three alumimum alloys. The endurance
limit fatigue band covers the range from 35 KSI to 6,5 KSI, the upper bound
corresponding to a stress ratio of 0.5 ard the lower bound corresponding
to as-welded material or sharp-motched material subjected to complete stress
reversal. The effect of stress ratio and notches on the fatigue strength
of urwelded material is obvious from the curves. A very significant observa-
tion is that the fatigue strength of butt-welded specimens with the weld
bead removed is S0 to 80 per cent greater than the fatigue strength of
as-welded specimens, although the static strength of as-welded specimens
is slightly higher than that of specimens with the bead removed. The
reasons for this phenomenon and the different values from different test
procedures for complete stress reversal will be discussed later in further
detail.,

The S-N curves for steel, Figure 8, follow the same trends as the
aluminum curves. However, the magnitudes of the curves for butt-welded
mild steel and high tensile steel are somewhat higher than the equivalent
magnitudes for alumimim, the lower bound for steel being 15 KSI. This is
to be expected, simnce welding of structural steel results in a 100 per cent
efficient joint, whereas welded aluminum joints exhibit somewhat less than
100 per cent static efficiency. The metallurgical explanation for the
different weld strengths is beyond the scope of this study; however, its
effect is clearly described by the fatigue curves. The limited fatigue
data presented for steel is obtained from References (29) and (30), and
is used for comparison purposes only. A complete evaluation of the
fatigue strength of structural steel is not intended for this study.

Figure ¢ indicates the detrimental effect of fresh or salt water
spray on the fatigue strengths of urmwelded mild steel and 5083-H!'13
aluminum alloy, Reference (13). Both metals have large reductions in
fatigue strength from water spray, but the r-iuction in the endurance
limit of aluminum to L.5 KSI is a major concern in the application of
aluminum in marine enviromment. References ('4) and (23) indicate that
the extreme reduction in fatigue strength due to water spray is caused
by surface axidation leading to fine cracks. Some methods for minimizing
the reduction in scrength are protective coating, surface compressive
stresses, etc., Reference (3). The fatigue limit of butt-welded aluminum
alloy wi-h notches, subjected to water spray and slow complete stress
reversal in a corrosive atmosphere, is as yet undetermined, but it is
expected that such a value would be very low.

The following paragraphs explain the reasons for the trends in
Figures 1} through 2, and discuss the mary variables that have not been
evaluated quantitatively. The effects of alloy composition, grain size
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and temper, weld process (including number of passes) and kead configura-
tion, filler wire, specimen finish and thickness have not been analyzed
in detail in this study. Although the references indicate variation in
fatigue strength due to these variables, the magnitudes of variation are
smaller than normal test scatter and are therefore considered negligible
for this evaluation. It is sufficient to state that metallurgical and
fabrication variables should be optimized to obtain maximum strength
properties. Careful consideration shouldbe givento complete removal of
the weld bead in order to increase the endurance limit of welded alumirum
structures. Stress concentrations and residuals at the weld bead accelerate
fatigue failure of butt-welded specimens. Removal of the weld bead mini-
rizes stress concentrations and residuals and strain hardens the weld
region by ‘he machining process, thus greally increasing the fatigue
strength of butt-welded aluminum alloys. However, this procedure is of
gquestionable value for ship structures, because of the large mumber of
fillet welds resw ting from attschment of framing members and bulkheads.

A significant variable in this study is stress concentration due to
fillet-welding structure 0 aluwminum plate, Although there is no butt-
welding in the parent plate, the introduciion of stress concentrations
and residuals at the fillets reduces the fatigue strength of the parent
plate to values as low as or below values for butt-welded plate. Insuf-
ficient data i3 available for the presentation of curves; however, test re-
suits are presented in References (£) and (*3) that verify the atove
statement. Test results for specimens with longitudinal butt-welds




-21-

parallel to the direction of lcad are presented in References (6), (7)
and (13). The fatigue strength of longitudinal weld specimens is
approximately equal to that of specimens with transverse welds. However,
the weld region covers the entire width of test specimens, but only a
negligible width in full-scale structures. PFurther investigation is
required to determine whether fatigue cracks will form at welds parallel
to the direction of load in full-scale structures. The effects of tempera-
ture on the fatigue behavior of alumimum alloys are not included in this
study. Test results at elevated temperatures are presented in References
(1) and (5), and results at cryogenic temperatures are presented in
References (1), (6), (10) and (12).

Fabrication, welding and inspection requirements for steel and
alumimm ship hulls are defined in References (ZL) and (05)., The critical
variable relative to inspection is weld defects, which are more critica’
for aluminum than steel due to th:e inability of aluminum welds to develop
100 per cent efficiency. The effects of weld defects; cracks, incomml.ate
penetration, lack of fusion, slag inclusions, porosity, etc. on the fatigue
properties of aluminum, as yet undetermined, should be incorporated in
inspection specifications. Weld defects relative to acceptamce standards
are discussed in References (26), (27) and (28).

Figuves 3 through § present curves ccrresponding to ratios of minimum
to maximum stress that vary from 0.5 to -1. Endurance limits for 0.5
stress ratio are reasonably higher than for zero stress ratio, which
achieves higher erndurance limit values than -! stress ratio (complete
reversal), as expected. Where available, S-N curves are presented for
complete stress reversal obtained by rotating beam and reversed bean
bending test procedures. The rotating beam test uses specimens with
circular cross-section which subjects several fibers only at the top and
bottom of the cross-section to maxirum stress. Th: reversed beam bending
test uses spescimens with rectangular cross-se. tion which subjects all
fibers along the top and bottom edges of the cross-section to maximum
stress, thus achieving lower fatigue strength values. The few available
test results for complete stress reversal obtained using axial tension-
compression tests give fatigue strengin values approximately equal to those
obtained from reversed beam berding tests. Since axial tension-compression
tests stress all fibers equally, it is probable that the reversed beam
berxiing *est specimen has inherent stress concentratioms cr that incipient
fatigue failure of beams wccurs at the fatigue strength »f the ogter fiders.

The test values reported in the references are obtained from small
specimens that are fabricated and lested in the laboratory amd do mot

simelate full-scidce structures that are fabricated in shipyards and subjected

to marine erwiromment. Pertinent variables, he evaluatiorn of which is
beyond the scope of this study, imclude the size, shape ami configuration
of ©_il-scale structures, shipyard welding procedures, Reference 7%,

slow surface corrosion together with slow or rapid discontinuous fatigue
ioading, plate shear fatigue and section-on-plats banding fatigue, sall
vater and salt air envirommen® such as waves, wake, barnacles, etlc.,
protective coatings (References (1) and (J3)), and cumilative fatigue.
The effects of esch of these factors ca the static and fatigue strengths
of unwelded and welded alloys may Ue reasonably greater than nermal test
scatter. Evaluation of these variables is reguired for accura‘e rrediciicn
of the structural behavior of alloys. Heferences :11}, (X}, “ and (¥
define procedures for evaluating cumulative fatigue darage. . onzideration
of varying stress ratios, maximur stress magnituses, nunber of ¢
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each stress le el, rate of load application and removal, and actual
expected stress-frequency spectra determines the actual fatigue behavior
of materials and structures.

The test data produces very wide scatter bands. Much of the scatter
is typical for tatigue tests, and much is due to the many variaules pre-
viously discussed. In cases where the data was considerably higher or
lower than the general trends, it was usually possible to aturibute this
to variations in test procedur:, specimen preparation, etc., in which cases
the data was, not included. Statistical evaluation of the cata is required
in order to devellun Aesign fatigue curves for aluminum alloys. This type
of analysis is very important, since it appears that the scatter of aluminum
fatigue data is greater than with steel, which could affect the selection of
safety factors.

It now becomes necessary to reduce the data shown on Figures 3 through
9 to a set of design fatigue (S-N) curves for the various aluminum alloys
under cons:deration, which will be suitable for use in comparing the hull
structure of a larye aluminum hull with thet of an equivalent mild steel
hull. This process involves reduction of the variables presented in
Figures 3 through ¢ to obtain a single curve for each alloy, for compari-
son to an equivalent steel S-N curve. Figure 10 contains such design
curves, which are based upon the welded strength with bead on, using the
average of R = 0 (zero %o maximum stress) and R =<1 (complete reversal),
and disregarding notch effects and salt water spray. The rationale for
this approach follows.

The choice between welded and unwelded values is fairly straight-
forward, since the lower welded strengths would govern the design of a
typical ship structure for both cyclic and short-term loading. This ap-
proach is somewhat conservative, in that the reduction in fatigue strength
for aluminum due to welding is proportionally greater than that for steei.

The fatigue strength of both aluminum and cteel is improved by re-
moving the weld bead of full penetration butt welds. However, this rep~
resents an idealized condition which can not be economically achieved
in ship construction. Cold working of fillet welds by peening will

incrgase.their fatigue strength, but again this represents an unreasonable
fabrication requirement. Therefore it must be assumed that "bead on"
values are more appropriate for typical ship structures. '

For the idealized ship's hull girder berding on a trochoidal wave, it
would be expected that fully reversed cyclic stress values (R = -1) would
apply. However, as shown later, the actual life cycle-stress histogram of
a bulk.carrier lies between the cases of R = -1 ard R = 0 (from zero stress
tg maximum tension or compression) because of the sffects of the relatively
Ligh §till water bending moment. Similariy, local structures seldom
experience fully reversed streises due to various combined loading condi-
tiors; i.e., bending plus compressioa or tension. Pending a more complete
evaluation of this problem, it is propoced to use the average of the
values for R = 0 and R = -1,

' The quantity of data on the effects of notches of various types on
faplgug strength is far too limited to derive general design curves at
t@ls time. In addition, it is rot possible to relate the stress concentra-
tlop factors prevalent in typical ship structures to the test data now
évallable. The use of bead-on data reflects the notch problem; thus 1t
ls proposed to neglect additional stress concentration effects.
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As noted previously, salt spray significantly reduces the fatigue
strength of steel and, to a greater degree, aluwminum. However, this
effect is not being considered in this study for several reasons. First,
the highly-stressed portions of the hull girder would be subjected to direct
salt spray during relatively small percentage of their operating life. The
bottom, for example, is totally immersed, while the deck would experience
spray in the highly stressed midship portion only a small percentage of
the time. Cur-ent salt spray fatigue data is based upon continuous
exposure, and it is probable that the effects of salt spray are exponential.
For a given reduction in exposure time, the reduction in strength degrada-
tion would be far less. Secondly, the relative depth of surface pitting
and loss of thickness cf thin test samples for a given period of exposure
would be far greater than for the thick pl-tes of a bulk carrier hull,
which may reduce the net section loss in are T.: cenclusion, it
does not appear that the salt spray datz in Figurc 9 is applicable to
typical ship structures in a normal life-cycle sea environment. However,
it is not intended to minimize the problem., As shown in Figure 9, a
sufficient concentration o salt spray can effectively destroy the stress-
carrying capabilities of aluminum alloys at a large number of cycles.
Thus this problem warrants considerable future attention.

Figure 10 indicates thazt the S-N curves of the various aluminum alloys
have approximately the same shape, with initial strength corresponding to
the bead-on values of welded ultimate tensile strength of Table L reducing
to between 6 and 9 KSI at 108 cycles. Based upon the curves of Figure 10,
the gross area under the S-N curves of the aluminum alloys relative to
that of mild steel are as follows:
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5L50-H321 = 0.48
5083-H321 = 0.L8
515L-H3L = 0.4h3
5080-H32 = 0.38
5052-13L = 0.33

Thus 5L50~H321 and 5083-H113 are essentially equivalent, with just under
one-half the total life-cycle fatigue strength of mild steel, while
5154-H3l and 5086-H3. are essentially equivalent with three-eighths the
life cycle fatigue strength of mild steel.

The foregoing discussion has been limited to plate and sheet tempers,
with no consideration given to corresponding extrusion tempers, H111 or
H11Z in most cases, due to lack of data. A review of the data in Tables
2 through L indicates that the welded ultimate tensile strengths of plate
and extrusion tempers are generally identical. Therefore, until further
data can be developed, it is proposed to use the fatigue curves of
Figure 10 for both plate and extrusion tempers.

Togghness

Test data used to evaluate the toughness of 5000 series aluminum
alloys was obtained from References (10), (13), (16), (17), (18), (21),
(37) and (38). Toughness describes the resistance of a material to fracture
without referemce to the specific conditions or mode of fracture and
includes notch toughness, fracture toughness and tear resistance. Notch
toughness is closely associated with the resistance of a material to the
initiation of fracture, and describes the ability of a material to undergo
local plastic deformation in the presence of stress-raisers, i.e., cracks,
flaws or design discontinuities, without crack initiation; thus distri-
buting loads to adjacent material or components. Fracture toughness
describes the resistance of a material to unstable crack propagation at
elastic stresses or to low-~ductility fracture of any kind and does not
generally involve resistance to crack initiation but only to the unstable
propagation of an existing crack. The term tear resistance is generally
applied to data obtained from tear tests and is a measure of the relative
resistance of a material to the development of fracture in the presence of
a tear-type stress-raiser.

Various dynamic tests are used to evaluate the toughness of 5000
series aluminum alloys. References (10), (16) and (17) present test
results from tensile impact specimens; Reference (17) presents test
results from Charpy keyhole impact specimens; Reference {18) gives test
results from bending impact specimens; Reference (21) gives test results
from notch-tensile specimens and tear specimens; Reference (13) gives
test values from tear specimens. References (37) and (38) describe
mmerous theoretical and experimental procedures used to evaluate the
toughness of aluminum alloys, correlation of the procedures, determination
of relative toughness levels for alumimum alloys, and quantitative compari--
son of alumimum and steel fracture strengths which are beyond the scope of
this study.

Figure 5 of Referemnce (21) presents the relative unit propagation
energy, tear-yield ratio and notch-yield ratios of various 5000 series
alloys, in both the wrwelded and O-temper condition. The quantitative
values are relatively unimportant for this study, since they can not be
directly compared to equivalent values for steel, However, the qualitative
toughness is meaningful in evaluating the relative merits of the various
alloys. Table 5 presents the relative over-all tear and motch toughness
of these alloys, based upon a maximum of 10.
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The following conclusions summarize the evaluation of toughness of
the 5000 series aluminum alloys.

1. The notch toughness, fracture toughness and tear resistance
are generally acceptable for structural applications,

2. Toughness of aluminum is inversely proportional to the ultimate
or yield strengths of the various alloys, and increases with
greater elongation.

3. Relative values of notch toughness, fracture toughness and
tear resistance for unwelded and welded aluminum compare
favorably with values for steel for single load applications,

L. Greater number of tests, standardization of theory and tests, and
correlation of theory with tests are required to evaluate quanti-
tatively the toughness of aluminum alloys.,

Buckling Strength

The column and panel buckling strengths of aluminum alloys are
recognized as being significant design constraints under some circum-
stances, due to the lower elastic modulus of the material. However, the
buckling behavior of aluminum is well documented, and can be readily
incorporated into the design of ships structures based upon presently-
available design procedures. Sources for design data on buckling include
the design handbooks published by the various aluminum manufacturers and
U.S. Navy Design Data Sheet 9110-L "Strength of Structural Members" which
presents curves of column strength versus slenderness ratio and plate panel
buckling properties as a function of breadth/thickness ratio.

In the design of aluminum columns, the following applies:

(a) Members welded at the ends and butt-welded outside the middle
3/5 length may be designed on the basis of the yield strength
of the prime (unwelded) metal.

. (b) Members with butt-welds within the middle 3/5 length should be
designed on the basis of O temper or annealed yield strength.
In this case, the curve of column strength versus slenderness
ratio has a horizontal cutoff in strength at the annealed
yield strength of the material.
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(¢) Members with partial or continuous longitudinal welds may be
designed on the basis of an average stress, where the annealed
or 0 temper values apply to material within a 1-1/2 inch radius
of the weld and the prime values apply elsewhere:

F = F - Aanne aled F ~F
Cavg Cprime Aprime Corime Cannealed

where Agpnealed and Apripe are the respective cross sectional
areas.

Similar considerations could be applied to the Jdesign of aluminum
plate panels subject to compressive buckling loads. In general, welding
does not affect the buckling characteristics of plate panels, since there
is seldom welding in the middle of a panel. However, for welded aluminum

structure, the cut-off panel strength for low k % vatios should be based
upon the "welded" strength.

One aspect of buckling which is often overlooked in the design of
ship structures relates to local instability of framing members. Be-
cause of the low modulus of elasticity of aluminum, normal proportions
of beams and flanged plate girders which are commonly used for steel ship
structures are unacceptable for aluminum sections, since local instability
of the flange or web may result. In the selection of framing member
scantlings, the following limitations should be met if the member is to be
capable of resisting stresses approaching the yield strength of the
materials

r

Flange width 1 E
(a) Flange thickmess for angles, flanged plates = 5 Fy
Flange width § ~E-:_—_
(b) Flange thickness] for tees (web at g flange) = /Fy
( ) eb deEth < _E—_
¢ Web thickness 2 Fy

where E is the modulus of elastici'y (10 x 100 PSI)
Fy is the urwelded yield strength of the alloy

For structural sections meeting the foregoing requirements, the
maximum span between supports should not exceed the following limits to
preve.t over-all lateral instability:

1.283 JE/ Fy

bF /1 + 0.2 (d/bp) - 0.128 (bp/d)?

where bp = flange width for tees;twice the flange width for angles
and flanged plates
d = depth of section

This equation is derived from DDS 9110-L. If this distance is ex-
ceeded, an intermediate chock should be provided to prevent tripping of
the section.
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Corrosion Resistance

The 5000 series alumirum magnesium alloys are generally considered to
have excellent resistance to corrosion in a salt air/salt water environ-
ment if reasonable precautions are taken to protect the metal. The
characteristics of alumimum which might lead to corrosion are weli docu-
mented, References (39) through (L5). The following paragraphs briefly
sumarize the potential types of corrosion and the conditions leading to
them.

Galvanic Corrosion is caused by dissimilar metals in contacti in the
presence of an electrolyte such as salt water. Aluminum is generally
anodic to other materials and will be the metal to corrode. This corrosion
is due to the different potential in electrical contact between the metals,
which resulus in the transfer of ions through the electrolyte. Hull
cathodic prctiection can be provided by sacrificial zinc or aluminum ancdes
or the shell, bilge areas, piping systems in tanks and sea chests or an
impressed current system, as discussed later.

Deposition Corrosion is a special case of galvanic corrcsion where
particles of the more noble metal are deposited on the aluminum, which
then pits. Copper and mercury are particularly bad in this respect, and
contact of aluminum with these metals should be avoided.

Crevice Corrosion results from trapped water in crevices causing
pitting due to the anodic reaction between the oxygen-free water deep in
the crevice and the oxygen-saturated watoer at the mouth of the crevice.
Crevice corrosion can be avoided by eliminating pockets, crevices, lapped
joints and other similar conditions where water can become trapped. In
areas where such a condition is unavoidable, such as the faying surface
between aluminum foundations and equipment, the aluminum surface should be
protected with a suitable paint system.or sealant.

Pitting Corrosion occurs in water when only a small area of protective
oxide or paint is removed from the aluminum surface. Once started, the
pitting terds to contimue, though at a diminishing rate. The damage to the
aluminum oxide film is self-healing, even underwater. However, the loss in
paint area might not be repaired for a long period of time. This leads to
the conclusion that painting of the aluminum structure should be aveided
except where required, such as anti-fouling paint for the bottom. As
recommended later, a cathodic protection system is recommended to prevent
pitting corrosion in way of scratched anti-fouling paint.

Stress Corrosion is cracking which occurs over a period of time as a
result of a susceptible metallurgical structure, sustained surface tensile
stress and a corrosive enviroment. The Imposed stresses may be residual
or externally applied. In strair-hardened Al-Mg alloys, precipitation
occurs over the years, and in high-magnesium alloys (over L per cent),
this susceptibility may develop in 5 to 10 years or less. Susceptibility
to stress corrosion cracking (SCC) becomes worse at elevated temperatures.
Reference (L3) notes the following relative to 5000 series alloys: 505.,
5252 and 5L5L have low susceptibility to SCC, and SLSL (Mg content . .7
per cent) has low susceptibility at temperatures above 150 degrees F.
Alloy 5154 (Mg content 3.5 per cent) is satisfactory at room temperature,
but not at temperatures above 150 degrees F. Alloy 5086 (Mg content 4.0
per cent) is similar to S154.
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Alloys 5083 and 5L56 (Mg contents L.5 and 5.1 per cent respectively)
are somewhat susceptible to SCC, particularly at elevated temperatures. In
the O temper, thermal treatment for L hours at L50 degrees F is suggested
to relieve residual stresses. H321 temper has no tendency toward SCC if
cold formed to a sufficiently large radius. Fer smaller radii (less than
5t), hot forming Or stress relief in way of cold forming is recommended
for L hours at L50 degrees F. This method of stress relief is not recom-
mended for welded assemblies inasmuch as it can lead to susceptibility to
SCC. Temper H31! is only recommended for alloy 5L56, subject to the forming
limits and stress relieval practices noted for 5456-H321. Tempers H32 and
H3lL are susceptible to SCC with either alloy and are not recommended.

Microbiological Corrosion. Corrosion has been observed in aluminum
aircraft fuel tanks due to accumulations of microbes found in the fuel
residue at the bottom of the tank. These problems occurred with 7000
series alloys, and have been solved with fuel additives. Experience to
date indicates no comparable problem with 5000 series alluys exposed to
marine grade fuels.

Combustion Products. If soot is aliowed to stand on the decks of an
aluminum ship, the sooct deposit will act as a cathodic metal and produce
pitting of the aluminum. Experience to date with 5000 series alloys indi-
cates that the intensity of pitting from combustion products is not
severe, though frequent washdown of deck surfaces is recommended.

Exfoliation or intergranular corrosion results from excess magnesium
precipitating into the grain boundaries causing separation of the material
along grain boundaries. This form of corrosion is most pronounced in high
magnesium alloys, primarily 5L56, and appears to affect plates (temper
H321) more than extrusions (temper H111). The problem was brought to light
recently due to plating exfoliation in bilges and wet areas of U, S. Navy
partrol boat hulls operating in Southeast Asia. The aluminum industry
undertook a program to investigate the causes of exfoliation and means of
preventing or inhibiting it, including the test program discussed in
Reference (LL). This program led to the development of the H116 and H117
temper, now available with alloys 5086 and 5456. These tempering processes
are expected to eliminate the exfoliaticn problem, though service experience
with the new tempers is very limited at this time.

Summary. In summary, it may be concluded that 5000 series alloys have
satisfactory corrosicn characteristics in a salt water environment when con-
ventional precanrtions are taken to avoid comditions promoting corrosion. The
lower magnesium content alloys such as 5052, ShSh, 5154 and 5086 are somewhat
less susceptible to stress corrosion and exfoliation than the high magnesium
content alloys.

Tables 0, 7 and 8, derived from ireference (45) indicate that exposure of
welded and non-welded samples of 5083 and 5086 alloys to sea water immersion
for five years produced a maximum depth of attack ol only .008 (8 mils) with
no significant loss in tensile strength, yield strength or elongation. Other
5000 scries alloys would yield results in this same range. For a ship's hull,
assuming a 20 year life, the average loss in thickness would be between 10
and . mils, which is considered negligible.
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TABLE 6 Sea Water Immersion Tests (5086-H34)

Exposure Average Depth of Per Cent, Change
Time Attack Inches in Strength

2 Years 001 0

5 Years .003 o;

TABLE 7 Corrosion Resistance of Aluminum Alloys to Tide Range Sea Water
Immersion - Seyen Years' Exposure

Alloy & Location Tensile Per Cent Change in Strengthi
Temper Samples Tensile Strength Yield Tensile
5083-0 Totall: Immersed -2 0
Water Line -3 -2
Splash Zone -6 -2
5083-H3L Totally Immersed 0 0
Water Line 0 0]
Splash Zone -3 0
5086-0 Totally Immersed -2 0
Water Line -2 0
Splash Zonc -3 0
5086-H3L Totally Immersed 0 0
Water Line 0 0
Splash Zone -1 0

(% Per cent change negative (-) indicates apparent loss)

TABLE 8 Resistance of Aluminum Alloy Weldments to Corrosion
In Sea Water - Five Years' Exposure

Alloy & Test Per Cent Change in Strength ¢
Temper Condition # Ultimate Tensile Yield Tensile
5083-KH113 Beads Intact -0 0
Beads Removed 0 -2
Non-Welded -2 14
5086-H32 Beads Intact -2 0
Beads Removed -8 0
Non-Welded -< 0
S154-H3L Beads Intact 0 0
Beads Removed - -3
Non-Welded -G 0
5356-H112 Reads Intact - 0
Beads Removed -1 0
Non-Welded - -1

# MIG welded with 5350 filler alloy.
## Per cent change negative (-) indicates apparent loss.
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The previous paragraphs have dealt with the reaction of aluminum alloys
to a salt water/salt air enviromment. It is also necessary to consider the
corrosive effects of potential bulk cargoes on aluminum as well as the possi-
bility of contamination of the cargo by the aluminum. Reference (L6) reviews
the compatibility of aluminum with a wide range of foods and chemicals, and
Reference (L,7) summarizes extensive tests of the corrosion resistance and
potential product contamination of 5000 series alloys.

In gereral, aluminum is superior to mild steel in resisting the ¢ or-
rosive effects of potential bulk cargoes, and in all cases would present less
danger of product contamination. This results from the tenacity of the oxide
film which forms on aluminum, which is extremely thin and self-healing when
scratched or abraded. This film is attacked by some fluorides and chlorides,
and heavy metals (tin, mercury and copper) are unusually harmful.

Table 9 indicates the corrosion resistance of 5000 series aluminum
alloys relative to steel. The "A" rating indicates equal to or better than
steel, while an AA rating indicates superior performance with no significapt
corrosion. A rating of U indicates that aluminum is unsatisfactory for this
service.

In summary, aluminum is compatible with all potential dry bulk cargoes
with the exception of copper, tin or mercury ores, potassium carbonate,
potassium hydroxide and trisodium phosphate. Precautions should be taken
with cargoes of aluminum fluoride, aluminum sulphate, lime and ferrous ores
to minimize moisture within the hold, and the holds should be cleaned
regularly to minimize build-ups of cargo residue.

Abrasion Resistance

Experience with bulk carriers indicates that abrasion can present a
significant problem in several areas:

(a) The flat of bottom when the ship ic engaged in a trade requiring
navigation in shallow waters or across sand bars. An example of
this is the bauxite trade in Surinam, where bulk carriers muct
cross a sand bar at the mouth of the Orinoco Kiver armd then
navigate the shallow river. In this service, weardown of bottom
plates occurs at an accelerated rate, generally resulting in
renewal of bottom plates several times during the vessel's life.

(b) The bottom and sloping bulkheads in the cargo holds. Bulldozers
and front end loaders are often used to consolidate and move the
last of the cargo toward the center of the hatch to facilitate
unloading by the grabs. In this process, the bottom and side
bulkhead plating is subjected to severe abrasion, in addition to
the impact loads resulting from unloading grabs and falling
rock cargo.

The problem of bottom weardown due to abrasion is not recurrent except
in a few specialized trades, such as the Orinoco River trade. Therefore
this problem should not influence the design of a general service bulk
carrier such as that presently being considered. For an aluminum bulk
carrier in such a specialized trade, detailed studies of relative bottom
weardown rates of aluminum and stecel would be reguired, in conjunction
with studies to determine the optimum balance between initial thickness
and replacement costs.
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TABLE 9 Relative Corrosion Resistance of Aluminum Alloys to Bulk Cargoes

Cerrosion

Product Resistance _Comment

Aluminum Fluoride A The presence of moisture can cause random
attack when in contact over long periods
(in excess of - weeks)

Aluminum Sulphate A Generally there is no problem since there
is no free sulphuric acid preczent. Free
acid would result in serious attack if
moisture was present.

Ammonium Nitrate A -

Borax, Boric Acid A -

Cement A -

Coal, Coke AA Aluminum has a ¢ or 3 %o 1 advantage over
steel, even with high sulphur content.

Fly Ash A Superficial surface attack only.

Forest Products A -

Grains AA Rice, wheat, corn, etc. cause no problem,

Gypsum A Slight localized attack if wet.

Lime A No problem with dry lime. Wet lime forms
highly resistant protective Jilm on
aluminum. Should be satisfactory for
intermittent service if the cargy is
kept dry.

Limestone A It may be necessary to rinse residue
from structure.

Nitrogen Fertilizers AA -

0il {Crude and AA -

Refined)

Ores AA to U Copper, tin and mercury ores should not
be carried. In moist conditions, buil:-
up residues of ferrous ores cowld cause
corrosion. Bauxite, lead, phosphate, zinc
and nick2l ores present no problems,

Phosphate Fertilizers - Phosphate fertilizers cause mild etching.

Potash Ao Patassium chloride is =imilar to salt,
causing o poohlems. Potassium carbonate
ard potassium hydroxige uiv Lighly car-
rosive and should not be carricd.

Salt AL Highly concentrated salt water such us
that found in bulk shipping cuuse less
sitting than dilute solutions - no
problen,

Sard, Gravel A -

Soda Ash - Initial wttack an surface becomes arrysied,
and cant.nued use in Lhis service causes
o major problens,

Sollum Chlorate AA -

Sodium Ritrate A -

Sodium Sulphate A -

Jugur AA -

Sulphur AA w7 oadvantage aver o Leel,

Trisodium Phosphate hst compatitle,

!
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The vroblem of cargo hold abrasion is by no means limited, and must be
considered carefilly in the design of gereral service bulk carriers. Data
on the relative weardown of aluminum and steel when abraded by sliding rock
has been derived from References (L8) through (51). These studies present
weardown rates in heavy-duty aluminum dump truck bodies and compare the
performarce of aluminum and steel wear bars attached to the bottom of the
truck body. This data is somewhat limited and must be extended to bulk
carrier plating design with discretion. However, it serves as a basis for
determining the ability of aluminum tc resist abrasion from sliding rock
cargoes relative to steel.

A typical hecavy-duty aluminum truck body consists of aluminum plating
between 3/) amd “-1/L inch thick. The bottoms are protected by a combina-
tion of steel plates and/or wear bars of stesl or aluminum, on about 8 inch
centers. The extent of protection is proportional to the hardness of the .
rock being handled. Actual truck body weardown rates are of questionable
value due to the different nmature of the services; however, relative
weardown rates are meaningful in designing bulk carrier cargo areas.

The limited data presently available on the abrasion resistance of
aluminum and steel indicates a relationship bewween increasing hardness
and decreasing weardown rate, The trends are not yet well established,
but it appears that the 5000 series alloys will abrade at approximately L tc
5 times the rate of miid steel. There appears to be little differemnce
between the abrasion resistamce of the various 5000 series allcys, sinc:
their hardness values, noted in the following tabulation are not significantly
different:

Brinell Hardness, 500-KG load, 10-mm Ball

Alloy Umwelded (Hard) 0 _Temper
5083 80 67
508 72 60
5LEL 81 &2
5L50 0 70

As an indication of the relative abrasion allowance requirements of these
various z=llaye, the equivalent of a .05 inch wearduwn in steel would vary
from appraximately .23 to .:7 irches in alumimum depending on the hardness
ard chemistry of the alloy. The potential savings in ihicknc: afforded
by high-hardness 5000 series alloys does not appear to be sufficiently
significant to warrant the use of one alloy in lieu of another solely on
i Basls of abrasion resistance.

The lower hardness in the O temper would imply *hat greater weardown
would occur in way of welds, though no data has been found to confim this.

Several of the (000 scries alloys laving high wwelded hardnesses have
proven ¢ be aboud twice as abrasion resistant as the 5000 series alloys in
truck body service. EHowever, these alloys are not satisfactory in a
mirine enviromment and are much softer than 5000 series alloys in the heat
affected zone.

welidability and sorkability

The welding of 000 zeries alloys is accomplished with either the metial
inert-gns (MIG) and tungsten inert-gas (TIS) process, both of which melt
s aluninum at the weld lipe Uy heat from an arc struck between the

e
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electrode in the welding tool and the aluminum being welded. The weld area
is protected from oxidation by a shield of inert gas such as argon, helium
or a mixture of the two., Neither method requires flux, thus minimizing the
possibility of porosity or corrosive residue. The methods are applicable
to flat, herizontal, vertical and overhead welding, though downhand welding
is fastest and of Lighest quality, as with steel. The fundzmental differences
between MIG and TIG welding is that with MIG welding, the aluminum filler
wire serves as the electrode and is consumed, whereas the TIG process uses

a non-consummable tungsten electrode, with filler metal provided in rod fomm,
either manually or automatically. The MIG process is somewhat faster amd
more economical, but the TIG process produces a smoother bead, which is

very important in maintaining high fatigue strengths,

Based upon discussions with aluminum fabricutors amd review of avail-
able literature, it appears that the weldabiliiy of 5000 series alloys
improves as alloy magnesium content is reduced. The shipbuilding and boat-
building industry precently favor 5085 alloys in preference to 5053 and SLSC
alloys, which have sppraximately one-half and one per cent higher magnesium
contents respectively.

Alumimum is somewhat more susceptible to weld distortion than steel,
due to greater thermal corductivity. Heat fairing can be used to eliminate
this distortion. However, when 5000 series aluminum alloys are heat treated
to 150 to 200 degrees F for a sufficiently long period to allow heat fairing,
the magnesium in the alloy migrates within the metal, which becomes
susceptible to exfoliation. Heat fairing at higher temperatures for more
limited periods may be used, providing the critical range is passed through
quickly for both heating and cooling. However, this will result in the
aluminum's properties beirng reduced t¢ those of the annealed material,
which may not be acceptable. Proper weld techniques (speed, heat input,
mumber of passes, cdge preparation, etc.) can minimize distortion problems.

It is generally preferable to use continuous welding for aluminum
structures, even if strength considerations would permit the use of inter-
mittent welding. Although intermittent welding reduces the quantity of
electrode used and minimizes heat distortion, it can lead to crater crackmg
at the ends of beads and crevice corrosion if moisture is present. The
fore intermittent welding should be used only for secomdary structures *-rhich
are reasonably free from wetmess, and are lightly loaded

The problem of shrinkage in way of aluminum welds reiui= s particular
attention, since improper welding technigques can rr:luce g residual
stresses. These high stresses can lead to c1 1cku@, particulariy when Liey
ceeur in way of a peorly designed structural details. This is perhaps the
most serious production prablem to be overcome in the fabrication of large
aluminum hulls, because experience in fabricatirg lL.nge alwninun weldrments
with thick plates is relatively limited. In mearly all cases of residual
strass cracking of aluminum weldments, solutiom can be found
improved design, testing and personnel training. Even with the:
tions, however, it is vitally important hat all ztructural d-tavls be veory
carefully deaigned and fabricated o eliminate zour-es of ziress conmdenir-
ticn. dmong ouer things, Whis would n‘}mu carefyl deveizpeent of -~utls in
the hull girder, preper stiffener endings, ciixination of - :
tration of welding, including triaxial ve‘do at inlerzectis
mituaily perpendicular surfaces, avoidanre of detailz which -
properiy fau.-w e, elimiralion of nolches and hard zpots, amd (ocation o
walds away from highly stirexzsed areas.
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The qquestion of residual stresses due to welding and fabrication
precente aomajor problem nrea, in that they are difficult to predict and
control.  In the design of steel ship structures, the presently-accepted
Aesipn loads nnd safety factors have provided a sufficient margin to account
tor oot unknown factors in design, construction and life-cycle operation,
including recidual strosses resuiting from welding. Unfortunately, there is
no precedent to indicate that the relntionship between residual and material
yield stress will be comparable for stee’ and aluminum structures. In fact,
the past experience with large aluminum weldments tends to indicate that the
vfects of residual stresses may be more severe with alumirum than with
steel, because of the cracking that has been observed in way of iiiproperly
designed welded connections.

Proper cleaning of aluminum in way of welds is very important, to
orevent porosity or contamination of the weld. The area must be cleaned
Just prior to welding, preferably by wire brushing or equal, to prevent
reformation of the aluminum oxide film.

Most manufacturers of aluminum boats and structures find it desirable
to accormplish welding in a protected enviromment, since moisture is detri-
mental to proper welding of aluminum and wind tends to disturb the shield of
<15 around the arc. Further investigation must be undertaken to determire
the oxtent of envirommental protection reguired for a large aluminum hulil,
since data 1s presently too limited to draw firm conclusions. These factors
can not te overcaphasized since nearly all cases of structural cracking of
aluninum which have been cbserved have been the result of improper design or
fabrication rather than an inherernt weakness in the material. Consequently,
it will be necessary to achieve a high level of quality control in designing
and bullding a large aluminum hull.

Aluminam alloys oz the 5000 series possess good workability character-
istics, and can be easily formed, punched, cut, flanged, ground, and
otherwise nrocessed. In general, the . ase with which alloys may be cold
formed decreases with higher magnesium centent. In cold bending aluminum,
it is very important to mazintain minimum bend radii in accordance with
manufacturer's recommendations, to prevent cracking of the cold-worked area.

In summary, the weldability and workability of 5000 series aluminum
alloys are considered s Jactory for large aluminum hulls subject to the
following limitations:

(1) Additional investigation wilil ne required *o Aevelop proper
welding procedures to minimize residual stresses.

(b) Structural details must be very carefully desizned and fabricated,
a5 discussed previously, to eliminate rard spots, stress concen-
trations and other deleterious factors.

(¢) The necessary enviromment for proper production of a large
alvminum hull must be established. Pending proof to the
contrary, 1t must be assumed that the environment in which an
aluminum hull is fabricated must be moce carsfully controlled
thnn with steel construction. Howevei, thc extent to whicp it
must be controlled, including *-mperature and humidity limits,
are not known at this time.

AN
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(d) Quality assurance procedures, particularly for checking welds,
must be developed. It will be necessary to determine the level
of weld porosity which can be accepted as degrading the strength
of the weldment to a lesser degree than would a repair.

Alloy Material Cost

The final factor which must be considered in selecting an alloy is the
raw material cost. A survey of aluminum manufacturers indicates that the
base price of all cammon 5000 series plate or sheet alloys in large
quantities will vary from about $0.50 to $0.5S per pound, depending upon
width, leigth, thickness and manufacturer., However, all manufacturers
questioned indicated that their individual base prices for S00Q series
plat:s are identical.

The base price of all 5000 series extrusions except 5L56-H111 will
vary from about $0.62 to $0.66 per pound, with SL56-H111 costing about
$0.0L per pound or about & per cent more. £ ce extrusions generally
represent less than 15 per cent of the weight of an aluminum hull, this
6 per cent lifferential for 5455-H111 alloy has a negligible effect on the
selection of alloys.

In conclusion, alloy material costs do not have a measurable effect on
selection of alloys for the construction of a large bulk carrier. It is
noted that specific instances will arise in which a fabricator can obtain
low-priced plates or shapes of a particular alloy from a specific manu-
facturer's warehouse, based upon utilizing current inventory rather than
placing a special order. This should not ke a factor in this study,
however, since the quantities, thicknesses, widths and lengths required
for constructing a bulk carrier would warrant a direct shipment from the
mill to the fabricator.

Selection of Alloys

The selection of an zlloy or series of alloys for use in designing an
aluminum bulk carrier, or, for that matter, anmy aluminum hull, is a very
difficult process, particularly if the availability and basic cost per pound
of the alloys is identical. This is due primarily tc the fact that each
all s advantages in a particular area are usually balanced by disadvantages
of = .ie type. For example, the alloys with high magneszium content such 2
5083 and 5456 have high strength and would thus produce a lighter hull with
lower material procurement cost and life cycle operating cost. However,
these alloys present more problems in welding, cold working and corrosion
than do the low-m:gnesium alloys such as 505¢ and 5086. Achieving a proper
balance between these factors is difficult, since it depends upon the
individual designer's assessment of their relative importance.

In the process of selecting an alloy or series of alloys for the design
of a bulk carrier hull, an assumed relative importance has been ectablished
for each of the factors considersd in evaluating the alloys: static
strength, including buckling, fatigue strength, corrosion and abrasion
resistance, toughness, weldability and workability. Alloy costs were not
ircluded because oi their similarity, and weight was not included directly
since this factor is directly related to material sirength, and is thus
inplicitly incorporated in the evaluation.
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Bach ulloy was given a relative quantitative rating against these
factors, based upor an evaluation of its relative merits, and a total rating
was derived as shown in Table 10. Because of the necessarily arbitrary
selection of weighting factors and relative ratings, a brief sensitivity
study was conducted in which these factors were varied within reasonable
limits. Although quantitative ratings did change, the qualitative results
remain relatively consistent.

The values in Table i0 indicate that all of the alloys investigated are
remarkably close in over-all scoring, which is consistent with the foregoing
observation about the advantages of an alloy in omne area being offset by its
disadvantages in nother. Based upon this, the selection of an optimum alloy
becomes somewhat arbitrary. As a result of this study, the following alloys
have been selected for plates and shapes respectively:

) 5083-H321 and 5083-H111 for all material in the primary hull
structure. This is based upon its high ranking and the relatively
low hull weight and material cost resulting from its relatively
high strength. It is this material's properties which will
determine required hull girder section modulus.

) 5086-H32 and 5086-H111 may be substituted for 5083 alloy for
local structures if desired based upon its ease of fabrication,
good corrosion resistance ard good toughness characteristics.

0 SLSh-H3h and SLSL-H111 for casings, stack and sther areas subjected
to high temperature (in excess of 150 degrees) unless these
surfaces can be thermally insulated, in which case 5086 alloy can
be used.

It should be noted that most of the 5000 series alloys considered could
be satisfactorily used for the construction of the hull of an aluminum bulk
carrier, though the alloys at the extreme ends of the spectrum (5052 and 5L56)
would not be recommended for use in the primary girder. The low welded
strength of 5052 is not considered adequate for this application, and the
high magnesium content of 5h56 alloy creates potential problems such as
susceptibility to siress corrosion cracking, potential coirosion
problems, greater difficulty in welding and working, etc.

TABLE 10 Evaluation of Aluminum Alloy Characteristics

Factor Max.Z 5052 5083 5086 5154 Shsh 5456
Static Strength (Welded) 25 1L 2L 21 19 18 25
Fatigue Strength (Welded) 20 13 20 16 18 14 20
Weldability and Workability 25 25 17 21 22 2h 16
Corrosion Resistance 15 15 10 12 12 15 BN
Impact Strength and 10 9 8 10 9 8 6
Fracture Toughness
Abrasion Resistance _5 2 5 3 3 3 5
Total 100 78 8L 83 83 82 82
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IIB. OPERATIONS OF EXISTING ALUMINUM SHIPS

At this time, there are many vessels of various types in service
which are constructed either partially or wholly of aluminum alloys.
The service experience gained with these vessels is extremely helpful
in predicting the long~term performance of an aluminum hull bulk carrier,
and in avoiding problems which were incorporated in early designs.

Ons of the fundamerital challenges in such a study is te separate
problems which are inherent to the material from those which result from
lack of experience, improper design or poor workmanship, and then to
predict which are readily solved and which might reasonably be expected
to occur under nermal ship building or operational environments.

In oonducting this phase of the study, the following primary sources
of information were considered:

(a) U. S. Navy experience with deckhouses on destroyer type
vessels.

(o) U. 8. Navy experience with aluminum PON gunhoats, landing
craft, "SWIFT" patrol boats and hydrofoils.

(¢) U. S. Coast Guard experience with aliminum deckhouses on
HAMILTON class cutters and uchers.

(d) Aluminum deckhouses on ocean liners and cargo ships.

(e) The aluminum cargo vessel INDEPENDENCE, operated in the
Caribbean Sea.

(f) The aluminum trailership SACAL BORINCANO operated between
Caribbean ports and Florida.

(g) Alwainum crew boats and fishing craft,

(h) Specialized applications, such as barges, ING tanks, etc,.

In evaluating the performance of thess vessels all availabl
reports were reviewed and in-depth discussions were’held with own:rgubliShed
operators and builders.to determine the performance of aluminum allo§
strucvures in a marine environment. Since much of the data derived in
these discussions is sonsidered proprietary, it will be necessary to present
general comments and conclusions, without citing specific examples. How-
ever, where a speoific observation appears to be unique to a particular
gervice or set of circumstances, it will be so presented. In general,
this review has been limited to applications in which 5000 series alloys
and statae-of-the-art design and fabrication techniques have been incor-
purated. Thus, for example, early problems with welded 6061-T6 deckhouses
on Navy dstroyers have not been specifically cons.dered. The problems
assoclated with these deckhouses have been well documented and have been
avoided in subsequent designs. They need not be reiterated as part of
this study.
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GENERAL OBSERVATIONS

Prior to a detailed review of the performance of existing aluminum
structures in a marine environment, it is appropriate to make a few
general remarks,

The basic metallurgy appears to be quite compatible with the salt
water/salt spray environment when compared to competitive metals. To
date, the problems which have occurred which relate to the basic metal-
lurgy of the material are in three basic areas: corrosion, impact and
abrasiori, and localized cracking in way of structural hard spots or poorly
developed details. Each of these areas is discussed in some detail below.

In general, all problems which have been encountered in the past have
been or could be improved upon or solved by modifications.to alloy properties,
design or construction techniques. Unfortunately, it is not possible to
fully extrapolate these observations to ships as large as the bulk carrier
design presently being considered, based solely upon the performance of
past designs. However, these observations will prove to be essential tools
in deriving overall conclusions as to the feasibility of such a design.

CORROSION

As expected, a number of problems have occurred in existing aluminum
vessels or steel ships with aluminum deckhouses, related to corrosion,
particularly where the aliminum is in contact with a dissimilar metal.

In general, these problems have occurred as a result of improper isolation
of aluminum structures from either steel structures or non-aluminnm piping
or equipment, and/or inadequate cathodic protection, all of which iiave been
or could be solved. The principal exception to this was the exfoliation
problem experienced with the Navy's "SWIFT" boats.

The most prevalent corrosion problem to date has been in way of the
connection between aluminum deckhouses and steel hulls. This joint is
generally made quite close to tne steel deck, so that it is often sub-

Jjected to salt water spray. As the joint works due to relative hull-deckhouse
motion, the fasteners loosen, allowing salt water to enter and corrosion to
initiate. This problem was greatly reduced when the isolating material at

the interface was changed from zinc chromate impregnated burlap cloth to
neoprene or equal.

A further potential improvement is afforded by the bimetallic strips
which are presently becoming available. These strips consist of layers
of aluminum and steel which are explosively or chemically bonded together,
Lo which the respective aluminum and steel ship structures can be welded.
These strips offer a number of advantages:

(a) Joint efficiencies of 100 per cent based on the O-temper
properties of the aluminum.

(b) Minimum joint slippage.

{¢) Corrosion characteristics which have been shown experimentally
to be very good, evenat the interface of the steel and alurinum.

The use of thesge bimetallic connection strips should be given very
careful consideration in future designs involving permanent connections
to steel and aluminum. Present indications are that the initial cost of
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such a connection is somewhat higher than a conventional mechanically
fastened joint, but life-cycle cost considerations msy favor bimetallic
strip connections if sufficiently large quantities of material are involved.

The exfoliation problem was discussed previously, and is well docu-
mented in numerous reports. At this time, it can be zoncluded that this
problem has been solved by the introduction of new tempers for the high-
magnesium alloys which exhibited the problem. The survey conducted in
conjunction with this study found no significant evidence of exfoliation
in commercial aluminum hulls. 411l of the known hulls whici have ex-
perienced exfoliation were of SL56-H321 alloy, while the commercial hulls
have generally been constructed of 5083, 5086 or alloys with lower
magnesium content. Crew boats which were fabricated with 5086-H32 plating
and were subjected to a relatively rugged operating enviromment and high
panel stress levels have reportedly stood up very well, with no apparent
evidence of exfoliation. This would lead to the tentative conclusion that
50£6-H32 alloy is superior to 5i56-H321 alloy with regard to exfoliation
resistance, which is consistent with the higher magnesium content of the
la%ter alloy. Fortunately, the foregoing discussion is now of academic
interest only, since the recent introduction of the H116 and H117 tempers
for both alloys has apparently solved the exfoliation problem.

Other areas in which corrosion has occurred as a result of improper
isolation of aluminum from other metals include the following:

(a) Black iron piping systems in ballast tanks conmnected to
aluminum bulkhead spools via rubber lined stainless steel
sleeves. If the rubber lining is not properly installed,
severe corrosion can be expected on the aluminum sleeves.
Adequate cathodic protection is required within the ballast tank
to protect the hull structure.

(b) Steel deck machinery must be well isolated from aluminum founda-
tions, using butyl rubber, neoprene gaskets, plastic chocking,
or equal. Painting both surfaces with red lead is not
recommende .,

(c) Miscellareous minor details are often developed withont considera-
tion of isolation requirements. Minor piping systems, connections
of hose racks and other miscellaneous outfit, etc., must consider
these requirements, since minor details often create problems with
critical structures.

(d) Corrosion and pitting has been observed in way of overboard dis-
charges, indicating the need for local inserts. Other instances
of localized pitting have generally “een restricted to areas in
which known galvanic couples have existed.

ABRASION AND IMPACT

Several instances have been noted in which steel mooring cables amd
anchor chains have caused moderate to severe abrasion of aluminum hull
structures. Minor abrasion has also resulted from contact with wharves
and pilings. This appears to be an inherent design problem with aluminum
hulls which must be overcome by the proper location of mooring gear and
ground tackle, as well as provision of expendable chafing strips where
required: Abrasion of cargo decks has been a concern on crew boats, where
heavy equipment and pipe is being handled. This is generally solved by
fastening wooden protection strips to the aluminum deck.
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The question of comparative impact resistance of steel and aluminum
hulls is difficult to evaluate because there are relatively few cases in
vhich a direct comparison is possible. However, the general opinion of
crew boat operators and Navy personnel involved with equivalent aluminum
and steel landing craft is that steel hulls possess somewhat greater re-
sistance to impact loads than aluminum hulls. It is very difficult to
evaluate such qualitative opinions. However, the lower modulus of
elasticity of aluminum will result in greater apparent damage in aluminum
than with steel, i.e., deeper dents and more gouging for similar impact
loads. Since these factors do not necessarily relate to the residual
strength of the structure after damage, it is very difficult to compare
aluminum and steel in this regard. However, it can be concluded that
sufficient impact resistance can be designed into an aluminum hull for
a normal life cycle enviromment without an unacceptable penalty on
weight or cost.

LOCALIZED CRACKING OF STRUCTURE

& number of instances of cracking of aluminum ship structures have
been observed, both in deckhouses snd hulls of various sizes, In all
cases which could be studied in detail, these cracks could be attributed
to poorly designed or fabricated structural details rather than a funda-
mental weakness in the material. Among the cracking problems observed,
the following examples are of particular interest.

(a) Plate cracks originating in the radius corners of uptake,
vent and door cuts in aluminum deckhouses on destroyer
type hulls,

(b) Weld cracking at the connection of highly loaded framing
members where conventional merchant ship type details have
been used, such as flanged plates lapped back to back, In
many cases, the crack originated at the end of the weld beads
where such beads could not be carried up into the inter-
gection of the two members, as shown in Figure i1.

It is noted that such details can lead to cracking of steel structures also.

]
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" ! FIG. 11 Cracking in Way of
: Lapped Joint Between
I Fianged Plates
Origin of Crack Origin of
A Crack

(¢) Plate cracking at the end of stiffners where the hard spot
was not relieved,

(d) Plate cracking in bulkheads where intercostal longitudinal
girders were not aligned fore and aft of the bulkhead.

(e) Weld cracking at the ends of stanchions in the heat affected
zone where the load transfer into the stanchion was not fully
developed.




(f)

(g)

These instances of structural cracking on existing aluminum ships or
deckhouses lead to the following conclusions:

(a)

(b)

(c)

(a)

(e)

REPATRS

Several owners or operators have noted the difficulty in obtaining
high quality repairs of aluminum structures. In many cases, the repair
work does more harm than grod, since bad welding applied to a cracked
or highly stressed struc*.re seldom remains sourd. The basic problems
seem to relate to the forlowing factors:

(a) Unqualified welders working in a bad environment.
(b) Lack of proper surface or edge preparation in way of welds.

(c) Insufficient access for the welding gun,
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Weld and plate cracking in way of impact damage on bottom or
side shell.

Cracking in the welds attaching highly loaded fittings, i.e.,
bitts, chocks, etc. to the hull.

Aluminum is more susceptible to such problems than steel, since
the hardspots, discontinuities and poor welding details producing
the stress concentrations invariably occur in either the weld

of lower strength heat affected zone.

Proper attention to the design of aluminum structural details
is of paramount importance, particularly if the structure is
to be highly stressed. Details should be designed so that
access for welding is adequate all around. Continuous welding
should be used in way of 21l connections of framing members,
stanchions, etc, to avoid, or at least minimize, undercutting
and radial shrinkage stresses at the end of the bead.

Conventional merchant ship details for frame and beam connections
should be avoided in aluminum construction since lapped brackets
or overlapped framing members are hard to weld properly, and

high stress concentrations can result at the discontinuity of
these members, Navy-type details, though more expensive initially,
should be less expensive in the long run, since failures are less
likely to occur.,

Careful attention must be paid to the stress flow in aluminum
deckhouses. Discontinuities such as large openings and in-
adequate attachment to the steel hull will result in stress
concentrations which will produce strmctural failure even when

the theoretical stress levels are relatively low. The transfer

of loads between deckhouse and hull must receive special attention,
particularly at the fore and aft ends of long deckhouses,

All longitudinally effective structure in an aluminum hull or
deckhouse must be continuous through transverse structure,
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(d) Poor quality welds due to moisture inclusion or porousity,
often resulting from wind disturbing the shielding envelope
of gas around the weld arc.,

(e) Improper weld sequence resulting in high residual stress.
MAINTENANCE

General maintenance of aluminum hulls has reportedly been excellent,
In many cases, the aluminum above the water line is unpainted, and only
requires an occasional washdown with fresh water, The tendency of unpainted
aluminum to streak and spot often leads to painting for aesthetic reasons,
which can lead to problems if the coating breaks dowr locally, thereby
tending to concentrate any corrosive or electrolytic attack, Hulls are
generally painted with antifouling paint below the water line., Primer
and tributyl tin oxide AF paint or other paints not containing cuprous
oxide are generally used. These paint systems have stood up well, and
when repainting is required, a careful sand washing is employed to re-
move old paint and barnicles.

SUMMAR ¥

The operational experience with existing aluminum vessels and deck-
houses has generally been satisfactory. All problems encountered in design,
construction and operation to date have been or can be satisfactorily
solved, and the practical experience gained can be applied to large aluminum
Lulls such as the bulk carrier under consideration. Undoubtedly. the most
serious challenge to he faced in designing large aluminum ships is to avoid
conditions which might lead to stress concentrations and subseguent cracking,
since larger hulls will be more highly stressed than those now in operation.

IIC. DESIGN CRITERIA FOR HULL STRUCTURE

The development of acceptable design criteria for the hull girder and
Jocal structure of an aluminum bulk carrier rcpresents one of the most
challenging and important considerations in tids study. These cr?teria are
fundamental in developing a technically “easible design, and require a
thorough evaluation of the empirical and theoretical consideraticns leading

to the steel scantlings presently reauired by regulatory bodies.

Design criteria have been developed for the primary hull girder struc?.ure
and secondary structure to the extent necessary %o fully demonstrate technical

feasibility, including the following:
1. Hull girder section modulus at midships.
2. Hull girder moment of inertia at midships.

J.  Primary hull structure: deck, tank top, shell platipg and
framing, lonzitudinal floors and girders, center vertical
keel aud web frames.

.. Secondary hull stri.:ture: bulkhead plating and froming,
deep tank 3* -.cture, ceckhouses, etc.

Additional considerat. - .- ....n to crack arresting and thermal stresses.




-43-
EXISTING CRITERTA

As a prelude to developing design criteria for an aluminum bulk carrier,
an extensive review was made of existing acceptable procedures for developing
aluminum structure for merchant and Naval vessels, including discussions with
the American Bursau of Shipping, Lloyds Register of Shipping, Det Norske
Veritas, Bureau Veritas, Registro Italiano Navale and the United States Navy.
In general, these criteria are based upon conversion of proven steel scantlings
to aluminum on the basis cf relative strength or stiffness, particularly where
steel scantlings are based upon emperical considerations., In the following
paragraphs, these existing criteria are briefly presented and evaluated. It is
noted that the Regulatory Body comments are very preliminary and subject to
further review, and thus do not necessarily represent official policy.

American Bureau of Shipping - The first large aluminum vessel desigaed to
ABS criteria was the trailership SACAL BORINCANO, completed in 1967, The
design criteria used in converting steel scantlings to alwninum were published
in the July 1967 issue of Marine Engineering/lLog magazine., These criteria
have been extended to the design of the ALCOA SEAPROBE, and are as follows:

(a) FOR PLATING:

. . 5 60,000
alum = Isteel X - X Ult. Str of Alum. (urwelded)

(b) FOR BEAMS:

50,000

H SM = SM x .80 x
alum steel Ult. Str of Alum. (umelded)

Adlum ® 1,5 ASteel

{(¢c) FOR HULL GIRDER (I/1. <15):

Ialum = 0,9 x SMSteel x Y x 2.0
where Y = Hull Depth
2.03
M -I—a.lﬂ'“_=o9xsn 2.0
alum £ : steel ¥

Y

The factor of 0.80 is apparently a steel corrosion allowance which is not
required for aluminum. The relationships for hull girder irartia are in-
tended to limit the deflection of the aluminum hull %o approxima‘ely .7
times that of the steel hull.

These criteria were developed by ABS for relatively small huils, and
would be subject to reconsideration for larger hulls in the area of low
cycle fatigue, welding degradation, corrosion allowances and hull stiffness
requirements. During discussiona with ABS, they indicuted that the limita-
tion on hull girder stiffness is somewhat empirical, and that greater de-
flections would be considered, though the effects on shafting, piping and
draft/freeboard relationships must be evaluated.
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The ABS criteria noted above were used in the preparation of a pre-
liminary midship section for an aluminum bulk carrier. The resultant weight
per foot was approximately 55 per cant of that of an equivalent steel hull,
while hull girder deflections woulc be increased by a factor of 1.75.

) Ugang the desipn of the Fast Deployment Togistic (FDL) ships, one of
th$lcrxtcrna devoloped and approved by ABS for aluminum deckhouses was as
tollows:

{a) For plating designed primarily for lateral loading from
wave slap, deck loads, stc.:
UTSsteel
UTS
alum

T = 9T

alum steel

(b) For plating designed primarily for edge loading as might
bhe irduced by longitudinal bending or axizl loads:

UTS
n teel
Taium = <9 Tsteel ~Steei
UTS
alum/
{c) Framing
M - x [ osteel
alum steel UTS
A al
AY
Lanum % 2 lgeee

where UIS 1ym is in the urselded condiiion.

Lloyd's Register of Shipping.- In '95-, Lloyd's conducted 3 limited
ctudy ot a - 70 foot aluminum bulk carrier, to be built of S083 aluminum
ailoy. The basic criteria at that time were as follows:

(a) iecal plate thicknesses were increased by the square root of
the ratio of material ultimate tensile strengths to provide
equivalent safety factors. Assuming an ultimate tensile strength
of "7 tons- in.< Jfor the 5083 alloy and 29 tons/in.: for steel,
thiv factor was .37,

(b} local beam scction moduli were increased by the ratic of the
altimate tensile strengths of steel to 5983 alloy or *.7'.

{~) Huil girder section modulus was ulso increased by a factor
of LT
No o consideration wag given directly to corrorion allowances, fatigue or notch

toughness proprerties, welding degradation or yield strength. The resultant
aluminum hull girder deflection was about 8 per cent grmater than the

steel Rull,

.

A e,
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These criteria with some modifications have been adopted into Lloyd's
latest Rules for AluminumYachts, Reference (52), which reguire a '7 per cent
increase in plate thickness and a 70 per cent increase in stiffener section
modulus when substituting aluminum alloy for steel. These rules apply to
aluminum alloys with a 0.1 per cent proof stress of 8 tons/in.<, ar ultimste
tensile strength of 17 tons/in.” and an elongation in a » inch =nd § 1inch
gage length of 12 and 'O per cent respectively.

The Lloyd's Rules relative ‘o aluminum deckhouses require the following
incrcases in scantlings:

Fronts, sides, aft ends and unsheathed decks ;0 per cent
Sheathed decks ) per ocen
Beams and stiffeners 70 per cent
Scantlings of small isolated houses C per cent

These requirements are consistent with those discussed previously, and re-
flect a consideration of ratios of ultimate strength.

Recent discussions w.ith Lloyd's relating specifically to the Aluminum
Bulk Carrier project resulted in the following observations:

(a) A rcduction in steel section modulus of 5 per cent should be
accepted as a basis for converting to aluminum.

(b) Consideration must be given to low-cycle fatigue properties in
relation to the hull’'s life cycle gtress spectrum.

(c) Extensive radicgraphing of welds will be required tc ensure
proper reliability. Butts should be staggered as much as
rossible. '

(2} Notch toughness is not considered a probiem, and no crack
arresting riveted seams are reguired.

(e} Hull girder deflection should generally not exceed that of 2
steel hull of equal length but with an L D ratio or ', i.e,,

Litum © Snsteel x .95 x 3 x half-depth of ship. Inis regiirement

might be modifica for this specific case, though both wave and
still waler deflection must be considered.

{r} Ueficction of local aluminun beams may be S per cent greuter
than that of eguivalent steel section,

Det Norske Yeritas - DNV has no rules relating directly to aluminum
structure &t this time. However, they indicate that the procedures ured
in selecting high strength steel scantlings would be applicable to aluninum,
These requirements convert ®ild steel scantlings to high strengilh =teel by
a factor which is based upon the ratio of yield strengths. lUltimate tensile
strengths do not enter into the conversiri directly, though lower limits are
placed on the ratio of ultimate tensile strength lo yield sirength. Feor
aluminum alloys, they would consider both ultimate and yield tensil: stirength
ratios, assuming welded strengths of aluminum alloys, and the entire area
under the stress-strain curve. They would deduct an approprizte corrosion
allovaice from the steel scantlings before converting, and wouid aol re-
quire a corrosion allowance for alumirum. They would also nob recuire riveted
crack arresting seams for an alumimm hull.
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DNV would consider fatigue in establishing hull girder section modulus
by comparing the life cycle histogram of the stress level for combined wave
and still water bending versus the number of cycles, with the fatigue strength
(5-N) curve of the ma‘erial. The relative areas under these curves would
establish a safety factor which would be the came for both steel and aluminum.

Rulative tu hwll deflection, DNV noted the possibility of resonance be-
tween the natural frequency of a flexible hull and period of wave-induced
forces. They also noted the possibility of problems with flexibility of the
double bottom, particularly if its frequencies are in resonance with those
of the hull. The effects of cargo mass and entrained water must be considered
when determining these frequencies.

degistro Italianc Navale - RIN experience relating to aluminum is presently
1inmitcd ‘o deckhouses and large LNG tanks. However, they indicated that phe
"31louing considerations would apply to designing alarge aluminum bulk carrier:

(a) Deduct a 15 per cent zorrosion allowance from the steel hull
girder section modulus before converting to aluminum.

(b) For the hull girder, fatigue would be considered by comparing
relative strength of steel and aluminum at 109, 1 and 10
cycles. The combined wave and still water bending stresses
over the life of the hull would be comprred to the fatigue
characteristics for both materials. Both ultimate tensile
strength and welded yield strength should be considered.

(c) Unstable propagation of a fatigue crack in aluminum should
not occur. Therefore, crack arresting should not be required.

(d) Limitations on hull girder deflection for an aluminum ship
may not be necessary, though greater permissible deflections
require more careiul consideration of low-cycle fatigue
behavior.

(e) Particular attention is required to ensure proper welding,
with no undercutting, and to prevent excessive weld distortion.

Bureau Veritas - The Bureau Veritas suggests a 10 per cent reductior in
steel thicknesses for cc.1.slon, and conversion of effective steel scantlings
to aluminum on the basis of yield strength ratios unless the yield strength
exceeds 0.0 times the ultimate strength, in which case ultimate strength must
also be considered. Unwelded characteristics of alwninum alloys should be
considered as long as the welded connections are well checked, and butts in
the sheer strake, bottom and deck plate are staggered.

Bureau Veritas recommends that the deflection of the aluminum not exceed
that of a steel hull with a lergth-depth ratio of 16.1, which is the maximum
they permit,

U.S. Navy - The Navy's general specifications provide a working stress
based upon the following equation for design of secondary structures subject
to normal loading such as wave slap, deck loads, etc. on aluminum deckhouses:

6 atun - Welded Y.S. of Muminum , Welded UTS of Aluminum
4 F.S. on Y,S. of Steel F.S. on UTS of Steel
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No direct credit ic given for the corrosion resistance of aluminum, since
reliance is placed on maintenance or protective coatings to minimize corrosion
in steel.

Recent Navy studies of aluminum destroyers have beern baced upon an
allowable hull girder stress of Li.5 tons/in.?2 for 5026 alloy when the ship
is balanced on a wave equal to the ship in length and equal to 1.1Vlength
for its height. This provides equivalent margins for secondary stress for
aluminum and steel. No consideration is given directly to fatigue although
this matter is presently under investigation. The deflection of an aluminunm
destrcyer hull designed for the above criteria was limited to 1.5 times that
of an equivalent high strength steel hull. This is not expected to produce

inding at shaft bearings or problems with piping or other systems.

The Navy's cesign criteria for small, high performance craft include
a requirement that hull bottom structure be designed for the welded yield
strength at 107 cycles when considering wave impact loading.

FROPOSED CRITERTA - HULL GIRDEl. SECTION MODULUS

The required section modulus of the hull girder at midships for steel
merchant vessels has traditionzlly been determined on the basis cof balancing
the vessel statically on a trochoidal wave and equating the resultant wave
bending moment to an allowatle stress. This stress, generally around
8 tons per square inch, was arrived at empirically, based upon the
successful performance cf many previous dzsigns. During the last decade,
rapid growth in the size and number of super tankers and large bulk
carriers has prompted the regulatory agencies to reconsider their require-
ments for hull girder strength. This has been possible because of recent
developments in the science of oceanography and sea spectrum analysis,
which have made it possible to predict life-cycle hull girder stress
patterns with acceptable accuracy, and to relate these to the fatigue
characteristics of the material.

The state of the art in hull girder stress analysis has not yet
advanced to the point where a truly classical structural design is
possible. At this time, the process of hull design is essentially one
of working backwards, comparing proven, zcceptable scantlings with more
sophisticated load inputs and resulting moments and shears to determine
the range of safety factors which have provided satisfactory designs in
the past.

Based upon the above limitations, it will te necessary to determine
the aluminum hull section modulus on thebasisof converting acceptable
steel scantlings, maintaining equivalent safety factors. In this process,
the following factors apply:

Steel Hull S.M. - For this study, the base line steel hull girder section
modulus will be based upon the latest requirements of the American Bureau
of Shipping.

Corrosion Allowance - Present data indicates that the loss in aluminum
shell and deck thickness due to salt water corrosiorn will be negligible over
a 20 year lifetime if the selection of alloys, cathodic protection and
isolation of dissimilar metals are suitable, For the equivalent steel hull,
the corrosion anticipated by ABS can be derived from the allowance which they
permit for steel protected by an approved corrosion control system, such as
inorganic coatings. This allawance is 10 per cent or 1,8 inch, whichever
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is less, tor the exposed side shell and deck plating. It is noted that the
ABS equations for converting mild steel to HTS steel consider corrosion
allowances of .12 inch for tank top, deep tank and double bottom girder
plating, and .17 inch for exposed shell and deck plating. Since these

latter values are decucted from the mild steel scantlings prior to conversion
and are then added buck to the HTS, it is slightly conservative to apply the
higher allowances in converting from MS to HTS. However, where an allowance
is being deducted from steel which will not be added back to the aluminum
scantlings, the /8 inch or 10 per cent allowance is more appropriate. Tnere-
fore, in converting from steel to aluminum, an "effective" steel midship
section will be derived by deducting 1/8 inch or 10 per cent from bottom and
side shell and exposed deck plate. A lesser allowance of 1/16 inch will be
deducted from all other longitudinally effective structure.

Short-Term Loading - In considering short-term loading, it is
desirable that the aluminum and steel hulls have the same safety factor
when experiencing the maximum combination of wave and still water bend-
ing moments, For a constant hull girder bending moment, this can be
expressed by the relationship in Equation (1):

(effective) x 272000

Bquation (1):  Hull SMyyup = SM, o Y+U

Where Y is the minimum welded tensile yield strength
at 0.2 per cent offset with 10 inch gage
length of the aluminum alloy, in PSI, with
be. ' on, from Table 3,

U is the welded ultiMate tensile strength of
the aluminum alloy plus one-half the speci-
fied range, in PSI, or the average ultimate
tensile strength from Table L.

For alloy 5083-H321 plate the minimum welded yield and average ultimate
tensile strengths with bead on are 24 and LS KSI respectively. Corresponding
values for 5083-H111 extrusions are 21 and LS KSI respectively, Using these
values in the above equation results in the following relationship:

Hull S.M. for 5083-H321
Hull S.M. for 5083-H111

1.40 x effective Steel Hull S.M.
1.47 x effective Steel Hull S.M,

1]

The above equation gives equal ranking to yield and ultimate strengths,
and is based upon minimum values of Y and U of 32000 PSI (minimum) and 65000
PSI respectively for structural steel meeting ASIM A131-61. The relative
importance of yield and ultimate strengths has been the subject of wide debate,
and a review of the previous discl 'sion on existing criteria indicates tnat
there still are differences in opinions, Therefore, the equal ranking prop.sed
above, which is consistent with present ABS criteria in converting mild steel
scantlings to HIS, is considered appropriate at this time, but requires further
study.

The one factor which has not been addressed in the above equation is
the relative elongations of the two materials. For hull-grade steel, the
minimum specified elongation in 2 inches is 24 per cent, while that of the
5000 series alloys is 12 per cent for the unwelded metal and 15-20 per cent
for the welded condition. By inspection, therefore, the unwelded case would




-49.

be more critical if elongation were to be considered as a limiting factor.
Referring to the typical stress-strain curve in Figure 12 below, two areas
are considered: The area under the curve in the elastic range, and the arza
between the yield and ultimate strengths, designated A1 and A2 respectively:

Ultimate
Tensile
Strength —. Rupture

FIG. 12 Stress-Strain Relationships
for Aluminum

Stress

Elongation

The areas Ay and A are both important in studying the overall response
of a material to loading, even though Ay is far smaller than Ay. These areas
represent the quantity stress times elongation, which is proportional to
force times distance, or work. Area A, therefore represents the work required
to exceed the elastic 1limit of the materiai, ard falls within the area in
which structures are normally loaded. Within this area, at any given stress
level, aluminum has a 3 to 1 advantage over steel because of its lower modulus

of elasticity.

The area _ represents the work associated with the plastic strain energy
of the material, between the elastic range and rupture. In this area, due toits
greater elongation, steel has an approximate 2 to 1 advantage over aluminum.

If it is assumed that the importance ofareas A; and A, is identical, which
is implieit in the Equation 1, it is apparent that aluminum's advantage in the
elastic zone more than offsets its lower total elongation. Thus, differences
in material elongation do not directly affect Equation 1,

Long-Term loading - Long-term loading implies consideration of the anti-
cipated stress levels which the hull will experience throughout its life, in
conjunction with the low cycle fatigue strength of the hull material. For this

specific study, the following procedure has been adopted:

(a) Estimate the life cycle histogram, bending moment versus number
of cycles, for the steel bulk carrier, and convert this to equivalent
bending stress, based on the steel hull girder section molulus

as built.
(b) Develop a fatigue (S-N) curve for hull Steel, ASTM A"3"--",

(¢) Determine the ratio of fatign: strength to hull girder bending
stress throughout the life of the vessel. This can be con-
sidered a safety factor on fatigue failure.

(d) Apply these same ratios to the S-N curve of the selected aluminum
alloy, thus establishing a curve of allowable 1life cycle bending
stress for the aluminum hull giraer.

(e) Determine the area (A) under the two life-cycle bending stress
curves. The required hull giraer section modulus Lo satisfy
fati~ue requirements is then as follows:
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Asteel

Bquation (2):  Hull SMalym = Hull SMgteel (as built) x

aluminum

It is noted that the actual S.M. of the steel hull is used rather than the
"eftective” S.M., rcduced for corrosion allowance, since the conversion of
life-cycle moment to stress was based upon the actual S.M.

Considerable investigation is required to establish a general life
cycle historgram of hull girder stresses for a bulk carrier, consiuering
combinations of still water and wave bending moments, anticipated service,
North Atlantic versus Pacific, etc., loading conditions, including per cent
of time in ballast, operational pirofile and others. The scope of this study
is not sufficient to investigate this problem in detail, although a general
approach has been established which is sufficiently accurate to demonstrate
feasibility. The results of this study are summarized in Appendix A.

Figure 13 illustrates the application of the foregoing criterion to the
M/V CHALLENGER, where 5083 alloy is being used in lieu of mild steel. This
figure indicates that the allowzble stress for the aluminum hull would vary
from 2.1 KSI {still water bending stress) at 108 cycles to 13.5 KSI (extra-
polated) at 109 cycles. The corresponding values for the steel hull are
5 KSI and 19 KSI. The area under the steel a~d_aluminum life-cycle stress
curves between 10C and 108 cycles are 4.75 x 108 KSI and 3.56 x 108 KSI re-
spectively, resulting in a required ratio of hull girder section moduli of
1.90.
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PROPOSED CRITERIA - HULL GIRDER MOMENT OF INERTIA

It appears obvious that the hnll girder stiffners of an aluminum bulk
carrier must be less than that of its steel counterpart if it ic to be econo-
mically feasible, It now becomes necessary to establish the extent to which
the hull girder deflection can be increaced over that of 15 steel chip, As
noted earlier, the only guidance in this ares at present 1o the AES reqguire-
ment that the hull girder deflection of an aluminum shir shall nov b more
thar 50 per cent greater than that of a "Eulec! steel vegoel wrile Lloyd's
and Bureau Veritas suggest no increase, In justifying thesc recommendations
or deviating from them, the following tactors muct be considered:

(a) Response to sea-induced forces.

(b) Hull girder vibrations, and possible resonances between the
hull girder and other major structural components.

(¢} Effects of deflection on draft,
(d) Effects of deflection on shafting, piping systems, etc.
{(e) Stress-strain relationships of the material.

Sea-Induced Forces - Reference (53) indicates that reduced hull girder
stiffness is beneficial in reducing dynamic bending moments zssociated with
sea-induced forces. At the bow and midships, the reduction in maximum bending
moment was approximately proportional to the square root of the ratic of hil
rigidities, considering reductions in stiffness of as rmuch as 52 per cent,
though at the quarter points, the reduction was less. Although the studiec
discussed in Reference (53) were relatively limited and subjec® %o further

degrade the hull's ability to withstand wave-induced forces.

Hull Vibrations - The hull girder freu ency specirun o 1 bulk carrier
for vertical, lateral and torsionazl vibrations can be readily yredicted elithe
by empirical formulae or direct computation. Assuming tha® the overall weight
distribution along the hull girder is identical for the aluminum and cteel
ship (i.e., reduced hull weight is f1ily compensated for by increascd cargo
deadweight), the variation in hull girder vibratory responce will be arproxi-
mately proportiosnal to the square root of EI ratios, i.e.:

=

O0x"O Ialum

Fn . Fp .
aluminum steel 30670 |

steel

The ratio under the square root sign is the deflection ratio. Thus, if an
increase of 50 per cent were accepted for tlhie aluminum hull, its lower mode
frequencies would be reduced by a factor of about 0,87, For a tyrical steel
bulk carrier, the lowest hull frequency ("st mode vertical) iz about "0 Ci¥,
with tlie second mode vertical being at appreximately “LO CIM, For an .omi-
valent aluminum hull with a 50 per cent allowable increase in deflection, the
corresponding values would be ~0 and "0 IPM, The lower frequency srectrun
of an aluminum hulled bulk carrier would have *0 be given concideration in
selecting cruice and fuli speed shaft RPM and number of prope lier blader to
avoid resonances between either the chaft or blade forcing Jreqencies, Howev
this is nat considered a decign constrain® since similar comments appiy o
steel hulls.

r

)
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Anothier nspect of vibrations which must be given consideration in
designing an aluminum bulk carrier io the possibility of resonance between
the hull girder and major structural components such as the double bottom
or deckhouse. The possibility of such resonances exists with stzel hulls
as well, so that similar design considerations apply in both cases. If
all hull eirder scentlings were to be converted to aluminum on the basis
of the previous discussions, the relationship between frequerncy spectra
of tl2 hull and major structural components would remain essentially the
same. Although this matter must be given consideration in selecting hull
girder scantlings, it is not considered z design constraint for either a
steel or aluminum hull.

Effects on Draft - The effects of hull girder defiections in still
water on full load draf: involves both technical and economic considerations.
Excessive deflection caa limit cargo carrying capacity both for freeboard
requirements and for limiting drafts requirements entering harbors or rross-
ing sandbars. The M/V CHALLENGER presently has still water bending stresses
as hign as 2.3 tons per square inch which may result in differences in draft
between midships and the ends of approximately 1.9 inches (sag). However,
these values correspond to conditions of partial loads. The maximum stil?
water berding stress and correspording sag for full lead conditions are 1.7
tons per square inch and 1.4 inches respectively. For a similar, but 2,900
tons heavier, non-homogeneous cargo dis*ribution the aluminum ship is expected
to have a sag deflection of 3.% imches. Such deflections correspond to losses
of cargo carrying (ipacity due to freeboard requirements of 100 tons in the
case of the steel snip and 220 tons in the case of the aluminum ship.
However, with homogeneous cargo distributions in full loud conditions, the
sag deflections .may be reduced to 0.7 and 1.7 inches respectively for steel
and aluminum ships, with corresponding losses of cargo capability of 50
tons and 120 tons respectively,

Loss of cargo carrying capability due to effects of sagging on freeboard
is erxpected to be a relatively rare occurrence in tramp operations. When
picking up cargoes which are volume limited, a ship is not decwn to her marks
and freeboard reductions due to sag are of no consequence. When picking up
cargoes whicn are weight limited, in which case holds are only partially full,
sagging stresses and deflections may be reduced by distrituting cargo away from
amidships. On few occasions when taking cn cargoes of such densities to
simultaneously fill the holds and load the ship to her marks, a loss of
deadweight capacity would be experienced.

It is noted that when loading heavy cargoes partly at one port, amd com-
pleting loading at another, it may not be feasible to limit the vessel's sag
in full load and avoid loss of deadweight capacity.

Concerning navigational limitations on drafts to values less than full
load draft, it is considered that the inch or so extra sag ol an aluminum ship
is not significart in the face of the inherent greater trim aft of an aluminum,
machinery aft ship, as compared to a stcel ship at a reduced draft.

In view of both the small percentage of cargo lift capacity that may
te lost and the low frequency with which such losses may occur in tramp
operations, it is not expected that reductions in cargo carrying capacity
resulting from hull deflections can have measurable influence on the economic
feasibility of an aluminum ship.

Effects on Shafting and System Runs ~ Greater hull girder deflection
will have no effect on the design of the shafting of an aluminum bulk carrier,
since the machinery is lccated aft, and the relative angular deflection along
the lonsth of the shafting is far less than with machinery amidships. For a
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hull with machinery amidships, the shaft bending stresses and bearing reactions
would increase roughly in proportion to the hull girder deflection ratio, so
that the question of shafting and bearing reactions would require serious
consideration in this case.

The effects of greater hull girder deflection on longitudinally oriented
bilge and ballast systems should be negligible, since the materials recommended
for these systems have greatly reduced elastic modulus compared to conventional
steel piping. Aluminum piping would be stressed tc only 1/3 the level of
equivalent steel piping for equal hull deflection, while the stress ratio feor
fiberglass piping would be only 1/10 to 1/15 that of steel. Thus an increase
in hull girder deflection could be accepted without overstressing che pipe.
Again, this presents a relatively simple design concsideration which can be
readily incorporated in the design of the piping system.

For longitudinal runs of steel piping, such as fuel oil piping, an expansion
loop can he incorporated to absorb the additional deflection of the hull girder.

Stiess=~Strain Relationship - Consideration of design stresses, including
fatigue, have been dealt with previously in detail, and it is these considerations
which affect deflections rather than deflection considerations affecting stresses.
Thercfore, if previously established strength relationships have been satisfied,
there is n> apparent reason to impose a limit on hull girder deflection based
upon consideraticn of material properties. It is noted, however, that increased
hull deflection increases the strain energy in the post yield (plastic) range in
way of stress concentrations.

The only area in which excessive deflection would affect structural design
is in the design of hull longitudinals, where the secondary bending due to hydro-
static or deadweight loading should be augmented by the moment resulting from
end loading being applied along an axis which is not in line with the neutral
axis of the deflected beam, i.e.:

POy - , 1 S ey a—. A
[:?ddltlonal ?econdar} oendlnE] = PPrimary X Abeam x %pcan
moment at midspan
Where o is the hull girder primary bending stress

Agg:ﬁagg the area of the beam, including hull rlate supported
Apeam is the nidspan deflection of the bean

The stresses resulting from such secondary moments are usually negligible,
bup for an aluminun hull, where Apeam will be greater than with steel,
this additional bending should be considered.

Conclusion - It is conclud~d that no .imits sho:ld be placed o the
hull girder deflection of an aluminum bulk carrier, but that the affects
of the deflection resulting from normal structural decign should be con-
sidered in the areas noted above,

PROPOSED CRITERTA - PRIMARY HULL STRUCTURE

In this section, criteria are proposed for converting ABRS steel]
scantlings to aluminum for applicatioa to the design ¢f the primary holl
ftructure of an aluminum bulk carrier. The following structural viement:
are considered:
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o Bottom Shell Plate

o Side Shell Plate

o rck Plate

o lank Top Plate

o Wing Bulknead Flate (Upper and Lower)
o Inner Bottom Floor and Girder Plates
o Bottom Longitudinals

o Deck longitudirals

o Tank Top longitudinals

o uUther Hiull Framing Members

¢ Stanchions

In general, these criteria will establish minimum scartlings to resist combinations

of primary and secendary stresses, local loads, impact, 2brasion, slamming, etc.,
with consideration given to vibration and buckling problems. It will often be
necessary to increase these minimum scantlings to suit hull section moduius
requirements.

Design Criteria for Piates - In general, the approach to converting steel
plate thicknesses to equivalent aluminum thicknesses requires the derivation
of an "effective" steel thickness by deducting all corrosicn or abrasion ailow-
arees, then inereasing this thickness by a function of tlie relative strength
ratios, and adding back any required corrosiorn or abrasion allowances.

The corrosion allowance to be deducted from steel will depend upon its
anticipated exposure tc salt water. An allowance of '/8 inch or '0 per cent
of the thickness, whichever is less, is proposed for the hull envelope (deck,
side and bottom plate) with a '/'- inch allowance for the internal plates.

It' the owner or Regulatory Bodies have added an additional margin Jor abrasion,
such as on the flat of bottom or on the bottom of the hold, this si.ould also
be deducted,

he factor by which the "eff:
apon the ratio of the sum of theo w
of the materials as in Equaticn {7
in shear, tension or compressio,

tive” thickness is to be mogified is based
lded yield and ultimate tensile strengths

} rreviously. For plates ioaded primarily

the full ra‘io should be used, However, for
rlates which are loaded rrimariiy in tertiary tending (bending betweer stiffners
e tplicd nomal load) the square root of this ratio should be uced, sinege
the section modulus of an element of plate 18 a func.ion of {thicknes: ) . o
vlates subjectsd to A combination ol tertiary bending and tension, conpression
or shear, an average factor chould he usned.

o
Ig

The allowance for abrac:on 'o br added back ‘o *he resiltant aluminun
/e in romewhat arbitrary. However, the previous discuscion af aluminu
; arricion roristance indicates that aluminum will abraid atout I times
13 steel in a similar enviromment., Thus, for equsl life, the steel
vould e multiylied by four, unless a de ailed economic aralysin
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indicates thaty it is less expensive to renew the plute prriodically or to
provide ztee)} chafing bars. However, neither of these approaches 1o considered
economically or technically attractive at thic time.

¥
Summfrizing the foregoing cisecussion, the conversion of mild nte] pla
thicknegBes to aluminum would be as chown in Eguation (3):

\, "
v )
B i . = 4 - -G —r—— LN
‘ uquatlon (3)- t’alum \ts«‘,f‘f'l C. C. b ) s
5 . ,
~
Wherv tgi m ° minimum required aluminum thickness
. tater] ° Steel thickness required by AB. Rilec
* withont correction for corresion contrsl

? S or increases for hull girder sceticn
modulus requirements

&

(]
-
il

corrosion allowance for mild s3°eel

additional allowance for abrasi -

[
N
"

i Y, U are as defined for Fquation ()

n is an cxponent based on type of stresy zuch ac
bending, shear or axial

Values of C,, Cp, and n are as follows:

Ttem Cq C-

Minimum bottom thickness 1/8" or .70t | As required by Owror :

Side Plate /8" or .10t 2 .

Deck Plate (exposed) Determined primarily oy hull girder 3.4

D

requirements. Equation {3} not applicabhle.

Tank Top Flate A AS rejiired by Owner

PR

T Aans
Upper Wing Bulkhead Plate MR 3

Lower Aing Svlihead Plate <

7loors and Girders o N

Shell Flate: at fnds et oar Lt

i | S—

In addition to the foregoing, a safety Cfactor af
buckling strength is recommendw:. The ;Anel burili

* the primary hull bending stress without cousider
secondary bending of the late-ztiffensr ~omtivg
generaliy juite small. For an aluminus hull ChulVaient 1o the M "35.{":-;‘2?1'--
fabricated with 508 siloy, ihit maximes hull bendiog o@peas it L
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2t the deecx and keel.  Mhis scress should be assumed to taper to .75 KSi at
the neutral axis for the hull envelope and its framing, and to zero for other
internal seracture to account for stresses at an angle of heel.

Limitations on plate panel deflections are not considered necessary, since
the increauve in plate thickness in converting from mild steel to aluminum wiil
generally rrovide a sufficient increase in inertia to offset the effects of
diftrerences in clastic moduil.

I cign Uriteria tor Stiffeners - The design procedure for converting mild
steel stiffener ccantlings to aluminum consists of increasing the section
modulus of the steel member by the relative strength ratio noted previously
for plates:

kquation {(L): M SM 97,000 \

k) = + !
alum steel Y + U )

where Y and U are as noted previously for Equation (1).

Corrosion allowances are technically applicable to the above equation,
but are neglected to provided an additioral margin for member stiffness and
high residual stresses in way of end connections. The additional weight
resulting from this simplification is negligible, since the added area
generally contributes to hull girder section modulus for longitudinally
framed ships.

.It is noted that longitudinal stiffeners on the shell and deck are
subjected to a combination of axial load from hull girder bending and
secondary bending from normal loads. Fortunately, however, the ratio of
hull girder primary design stress to the quantity (Y + U) of steel and
aluninum bulk carriers are essentially identical at about 0.20, so that
this comtined loading condition affects both materials similarly, and
Equation (L) remains valid.

In addition to the foregoing, stiffeners should be checked for column
tuckling strength under the effects of longitudinal bending loads, and
agains® local instability of flange and web as discussed in the previous
section. It is suggested that the L/r ratio of the plate-stiffener combi-
nation be sufficiently low that the safety factor on column buckling failure
would be 1,77, and that the web and flange proportions would permit develop-
ment of full welded yield stresses in the member without local instability.

The detlection oi' aluminum stiffeners should be kept within reasonable
limits, so that vibration problems and secondary bending effects are minimized.
However, it is diflicult to establich a specific deflection limitation, since
this is a somewhat arbitrary decision, with 1ittle technical justification,
Until a valid technical foundation for such a limitation can be developed,
it is proposed to limit deflections of primary framing members (girders, web
frames, hatch end beams, etc.) to 1-1/2 times that of the equivalent steel
section, with no limits on the deflection of secondary stiffening. Equation
(5) specifies the inertia required for primary hull framing members:

Equation \5): Lium = 2 Ioteel (primary members only)
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ca Pt - .

Stanchions - Aluminum stanchions should have the sameTha.otJ *aynor‘gnhh

columﬁ'buckling as the equivalent Hules steel stsncﬁlon. The ond connections,
which will be at O temper, should be specially considered.

PROPOSED CRITERIA - SECONDARY HULL ITRHUCTULE

deckhouser, ciructural butk-

igning such s v Structures ac
:sigr uch secondary stiructu L] A
e ® i croposcd, which are ecgsentially

heads, tanks, etc., the following criter}%“aif
the same as those for primary hull structures:

For Plates:

ica () - 97,000 \
Equatica (-): talum tsteel .Y_:_a__
Where n = * for plates loaded primarily c- the edges

(tension, ¢ mpression or shear)
no= "0 for plates loaded laterally

For Stiffenerc:
Equations (L) and (%) apply.

Crack Arresting - The various Regulatory Bodies ard design activities with
whom crack arresting requirements were discussed, indicated that aluminum alloys
appear te possess sufiiciert fracture toughness, ductility and tear resistance
that mechbanically fastened crack arrester seams may not be r~giired for an
aluminum hull), The iavestigation of fracture toughness and tear resistance
of aluminum which was conducted for this study did not provide sufficient data
to Justify such a conclusion for a large, highly stressed hull subjected *o
cyclic loadirg. The data is particularly sparse in the arez of crack propagation
in way of the heat affected zone when subjected to high intensity cyeclic load-
ing. Therefors, it is concluded that a minimum number of mechanically fastened
Seams should be incorporated in the design of large aluminum hulls.

For this study, it is proposed to incorporate a single mechanically fastened
seam at the lower edge of the shear strake port and starboard. This location
reflects the fact that the deck is more highly stressed than the botwom, and
subject to high stress concentrations at hatch corners. Mechanically fastened
seams are not desirable below the water line due to possible streses corrosion
problems at the faying surface.

Thermal Stresses - The thermal Stresses induced in the hull of an aluminum
ship with 5083 alloys will be no more critical than with an equivalent steel
hull, based upon the following logic:

Op L
E
Where 1 is the length of the member
@ is the coefficient of linear expansion per 100°F
= .00128 for aluminum
= ,00055 for mild steel

Thermal elongation § = LaAT =




-58-

Al is the change in temperature
U Thermal streess
*lastic modulus

Thuvy, T v AT
Where oo - 2,800 for aluminum
= 4,500 for steel

For equal.§f, the thermal stresses for a stcel member will be 1.52 times that

o an aluminun member. Thus for any aluminum alloy with a welded yield strongth
i exeess of 77 K5I, the safety factor on thermal stresses will be equal to~or
brtter than that of the ecuivalent steel structure. Since the welded yield
sirength of 5083 plate and shapes are 2l and 2' KSI respectively, thermal
siresses are not considered as a design constraint. However, the effects

57 thermal expansion on huli deflection should be investigated, since iimiting
drafts might be affected.

IID. FABRICATION OF LARSE ALUMINUM HULLS

The investigation of the effects of large scale aluminum construction
on presently employed fabricating techniques and shipyard cperatiovns cor-
sisted of a series of discussions with representatives of four large U.5.
shipyards with extensive experience in fabricating alunimem strucsures.
The following paragraphs summarize these discussions.

MATERIAL HANDLING

The material itself poses no particular storage problems. handling
however, requires greater care since thie alwtirum 1s mere prone to damage
than steel. Plates are handled with ruction sups or vacuun lifts. This
process requires additional labor. Aluminum requires no sand blasting or
priring such as steel, but is washed with sclvent to remcve “he oxide film
or other contaminants. Since most yards presently do relatively small amounts
of aluminum work per hull, this is generally done by hand. Present techniques
could be updated for a large aluminuw. rall an? rechrnizaly controlled clean-
ing could be employed for plates and dipping for all shapes. Larger sub-
assemblies can be handled in aluminum, due to lighter weight, which results
in a cost savings.

ZNVIRONMENTAL CONTROLS

In general, most yards have no special environmental controls for teripera-
ture or humidity in the fabrication areas. To minimize thermal effects of the
sun, it was generally felt that o shed type covering should be erected over the
ways. This covering, in conjunction with other protective shielding, would also
decrease welding time lost due to high winds and inclement weather.

WELDING AND CUTTING

General yard experience with aluminum covers thicknesses up to a d including
one inch. The present techniques for handling and fabricatiag are generally based
on material one-half inch thick and below., No special problems are env®soncd
in fabricating large quantities of thicker material.
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Presently, sawing is the most common way of cutting aluminum since the
finished edges need the least amount of dressing-up. Some amount of re-tcoling
for large quantities of thicker material would be necessary. Wheres rodules
of the hull are to be butted together, an allowance would be left to establish
the "final cut" which could be done by a power saw mounted on a tiackway.

Another common method of cutting, gsnerally used for nreraring access or
lightening holes, is by plasma arc. This does not leave as smootk a finish as
sawing and sometimes requires dressing.

MIG seems to be the preferred choice for welding, with a mixture o? 73
per cent Argon and 25 per cent Helium. Small quantities of aluminum ship con-
struction do not necessitate extensive use of automatic welding but it was
felt that more automatic welding, perhaps as high as 70 per cent, would be in
order for a large aluminum hull. A higher content helium-pas mixture was also
proposed as a means of speeding up the welding process, but this would have to
be evaluated against the additional cost of the helium.

A troining program to qualify additional aluminum welders would be
necessary for any shipyard undertaking the project, but no major problems
were foreseen by any of the yards in either upgrading steel welders or in
training new welders for this particular skill.

The general consensus »f opinion seemed to dictate flat panel con-
struction initially rather tnan three dimensional assemblies. The heavy
scantlings proposed would in part minimize distortion problems and curved
shapes would tend to remain as rolled. When fabricating aluminum, more
care must be exercised since it has a shrinkage rate of two to three times
that of steel. This is an area where a careful study should be made in the
design stage to minimize a1 r problem areas, particularly in way of shafting.
Expansion tables could be developed for various combinations of plate thick-
nesses and weld sizes which would be an invaluable tool during construction.

Heavy stress should be placed on the development of the minimal welding
sizes required. This will not only minimize distortion and expansion but
reduce the total overall cost of welding. The sizes of aluminum fillet welds
presentl; required by Navy welding specifications are considered excessive by
the shipyards, and result in excessive distortion.

Intermittent welding is not recommended. Continuous welding is pre-
ferred since it results in smaller, better quality welds and hence lower
rates of rejection, and minimizes cratering at the end of beads.

Experience has shown it is very difficult to meet an acceptable weld
quality X-Ray standard when welding outside with high humidity. Further
examination of possibly reducing this standard was proposed. Possible re-
ductions in porosity standards were also viewed as ancther cost saving item.

ATTACHMENTS

Attachment of ferrous materials was another area which it was felt
deserved special attention., Presently utilized methods for installing
deck fittings .nd other hardware in the weather do not provide a completely
satisfactory installation., It was proposed that flexible plastic sealers
be used to cover all of these exposed joints over ard above the normal
tape and paint methods presently employed.
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SUMMARY
All parties contacted foresaw no insurmountable construction or
fabrication problems and agreed that a satisfactory hull could be delivered
by implementing three basic tools:
(1) Establishment of and rigid adherence to a proper welding sequence.

(2) Use of good welding equipment, continuously maintained,

(3) Use of properly trained and qualified welders with good on-line
supervision.

IIE. FIRE PROTECTION

DEFINITION OF REQUIREMENTS

This phase of the study evaluates the problem of providing a satisfactory
level of fire protection for a large aluminum bulk carrier, giving considera-
tion to present requirements for steel ships, means of maintaining structural
integrity in the face of a fire, and methods of detecting and extinguishing -
a shipboard fire. References (5h) through (68), form the basis of this study. 3

Present Coast Guard Reguirements - The basic document applicable to this
study is the U. S. Coast Guard "Rules and Regulations for Cargo and Miscel-
laneous Vessels", Subchapter I, Part 92.07, Structural Fire Protection,
excerpts of which appear in Appendix B.

It must be assumed that at present, compliance with the intent of the
Rules is essential for certification of a U. S. Flag aluminum bulk ore
carrier.

The standard fire test defined in paragraph 92.07-5(a) of the Rules, is
essential in the development of a fire protection system. Appendix C con-
tains a brief history of maritime fire testing and the reasons for adopting
the standard fire test as a means of evaluating fire resistant constructions
and materials.

The hull, superstructure, structural bulkheads, decks and deckhouses
are specified by the U, S. Coast Guard to be of steel construction or,
alternately, in special cases other equivalent materials. Metal equivalent
to steel is defined as one which, by itself or due to insulation provided,
has structural and integrity qualities equivalent to steel at the end of the
applicable fire exposure. These composite structures are rz2quired to be of
"A"-0 construction, which, when subjected to the standard fire test, are
capable of preventing the passage of smoke and flame for one hour. For
aluminum structural equivalence to steel, it is required that the temperature of
t.e aluminum shall not rise 200 degrees C above ambient in the presence of fire.

In addition to the structure stated above, certain other structures are
required to be of "A"-0 construction:

(a) The boundary bulkheads and decks separating the accommodations
and control stations from the cargo and machinery spaces,
galleys, main pantries and storerooms, otlier than small service
lockers.
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(b) Bulkheads of galleys, paint and lamp lockers and Emergency
Generator Roomn.

(¢) Stair towers, elevator, dumbwaiter and other trunks.

In summary, it must be concluded that all aluminum structures, specified
to be of "A"-0 construction, must be capable of withstanding the passage of
smcke and flame for a period of one hour while restricting the maximum
temperature of the aluminum to 40O degrees F.

Fire Test of Aluminum Construction - An extensive test program of repre-
sentative insulated aluminum bulkhead and deck assemblies is presently being
conducted under the auspices of the Fire Test Ad Hoc Subgroup of Task Group
H3-0-1 (Aluminum) of the Society of Naval Architects and Marine Engineers
(SNAME) . Reference (67) is a test report on the first bulkhead lest by the
National Bureau of Standards dated June 1L, 1967. Ten additional bulkhead
and ceiling configurations are now in the process of fabrication for testing
during 1970. From these tests it will be possible to establish factual
criteria for the protection of aluminum structures within the living, work-
ing and stores spaces.

In addition to the SNAME test many smaller tests have been conducted
by materials manufacturers. Unfortunately, the results of these tests are
of a proprietary nature. However, while these smaller tests lack official
Government approval they do nevertheless contribute valuable information
towards eventual solution of the problem of fire protective aluminum
constraction.

AREAS REQUIRING PBOTECTICN

Living, Working and Stores Spaces - 4 study has been made of the living,
working and stores spaces of a cteel armd ejuivalent aluminum bulk cargo ship,
similar to the MV CHALLENGER, ard built in sirict accordance with current
U.S. Coast Guard rules. The study included the complete after deckhouse
down to and including the underside of the Upper Deck.

The constructicn utilized to afford the required protection is based
upon tests, where available, or the construction considered most cuitable at
this time, based upon past experience, pending contirmation by test
methods. In most cases, a conservative approach has been taken in order to
realistically approximate the maximum additional cost and weight that might
be required.

For both steel and aluminum ships, the stateroom and living space
divisional bulkiieads and the house side lining will be identical, i.0., 7/C
inch thick free standing marinite with steel YH"™ posts amd joiner shures with
insulation if necessary. The normal rpplication of thermal ir.sulation on the
surfaces of air-conditioned spaces re3ults in an added degree of protection.

In general, the aluminum bulkhexds requiring -dditiond prote~tion c.n
be grouped in the following categories:

(a) The exposed surfaces within stair-towers,

(b) The engine room side of the machinery casing.
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(¢) The exterior side of the machinery casing, where this surface is
normally exposed b - : a»t)) as in the crew stores and service
areas.

(d) Bulkheads scparating stores and service spaces which are normally
exposed bare metal.

(e) Galley and pantry bulkheads require additional protection over
that normally fitted for thermal conditions.

(f) Other minor cases.

With regard to the lower surface of the decks, it is apparent that with
a maximum allowable aluminum temperature of 40O degrees F, and a required
vest of 1700 degrees F, an insulated construction is mandatory.

For the upper surface of aluminum decks in the presence of a fire within
quarters. equivalent to the Standard Time Curve, the following observations
are noted: The "Nantasket" tests, Reference (54) indicated that the deck
covering restricted the dowrward propagation of flame, provided the covering
was of an incombustible nature. This was largely due to the lack of oxygen
at floor level, the products of combustion at this level, and the rising of
heated air. This point was also illustrated by the Staeroom Fire Test
Report, Reference (58). In this case with bare aluminum deck, the aluminum
reached a temperature of LOO degrees F within 18 to 25 mimutes. The maximum
temperature reashed was only approximately 675 degrees F at 35 minutes,
alter which the temperature declined. The British Test, "Fire Protection
in Passenger Ships", Reference (59), with a 3/1% inch sand filled latex
underlay and 1/8 inch thermoplastic resin bonded tiles, resulted in a maxi-
mum aluminum temperature of L25 degrees and 250 degrees on two isolated
thormosouples at the =nd of 50 minutes,

From the above, it can be assumed that a lesser degree of protectioncanbe
permitted within the quarters to protect the up.er surface of the decks than
is required on tlie underside.

Therefore, the decks requiring additional protection can be grcuped
under the following categories:

{a) Above the norma. ..tateroom ceilings, insulation must be added.

(b) Insulation protection must be added in those spaces exposed to
the weather, in addition to that normally fitted with thermal
insulaticn.

(¢) Insulation must be fitted to the overhead of nomair-conditioned
spaces when located under air-conditioned spaces in addition to
the thermal insulation normally provided.

(d) Insulation ic required in the overhead of stores and service
spaces located under similar spaces.

(e} All topside surfaces must be protected.

The required protection resulting from the application of these
eriteria to the MV CHALLENGER of steel and aluminum construction are
summarized in Tables '" and *.. These tables imdicate that the additiomal
insulation required for the aluminum deckhouse would be about 170,000
sounds if the present U. S. Coast Guard requirements are fully satisfied.
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Machinery Spaces - Rererence (%8) lists 2/.Y fire casualties on all
classes of ships, of which only four were on bulk carriers. Three of the
four fires originated in the machinery spaces ard one in the accommodation
spaces. Of those occurring in the machinery spaces, two were the result
of fuel oil fires while cc.bustible materials resulted in the accommodation
space fire. This agrees with the expected ascumption that these two types
of combustibles are the primary sources of incipient fires, and that these
locations must therefore be provided with the musimum protection against
fires.

Within the machinery space, the most serious problem is the protection
of the exposed aluminum structure to prevent the passage of smoke and flame
and to restrict the maximum temperature of tne aluminum to .00 degreesc F
for the required one hour time interval. The overriding mauirement is the
maximum temperature restriction in the presence of fire, since if this can
be accomplished, the structure will prevent the passage of smolke amd flame
Ore potential solution might be the use of sprinklers to form water walls
on the vertical surfaces and the underside of the flats. However, thic
method is incompatible w _th an o0il fire. A fixed fog svstem might Le con-
sidzred but to date there have been no phycical tests to evaliate the time-
temcrature results of either of these proposals. A simple solution would
be to constract the machinery space enclosing structure of stecl, Thig,
however, poses aaaitional problems of added weight, connccticn of incompati-
ble metals, and differential coefficients of expansion. For mary local
structures, such as machinery flats and small tanks, the use of steel in
lieu of protected aluminum would appear to offer significant cost savings
without a major weight penalty. Various types of fire-retardan: intumescent
paints are available, but thcse are primarily used to ret:ird the spread of
fire rather than to resirict the temperature rise on the surface tc whicn
they are applied for any appreciable time duration.

Cf 2ll the methods considered, the cne chosen t. best provide the
desired protection tc vertical surfaces and the crewn ©f the machinery box
is the application c¢f a suitable thickness of insulation, sheathed witz® = :al
to protect the insulaticn against injury and abrasion.
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oreferable to utilize steel stanchions in lieu of insWlated aluminum
stenchions pecsuse of the disastrous rpesults of stanchion failure.

Cargo Spaces - within the cargo spaces, fire protection depernds upon
nary variables, including the relative flammability of the anticipated cargo.
I the cargo to be carried can be gtaranteed to be non-flammable, the
requirements for protection could ostensibly be reduced. However, in the
course of the ship's general service it must be assumed that a flammable
cargo will be carried. It is then necessasy to either prevent a fire from
Jtarting, or to maintain the surface temperature of the aluminum structure
4 an acceptatie level, by fighting the fire and/or protecting the surfaces.

The most promising method of preventing the start of a fire within the
cirgo spaces would be to fit a closed, pressurined nitrogen or carbon
dioxide inerting system, although the effects oI this on edible cargoes
and means of exhausting the hold must be studied. is system will be dis-
cussed in further detail later.

Restricti the maximum temperature of the aluminum siructure to LOC
ng 2

fegrees in the presinee of 0 Cire within tte carpgo spaces presents many

protlens, OF the muy potentii soiutine coneidered, nore have been

S [

eninlly teateds AL methods re subdest o the following constraints:

b
v
»s
»
.

) The dintenmity o7 the Fire for different type cargoes.

VLD Tamprribiliny of the extinguishing agens with the 4ypre of cargo.
Bty S tke oextinguishing agent on fires of varying
Ly Vs e

1y ten welght,

Porential gamage @ and (osz of pratectiian of the syslem, due W
Sanet aniling whedler by grmat buskel, mectaninod wehicles, con-
cexoroLawuem, ar lers,




-67-

One method considered for maintaining strength ef the aluminum struc-
ture was the concept of a heat sink. A recent shore-side installation
utilizes a water wall calumn system, with circulating pumps and expansicn
tanks to reduce the amount of insulation protection required for steel
components (Reference (66)). Similar concepts might be utilized in con-
structing the wirg tanks and inner bottom within the cargo holds, This
method is not considered practical, however, since it is not dasirahle to
carry water ballast in these tanks when cargo is carried., This system
would require some type of double wall tranaverse bulkhead construction,
with consequent loas cf cargo cubic, or increased length of cargo holds
for equivalent cargo cubic. An alternative mathod which reduces the quantity
of water to be circulated would utilize double wall extrusions for wing
tanks, bulkheads and tank top. While this is within the state-of-‘*he-art,
it muat satisfy the constraints outlined above, and woild present significant
fabrication problems.

Constructing the inner surfaces of the wing and inner bottom tarnks,
and transverse bulkheads of alumirum clad with stainless steel might result
in raising the allowable maximum temperature of the metal before stiuctural
atrength is impaired. However, this would result in high cost and would
preasent additional fabrication constraints. Further testing would bs
required.

There are several proprietary brands of intumescent paint that retard
the spread of fire, However, it is extiremely doubtfui that these could
effectively maintain the required maximum temperature of the structure in
the face of cargo space fire. Within the current aervspace programs, mary
exotic ablative material constructions have been developed. The total
effectiveness of these materials in maintaining required time-temparature
relationships must be tested amd studied to determine weight and cost con-
straints. At this time, it appears that ablatives would be relatively
expensive to install and maintain, but warrant further coasideratien.

There is no doubt that suitacle cargo hold insulation with some type of
protective sheathing could be designed to meet the requirements. However,
whatever components are selected, it appears that the added cost amu waight
would rerder this method unacceptabls, Therefore, it is concluded that the
cargo hold structure should not be protected. Rather, an inerting system
should be installed which is compatible with the anticipatsd flammable
cargoes, including coal and grain. This system, in conjuncticr with
proper detecting ard extinguishing aystem, is .onsidered to be the best
solution to the somewhat low riuk fire prublem in the cargo helds of a
bulk carrier.

DETE.TION AXD EXTINGUISHING SYITEMS

The Rules and Hegulation: of the U.5. «wast warg, Tor CArye ant
¥izcellaneous Vessel-, Subchapter I, Tart J%, sels ©orth varicus vejuire-
ments regarding fire detection and extinction which are samaritel as
foliows:

{3} Fire deteciing, nanual alarnm and suyerviael 1Rty rrotems are

. . el N P —
net reTiired, excsrt in Apclial aase:.
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At least two fire pumps are required, located in separate spaces,
each capable of delivering water at the two highest points in the
ship at 50 pounds per square inch.

Hose and hydrant sizes shall be 2-1/2 inches, with 7/8 inch nozzle
and “0 foot length of hose,or, a 1-1/2 inch siamese hydrant with
single hose, 75 feet long with 5/8 inch nozzle.

Fire hydrants shall be of sufficient number and so located that
any part of the vessel, other than the machinery spaces, accessi-
bile to persons on board while the vessel is being navigated, and
all cargo holds may be rc:ached with at least two streams of water
from separate outlets, at least one of which shall be from a
single length of hese. In main machinery spaces, all portions

of such spaces shall be capable of being reached by at least two
streams of water, each of which shall be from a single length of
hose from separate outlets,

Vessels engaged exclusively in the carriage of grain or coal in
bulk, need not be fitted with a fixed carbon dioxide system in
the cargo holds.

A fixed carbon dioxide or other approve’ system shall be installed
in all lamp and paint lockers.

A fixed carbon dioxide system shall be installed in all spaces
containing internal combustion main propulsion machinery and
auxiliaries of 1,000 BHP cr greater or their fuel oil units,
including purifiers, valves and manifoids.

If an enclosed ventilating system is installed for electric
generators, a fixed carbon dioxide system shall be installed
in such system,

Spaces which are protected by a carbon dioxide system and are
normally accessible to persons on board when the vessel is being
navigated, other than paint and lamp lockers, shall be fitted
with an approved audible alarm in such spaces which will be
automatically sounded when the carbon dioxide is admitted to
the space.

Hand portable and semi-portable fire extinguishers shall be
fitted of the type and number and in the locations specified.

Living and Working Areas and Stores Spaces - It is considered that the

requirements outlined above are sufficient for the aluminum ship in these

areas.

Machinery Spuces - Within the machinery spaces, consistent with the

protection for the aluminum structure outlined previously, the requirements
noted above are considered the minimum necessary to afford protection.
Additional detection devices together with a fixed foam system would provide
a greater margin, provided that it can be reconciled against the additional
Gost involved.

Carge Spaces - For steel bulk carriers engaged in grain or coal trade,
no detection or fixed extinguishing system is presently required in the
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cargo holds. This is assumed to be based on the premise that if a fire did

start the provision ot two fire hoses would permit sufficient fire control,

together with the fact that steel does not lose its inherent strength in

the face of an average fire. For some cargoes and arrangements, these fixed
systems may not be effective.

The ignition temperatures ot the dusts of the various types of bulk
cargo vary approximately between 650 degrees F to 9000 degrees F. Thus a
potential fire in the cargo spaces can not be disregarded. In view of the
maximum temperature restriction of aluminum, this warrants the installation
of a detection system within the cargo holds. A temperature rise sensing
system would probably prove to be the most satisfactory.

In addition to the conventional cargo hold fire extinguishing system,
an inerting system is recommended for all cargo spaces. This system could
utilize either nitrogen or carton dioxide, and would be activated when
potentially dangerous cargoes are carried. JSuch systems are presently
incorporated in a rumber of oil tankers to reduce the risk of explosion.
The cargc heclds must be gas-freed prior to unloading cargo, so that men
may safely enter the hold, thereby requiring the installation of large
suction fans serving the holds. In this regard, nitrogen offers an ad-
vantage in that it is slightly lighter than air and would tend to rise
naturally from the hold when the hatch covers are open. However, this
tendency of gas to rise would necessitate special techniques to maintain a
satisfactory distribution of nitrogen throughout the cargo, such as circu-
lating fans or continual bleeding of additional nitrogen at the lowest
level of the hold. Carbon dioxide, being heavier than air, would be more
difficult with regard to gas-freeing the hold, but would satisfactorily
distribute itself throughout the cargo without resupply or recirculatiorn.
Neither gas would appear to be harmful tc the range of cargoes being
considered.

There are a number of unknowns concerning an inerting system such as
that proposed, which preclude an evaluation of its cost. These include such
factors as the required concentration of inerting gas to maintain a satis-
factory level of fire protection, the residual concentration which could
remain after gas-freeing the hold, recirculation requirements and so forth.
The solution to these problems is beyond the scope of the present study, but
warrants further consideration.

An alternative which might be preferable to an inerting system would
include a high-capacity carbon dioxide smothering system in conjunction with
fire detecting equipment of improved sensitivity. This system would incor-
porate the following features:

o) Sufficient quantities of carbon dioxide to selectively flood any
hold, or the engine room, with a high concentration of gas.

) A gas delivery system which would insure rapid flooding of the
spaces and even distribution throughout the space.

o} A detection system sensitive to rate of temperature rise and to
ultra-violet emissions from opeir flame.
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IIF. INSTALLATION OF SYSTEMS AND BQUIPMENT

MATERIALS

Propellers - For commercial ship application the majority of propellers
have been of the following materials:

Material-Alloy Trade Name

Manganese Bronze -
Nickel Manganese Bronze Turbine Metal

Nickel Aluminum Bronze Nialite and Nikalium
Manganese Nickel Aluminum Bronze Superston

When these materials are coupled to aluminum in sea water a galvanic
cell is created and the aluminum hull plating, rudder, etc. will be anodic
to the bronze and will act as an anode to protect this very large area of
bronze cathode and the =luminum will corrode very rapidly. A cathodic
protection system can be installed to protect the aluminum underwater struc-
ture.

Another material which is more compatible with aluminum in sea water
should be considersd. Such a material is 18 per cent chrome - 8 per cent
nickel stainless steel alloy, similar in composition to the Alloy Casting
Institute Specification CF-8 (corresponding wrought alloy type is AISI 30L).
This alloy has been used successrully for many years on the 29 ships built
between 1962 and 1968 for Lykes Bros. and Gulf & South American Ships.

These propellers vary from 52,000 to 76,000 pounds in weight and are about
21 feet in diameter.

The chemical, mechanical and physical properties of this CF8 material
are as follows. (CF8 alloy is also similar to ASTM Specification A296-Grade
CF8).

(a) Chemical Per Cent
Carbon 0.08 Max.
Manganese 1.50 Max.
Si 2.00 Max.
P 0.0L Max.
S 0.0l Max.
Chrome 18 to 21
Ni. 8 to 11

(b) Mechanical

Tensile Strength 65,000 PSI Min.
Yield Strength 30,000 PSI Min.
Elongation in 2 Inches 35 Per Cent
Brirell Hardness 140

Charpy Impact 75 Ft-Lbs

(c) Physical Constants

Density 0.280 Lbs/Cu.In.
Specific Heat 0.12
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(d) Welding Procedures

Preheat None
Postheat None - if area is small

These propellers are of the built-up type with the blade palms bolted
to the cast hub. The propeller blades and hub are cast stainless steel CF8
alloy, while the studs for attaching the blades to the hub are monel K500
(K monel) and the nuts for studs are Armco 17-LPH condition H-1"50.

The CHALLENGER propeller is presently a solid five-bladed of bronze
material and is 18 feet L-1/2 inches in diameter. An estimated weight and
cost comparison is shown in the following table:

Finished
Weight - Lbs. Cost Per Total
Material Type Approximate Pound, $ Cost, $
Ni Al Bronze Solid 37,500 1.50 55,250
CF8 - Cast Built-up 118,000 1.25 40,000

Stainless Steel

The cast ctainless steel propeller will weigh more since the hub has to be
larger in diameter to accommodate the palms of the blades.

Based upon the foregoing, cast stainless steel, CF8 alloy is recom-
mended for the propeller of a large aluminum-hulled vessel.

Shafting - The shafting for the CHALLENGER is presently made of American
Bureau of Shipping Grade 2 steel and the diameters were tased on the American
Bureau of Shipping rules that were in existence at the time the vessel was
constructed in 1965. This ship has an engine with a metric BEP of 2¢00 and
a propeller RPM of 119. The diameter of the shafts are ~ -3/. inches (line
shaft) ard 19-1/2 inches (tailshaft). The tailshaft has no liner since an
oil lubricated stern tube bearing was installed.

In this application it is suggested that the American Bureau of
Shipping Grade 2 steel material be retained for the shafting.

Stern Tube, Bearings and Seals - The existing steel hulled ship, has
a cast steel stern tube welded into the stern frame casting at the aft end
and into the ¢ngine room aft watertight bulkhead at the forward end. The
arrangement is generally as shown on Figure L.

There are two stern tube bearings of the oil lubricated type (Waukesha
type), one long bearing L3-1/2 inches long at the aft end of the tube and
a shorter one, 17-3/L inches long, at the forward end of the tube.

The materials of the existing assembly as installed in the steel hull
ship and the suggested materials for the aluminum hull ship are shewn in
the table in Figure 1l.

All bolts, nuts and studs for the seals and glands exposed to sea
water should be made of a combination of 30L or 3¢ stainless steels, in
other words, if the studs or bolts are 301 then the nuts should be 3,
or vice versa, to prevent galling.
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Rudder Assembly - The rudder and rudder stock of the aluminum bulk
carrier should be made of steel, similar to that of the steel ship, for
the following reasons:

(a) An aluminum stock would have ar ~xcessively large diameter, to
suit torsional and bending loads, which would result in an
unfavorable aspect ratio for the rudder. In addition, steel
sleeves would be required in way of the bearings to resist
abrasion. Therefore a high-strength steel stock is considared
more practical.

(b) The use of a steel stock dictates that the remainder of the
rudder be steel, to avoid problems of attachments of dissimilar
metals.

(¢) The use of a steel rudder minimizes abrasion and vibration
problems.

The rudder stock should be isclated from the hull by the use of micarta or
phenolic stave bearings. A cathodic protection system is also required,
as discussed later. Details of the rudde.' bearing attachment to the hull
will be similar to Figure 1L.
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Sea Valves - The selection of aluminum alloys for the sea valves and
shell connections is subject to specific approval by the American Bureau
of Shipping and U. S. Coast Guard.

Anerican Bureau of Shipping Rules - Article 37.29.5 on Page 2L/ of the
American Bureau of Shipping - '957 Rules is quoted for ready reference as
follows:

"36.25.5 Materials for Shell Valves and Shell Fittings = All shell
valves and shell fittings required by this Subgection ~re to be of
steel, bronze or other approved ductile material. Va'vzs of
ordinary cast iron or similar material are not acceptadle, All
pipes to which this subsection refers are to be of steel or other
equivalent material, subject to special approval."

U. S. Coast Guard - Marine Engineering Regulations and Material 3:zci-
fications, Subchaoter F, CG-1'5, Part 5£,50-95 Qverboard Discharges -na
Shell Connections, Subchapter F is quoted for ready reference:

"{f) Valves required by this section and piping system components
outboard of such required valves on new vessel instsllations or
replacements in vessels of "50 gross tons and over shall be of a
steel, bronze, or nodular cast iron specification li:ted in Table
56.00-a(a)., Lead or other heat sensitive materiaiz heving o
melting point of ',700°F, or less shall not be uscd in cuch
service, or in any other application where the deterior: .ion of
the piping system in the event of fire would give rise to danger
of flooding. Brittle materials such as cast iron chall not be
used in such service. Where mon-metallic materisle are used in

a piping system, and shell closures are rciuired oy thi. section,
a positive closure metallic valve is required (cec ~lso Para.
56.60-25) ."

In addition to cast aluminum alloys, other materials such 2 ¢n32
per cent nickel - 20 per cent chrome and AISI 30 or "L stainless steel
could be comsidered for the sea valves. This .° nickel - . ° I Iy

<
is marketed under several trade names, Craneloy .2, w-lworih a

.» Per Cent Nickel - .Q Per Cent Chirome alloy Lo teen uoed Do
marny years on the Lykes Bros. Gulf-Pride and Clipper Class froighters for
sea valve suction and discharge services with good success. There ztuin-
less steel valves were fitted with monel trim, The following licts he
properties of this alloy:

{a) Chemical Per Cent
Carbon Q.07
Manganese 0.7 Max.
Silicon "ot Max.
Phosphorus 0.2, Max.
Sulphur Q.00 Max.
Nickel L3 to 0
Chromium teto
Molybdenum W3

Copper 3.




(b)

Mechanics L
Tensile Strength 65,000 to 75,000 PSI
(As cast)

Yield Strength 28,000 to 38,000

(c) Physical
Elongation 35 to 50
(Per cent in 2 inches)
Reduction in Area 50 to LD
Brinnell Hardness 120 to 150

AIST 30L and 3'6 stainless steels could be used but are not considered
to be as good for this service as the 25 per cent nickel - 20 per cent
chrome stainless steel.

Aluminum Alloy 356-T6 has been used with apparently excellent results
on the hydrofoil DENISON. This material has excellent corrosion resistance,
good machinability and excellent pressure tightness. This alloy has the
following preperties:

(a) Chemical Per Cent
Silicon 6.5 to 7.1
Iron 0.5 Max.
Copper 0.2 Max.
Manganese 0.70 Max.
Magnesium 0.2 to 0.4
Zine 0.20 Max.
Titanium 0.20 Max.
Aluminum Remainder

(b) Mechanical Minimum
Ultimate Strength 33,000 PSI
Yield Strength 22,000 PSI

This alloy has one di wdvantage in

that the elongation is only about & per

cent for san: custings and perhaps '2 per cent for permanent molds. This
material would have to be approvei by the American Bureau of Shipping and the
U.S. Coast Guard, since ity use on DENISON was approved only for that specific case.

The trim material will have to be cirefully selected, depending on
the material used for the valve body. If aluminum valves are used, then
30L or 3'6 stainless steel can be considered. If the stainless steel
valves are used then monel LOO could be considered as the trim material.

Valves of alumimim alloys suitable for use in sea water are not
readily available and are very difficult to obtain.

Cost data is based on the actusl alumirum alloy used, size and quantity.
Yalves of 05 Nickel - 20 Chrome, and 30L or 3'6 stainless steel are more
readily available in sizes */Z inch to 6 inches. A cost comparison of
aluminum alloy versus stainless steel valves is as follows:
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30L, 316 and

Pressure 25 Nickel - 20 Chrome 356-T6
Size Service Stainless Steel Aluminum Alloy
1PS Lbs Type $/Each $/Each
3" Flzd 150 Gate 263.00 248.00
L" Flgd 150 Gate 376400 387.00
6 Flgd 150 Gate £10.00 £22.00
8" Flgd 150 Gate - 807.00
3" Flgd 150 Globe L07.00 ¢73.30
L" Flgd 150 Globe 1478.00 £*2.00
6" Flgd 150 Globe 809.0C 891.00

Cast stainless steel, 25 Nickel, 20 Chrome valves are recommended.
However, as stated above, special approval to use materials other than
those listed in the Regulations will have to be obtained from the American
Bureau of Shipping and the U.S. Coast 7uard.

Ballast System - The ballast system for the steel CHALLENGER consists
of four 1L inch mains through the tanks, one each in the port and starboard
upper wing tanks and double bottom tanks, with 8 inch bramches to cach
tank. The necessary piping connections are provided in the engine room to
fill and empty the tanks. In addition, the upper wing tanks are fitted
with 6 inch shell valves to permit rapid deballasting directly overboard by
gravity. All pipe within the tanks is Schedule 80 galvanized steel.

Several different materials may be used in the ballast system for
the aluminum hull ship, with the ultimate choice being based on the ba.amce
of installed cost versus compatibility with aluminum and reliability and
maintenance cost. The different piping materials considered are luminun,
black steel, galvanized steel, fiberglass reinforced vlwstic, FVT Coated
steel pipe, %0-'0 copper nickel alloy and stainless steel pipe. EZach of
these materials have advantages and disadvantages which «will be aiscucced,

An aluminum pipe system with aluminwm valves has the basic sivant-ye
of being completely compatible with the surrounaing bull cirusture. 10 L0
weldable and bendable and there is extensive cxperience in I1tc uce and
installation. Because of its corrosion resistance Schedule 0 thickneos
can be used for ballast piping service. Itz major disadvantase 10 it bisk
initial cost.

A black steel pipe systen with black sirel or mxdular iron violve
the advantages of low material cost and i ensily Dnbrisated, bent and
welded. However, it is nmot compatlible with the sluminue Mull sirmioture,
therefore, many measures have L be laken Lo protect the sirmicture oo
follows:

{a) Each bulkhead penetration haz o be 3 thick aluninus spoos. i
{b} n cach side of this bulkkead spoal
spool piece has 1o he fitted ta art an 3 Wounler piece 0 g

the bulkhead fitting.

{c, Cathodic protection using expendabic alamimes anesies =uo i
fitted within the tanks 0 protect the aownipum ririss Lre.

(d} Pipe supporis mist be carefully invulsies.




-76-

(¢)  The steel piping must be of Schedule 80 thickness to provide
recasonably long life in the sea water enviromment.

A palvanized steel pipe system with galvanized steel or galvanized
nodular iron valves has the advantage of being more compatible with the
aluminum structure and reduces the corrosion effect of galvanic couple.
However, this protection may last only a year since the zinc will waste
away. Therefore, the protection ¢of the aluminum structure suggested for
the black steel system is also necessary for the galvanized steel system.
The installed cost of this system will be somewhat higher than for the
black steel system. ’

A fiberglacs reinforced plastic pipe system has the advantage of the
material being inert. Bulkhead penetrations would be with flanged aluminum
spools. Valves could be either aluminum or 30l or 316 stainless steel. Thc
fiberglass pipe can not be bent and only a few shipboard installations with
U. S. Coast Guard approval have been made. U, S. Coast Guard approval
would have to be obtained.

A PVC coated steel pipe system requires both the inside and outside of
the pipe to be coated in order to provide full protection to the aluminum
structure. Steel pipe systems with inner PVC lining only are used quite
extensively on shore installations where contamination of the product being
handled must be prevented, or where the product is quite active in attacking
metals. It has the disadvantage of being costly, must be purchased in fixed
lengths, can not be bent, and the coating is subject to mechanical damage.
Any break in the coating will cause rapid corrosion of the steel.

An 18-8 stainless steel pipe system has the advantage of being
compatible with the aluminum structure, can be readily bent and welded and
is acceptable to the U. S. Coast Guard. It has the disadvantage of high

inivial cost.

A 90-10 copper nickel alloy is excellent for use in sea water applica-
tions but has the basic disadvantage that it is not compatible with
aluminum and must be insulated and protected similar to the steel systems
and, in addition, many heavy wall waster pieces are required.

An estimate of piping materials, quantities and costs has been made
of the ballast system within the ballast tanks, Table 14. Certain items
which are common to all systems such as bulkhead penetration spools, pipe
hangers and valve reach rods have not been included. Installation costs
are not included.

The welding, fabrication and assembly costs of the alumimwm, carbon
steel, 90-10 copper nickel alloy and 18-8 stainless steel piping systems
are assumed to be approximately equal and the assembly costs of the plastic
and PVC lined steel systems should /be somewhat less.

As indicated in Table 14 it can be seen that the fiberglass reinforced
plastic pipe system is the lowest in material costs as well as having the
advantage of being compatible with the aluminum hull structure. Maintenance
of this plastic material for the life of the ship should be very low in cost.
It is rccommendod that this plastic material be used for ballast service in
the ballagt tank provided it is acceptable to the American Bureau ot Shipping
and U. S. Coast Guard.” Nodular iron or bronze valves ixsulated from the
hull c¢«n be used. If this plastic material is not acceptable to tho Ameri-
can Bureau of Shipping amd U. S. Coast Quard then consideration should be
given to the use of an all aluminum ballast system.

L p—————————
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. Uther Piping Systems and Valves -~ The bilge system for the proposed
ship would consist of a bilge main within the machinery space having the
uswel bilge suctions in the machinery space and two manifolds for the cargo
Lold suctions.  The eanro hold bilge suctions go forward tr.rough the inner-
bottom sea water ballast tanks—and enter the bilge wells placed at the
wier end of the holds.

The selection of piping materials for bilge service within the sea
water ballast tanks would be subject to the same restrictions as the
ballast piping.

An cstimate of the material cost exclusive of the check valves required
for this service is shown in Table 15. This estimate shows that the material
cost o Schedule L0 aluminum pipe system is almost the same as the low-cost
Schedule 80 black steel system.

It is therefore recommended that this portion of the bilge system be
made of aluminum provided it meets U. S. Coast Guard requirements.

TABLE 15 Material Costs - Bilge S stem
In Ballast Tanks (Dollars U.S.)

Fiberglass
Black Galv. Reinforced

Material Aluminum | Steel Steel Plastic PVC Lined
Specific: .on 061715 AS3 AS3 "Bondstrand”| Resistoflex

or Equal
Thickness Schedule | Schedule| Schedule

L0 80 80

“LLOo Ft L" Pipe 5,767 5,630 6,750 10,2L8 16,10k
Aum. Bhd Pen (50) | 5,967 - | 5,630 6,750 10,2L8 -
Alum. Spools (L0) - ] 1,800 1,800 - -
Flanges (70) 1,376 506 760 539 Included
Ells ('50) 3,L20 1,014 5,002 2,520 8,295
Couplings (30) - - - 194 -
Valves ('0) 1 ~~————— Not Included -
Cathodic Protec- - 1,720 1,720 - -
tion
Total Cost 10,763 10,670 12,432 13,681 2k, 399

Firemain -~ The steel hull ore carrier has a firemain system composed
of 90-10 copper nickel alloy piping with bronze valves and fittings. Since
the U. S. Coast Guard probably-would not approve the use of aluminum alloys
or reinforced plastic piping for fire service, it is recommended that the
90-10 copper nickel alloy system be retained for the aluminum hulled ore
carrier. Special precautions are necessary to insulate this material for
the aluminum structure. The detail of bulkhead and deck penetrations
through aluminum structure must be developed. However, there is good iy
experience with this tyze of installation on the SS UNITED STATES. -

Oll Systems ~ Black steel 1s usually used in the construction of oil
piping systems. The U. S. Coast Quard will not approve the use of aluminum
for these systems because of its low melting point. In addition, because
of the non-conductive characteristics of fuel oil and the need for. the fire
protection provided by stecl, it is considered that the fuel oil iransfer
and gservice systems, both heavy oil and diesel oil should be of all steel
construction. Since lubricating oil has similar characteristics and
requirements as fuel oils, it is considerod that the lubricating oil
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service, transfer and purifying systems should also be of all steel con-
struction. Special precautions are necessary where the stecl piping pene-
trates the aluminum structure. J

Ddiesel Engine Fresh Water Systems .- The steel hull ore carrier has
tye diesel engine fresh water systems made of Schedule LO galvanized steel
pipe. For the aluminum hull ship it is recommended that the gsame material
be used for these systems, with special precaution to ingulate the system
from the aluminum hull structure. ’ ' v

Sea WAter Systems Within the Machinery Spaces - The systems under con-.
sideration are sca water cooling service systems for all heat exchangers,
clean ballast system, oily ballast system and bilge system.

The steel hull ore carrier has the sea water service systems within
; the machinery spaces composed of 90-10 copper nickel alloy with bronze
‘ '~ valves and fittings. Because of U. S. Coast Guard Psgulations, it is
recommended that these materials be retained for the sea water secrvice
systems in the aluminum hull ship. However, insi\:.ation of the entire
system is required, particularly at the corneztiions between the piping and
‘ the sea valves. If the U, S. Coast Guard rould approve the use of
‘ ‘ aluminum for this service, it shculd, be condidered. However, it will be
very costly in comparison to the 90-10.copper nickel alloy system, primarily
due to the high cost of valves and fittings. ; ,

The steel hull ore carrier ballast system within the machinery spaces
is of Schedule 80 galvapized steel pipe. For the aluminum hull ship it is
recommended that the ballast system within the sea water ballast tanks be of
fiberglass reinforced plastic. However, there :is some question as to !
whether the U, S. Coast Guard will accept this material withih the
machinery spaces. If the U, S. Coast 'Guard accepts the use of fiberglass

 reinforced plastic, this will permit the use of stamdard materials for
pumps and valves and reduce maintenance costs. The second choice would

* be aluminum pipe and valves. Since large capacity centrifugal pumps of
aluminum are not available, special pump connections with replaceable
waster pieces must be 'provided.

' The steel hull ore carrier bilge:system within the machinery spaces
is of Schedyle LO galvanized steel pipe. For the aluminum hull ship it is
recommended that the bilge system in the machinery spaces be of aluminum.
This presents the same problem as noted: above, namely, ‘the requirement of

" heavy waster pleces at the pump connections. However, in this case they
will be comparatively small (5 inch or 6 inch IPS) and their replacement
is not too expensive. For this reason an all alumirum Schedule LO piping

- gystem ig' recomendqd.

The weather deck and .sanitary drainage systems for the steel hull ore
cdrrier are all made of galvanized steel Schedule 80 pipe. It is recom-
mended that all aluminum construction be used for these systems in the
aluminum hull ship, using Schedule{ LO aluminum piping to simplify the many
connections ahd structural penetrations. ' -

. s ! A

The tank venting system and sounding tubes for the steel hull ore
carrier are all made of galvanized steel, Schedule 80 in way of the upper
wing ballast tanks and Schedule LO for the remainder of .the piping. -
Because of the many connections to structure and structure penetrations ‘
of these gystems, it is recommended that they be made of all aluminum con-

'

!
1
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struction for the aluminum hwll ship. Schedule L0 aluminum piping should
be used.

The steel hnll ore carrier was fitted with independent potable water
and sanitary water systems. The potable water system was made of copper
tubing with brorze valves and fittings. The sanitary water system was
maae of “0-10 copper nickel alloy tubing with bronze valves and fittings.
For the aluminum ship it is recommended that fresh water be used for
flushing and the sanitary supply system be combined with the potable water
systems, Although this would require an increase in the capacity of the
distilling plant, the total cost would be reduced. In addition, the piping
system should be made of PVC or a.uminum, Schedule L0, whichever is the
more economical.

The ship will be fitted with two compressed air systems, a 400 PSI
system for diesel engine starting and a 100 PSI system for ship service.
The diesel engine starting air system should be of all steel construction,
to suit tlie high operating pressures. The low pressure ship service air
system should be of all aluminum construction, because of exposure to salt
laden air and multitude of contacts with the alumimum structure. Schedule
L0 aluminum piping probably will be satisfactery for this 100 PSI air
system.

Pumps - Pumps will be required to handle heavy fuel oil (Bunker C),
diesel oil, lubricating oil, fresh weter and sea water.

Steel is recommended for oil pumps, in order to meet U. S. Coast Guard
Regulations, and becanse the piping systems are steel. Nedular iron may
be used for the pump casings.

Casings - Steel or Nodular Iron
Reters - Steel
Shafts - Steel

Fresh water piping systems are to be either steel or PVC. Standard
materials should be used for the fresh water pumps. The materials are:

Casings - Bromnze - Composition G
Impellers - Bronze - Composition G
Shafts - Steel with K Monel Sleeves

For the sea water pumps, the liquid handled is a good electrolyte,
and aluminum should be preferably used. However, aluminum pumps are not
readily available and, if used, the metal does not have adequate erosion
resistant properties for this service. Also, for the sea water service
and fire service the piping materials are not compatible. Therefrve, for
these pumps and the ballast pumps the recommended materials are:

Casings - Bromze - Composition G
Impellers - Monel
Shafts - Monel with K Monel Sleeves

For the bilge pumps, the liquids handled include sea water and the
piping material recommended is aluminum. As noted above, aluminum pumps
are nvt considered practical, The pumps could be made of a suitable
stainless steel. However, it would appear to be more economically feasible
to use pumps made of the same materials as recommended for the sea water
numps ani provide eXtra heavy waster pieces at the piping suction and
wischarge connections.
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SEA CHESTS

Sea chests and overboard discharge connections should be made of cast
or fabricated aluminum of the same composition as the hull material. Alumi-
num pipe of heavy wall construction may be used for overboard discharge
shell connections.

Cute in the shell plating in way of the sea chests and overboard
discharges should be compensated for by the use of heavy insert plates,
since pitting has been observed in way of overboard discharges on some
existing aluminum hulls.

Suction sea chests should be fitted with portable 30L or 31 stainless
steel or approved type reinforced plastic strainer plates with 1/2 inch x
3 inch or L inch long slots placed in a fore and aft direction. All strainer
plates must be recessed in such a way as to be removable with no part of the
plate or securing studs and nuts projecting beyond the shell. All strainer
plates should be secured in place with 30L or 316 stainless steel studs
and nuts. All sea suctions should be fitted with the usual venting and air
and steaming out connections.

If 25 nickel - 20 chrome sea valves are used, aluminum waster insert
pieces should be installed in each sea chest and overboard discharge connec-
tion. If aluminum alloy sea valves are used then aluminum insert waster
pieces are not required.

SUPPORTS FOR PIPING AND MACHINERY

Piping Supports - All dissimilar metal piping systems supports connected
to the aluminum hull structure should be insulated from same. Non-absorbent
type insulating materials such as plastic eiectric tapes, butyl rubber tapes,
strips and sheets, and neoprene strips or sheet should be used as a lining
between the pipe and the aluminum hanger.

Deck Mounted Machinery Supports - Most of the deck mounted machinery
such as winches, anchor windlass, etc. are made of cast or fabrication
steel parts, including the subbase which is normally bolted to a steel
fourdatiin. On the aluminum hull ship these foundations will be made of
aluminum. Since it is not economically feasible to provide deck machinery
with aluminum base plates, the joint must be insulated.

For light weight machinery or {ittings, all faying surfaces should be
clzaned and primed with zinc chromate. A butyl rubber type compound
coating should be applied to the underside of the machinery or fitting base
plates and allowed to dry. When the machinery or fitting is about to be
installed, a second cnat of such a compound should be applied. When the
machinery or fitting is bolted down, a quantity of this coating will be
squeezed out around the periphery of the base plate, and this excess
material should be worked and formed into a large fillet thereby providing
an effective seal. The bolting must be carefully considered and for deck
service the use of 304 or 316 stainless steel bolting can be justified. If
carbon steel bolting is used, it should be aluminized, galvanized or
cadmium plated and plastic or neoprene bushings and washers should be used.
As long as sea water spray can be kept out of the joint, no corrosion will
occur., For this reason absorbent type materials should never be used and
extreme care should be taken to make the bolted connection weathertight.
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Large heavy type machinery must be handled in a different manner. All
faying surfaces should be cleaned and primed with zinc chromate and coated
with a good paint system. If metallic chocks are used they can be treated
on both sides with a butyl rubber type compound as described above for
light weight equipment, lined up and then bolted down. Bolting should be
handled in a similar manner. Cast-in-place plastic chocks can also be
used, together with special bolting arrangement and materials. The founda-
tion must be desighed so that the under portion of the steel based machinery
and the top plate of the foundation can be inspected and maintaincd.

Enclosed Space Machinery Supports - Machinery installed in the Engine
Room can be supported in a manner similar to that described previously for
deck mounted machinery. In some instances non-metallic chocking materials
such as plastic cast-in-place, can be used to insulate the engines,
turbines, gears or other equipment from the aluminum foundation. In
general, main machinery aligmnment requirements such as those for propulsion
machinery and bearings limit the type of insulation to some of the more
effective protective coatings, particularly along the faying surfaces of the
connection. For this reason, it appears that the cast-in-place plastic type
materials would be practical amd beneficial. There has been extensive
service experience with this type cast-in-place chocking material. On
light weight equipment flexible type shock mounts could be used for insu-
lating the machinery from the aluminum hull,

HULL CORROSION CONTRCL

The aluminum alloys under consideration are highly resistant to sea
water and a marine enviromment. From a corrosion standpoint it is desirable
not to paint the aluminum. However, an anti-fouling paint system will be
applied and abrasions and scratciies in the paint system will concentrate
the corrosion attack in these relatively small localized aveas. Thus, the
corrosion which would have occurred over a very large area when the hull
is not painted is now directed to these isolated spots. In addition, when
aluminum alloys are combined with other metals normally used in shipbuilding
and are in the presence of an electrolyte, such as sea water, galvanic
action will result and the aluminum alloy will be subject to attack unless
it is effectively protected.

The necessity of protecting a ship built of aluminum has therefore
been investigated and evaluated. Since the underwater portion of the hull
will be painted with an anti-fouling paint system and the rudder and
propeller will be made of a material other than aluminum, it is considered
essential that a hull corrosion control system should be installed to
protect the underwater hull surface. Experience over many years duration
has shown excellent results in protecting steel hull ships by use of con-
trolled systems.

It is, therefore, recommended that an impressed current cathodic pro-
tection system be installed. The installation of a reliable automatically
controlled, impressed current cathodic protection system will provide a
long service life of aluminum hull ships even when the paint system has
been broken. Service experience has proven an economic advantage for
these systems.

The purpose of such a system is to eliminate the corrosion of metals
ard also to prevent the galvanic corrosion of dissimilar metals when they
are immersed in sea water,
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The system proposed herein is based on the protection of the exterior
wetted hull surface of approximately 80,000 square feet. When properly
installed, operated and monitored such a system will minimize the corrosion
of the aluminum hull and rudder and the propeller. The interiors of sea
chests, other intakes and discharges are only protected to a limited degree
by the impressed current system. If it is necessary to protect these areas,
then other special installation arrangements or coatings must be considered.
The system under consideration has little effect on marine growth on the
hull. However, the chlorine generated at the anodes acts as an effective
sterilizing agent and it is quite normal for the hull areas in the immediate
vicinity of the anodes to be completely free of murine growth.

The current necessary to protect the aluminum hull system is estimated
to be appraximately the same as that required for a steel hull system of
the same amount of wetted surface and is estimated to be about 450 amps.
The following basic components are required for such a system:

(a) Reference Cells - These units are mounted through the aluminum
hull, below the light load or ballast waterline ard are insulated
from the hull and do not receive any anocde current. Thece
reference cells or electrodes are used to create a potential
between themselves and the hull which prevents corrosion of the
ship's hull.

(b) Anodes - The anodes are also mounted through the 2luminum hull
and are electrically insulated from the hull. Each ancde is
connected to a power supply and a current flows from the anode
to the hull. This current suppresses the current flow from all
the small anodic areas and puts the entire hull in a "cathodic®
condition which stops the corrosion of the hull material.

(¢) Controller - A controller is needed to control the power supply
and consequently the anode output. This controller measures
hull potential relative to the reference cells and adjusts the
power supply as necessary to maintain the hull at some pre-
determined "corrosion free" potential.

(d) Power Supplies - The power supply converts the ship's AC power
to low voltage - high amperage direct current which is delivered
to the anodes and the hull and also provides means for auto-
matically adjusting the direct current output as directed by the
controller.

At least six anodes are required to protect the entire wetted surface
of this aluminum hull. Each anode would be L feet long, and iz a flusk
mounted strip type platinum anode molded in a xectangulgr glass relprorced
polyester holder. The -node holder is approximately L-3/8 inches wide and
protrudes from the hul® only one inch. The hull surface arox.mc} each anode
is covered with an insulating shield to prevent "short-circuiting" of the
impressed current to only the immediate area of the hull.,

The current required to protect the aluminum hull is about the same as
that required for a steel hull of the same wetted surrace. H9wevor, the
shields that must be installed around the anodes for the alum1pum hull .
application must be larger in area and must be very carefu;ly 1pstullgd_1p
order to provide insulation to the aluminum plates in the 1mmcd1a§e vicinity
of the anodes. The shields must be applied without any gaps. This pre-
caution is extremely necessary since aluminum is an ampho'eric metal which
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suffers attack in an alkaline environment. Six epoxy shields would be
required, one for each anode. An area of approximately 8 x 12 feet is
coated with the epoxy after the anode is installed, Basically the shield
material is built up of successive coats of a coal tar epaxy or tarset.
Three to L layers are troweled on the cleaned aluminum surface. The final
thickness of the shield film is about 12 mils minimum.

Shaft Ground Assembly - In addition to the hull protection system, the
propeller shafting system must be provided with a grounding assembly, which
is used to electrically connect the rotating shafting system to the hull.
The propulsion shafting system is effectively insulated from the hull and
this shaft grounding assembly is necessary to permit the anode current
which flows through the water to enter the propeller blades and return to
the hull. If the propulsion shafting system is nct properly grounded, the
protective current flow which enters the propeller must flow through the
shafting syatem bearings to the hull and the current is greatly reduced
due to the high resistance of the path that the current must follow. The
proposed system consists of a silver alloy band strapped to the shaft,
caat bronze brush holder and two brushos made of a silver graphite alloy
(20 por cont nilvor « 10 por cont pgraphite).

A cathodic protection system suitable for the aluminum ship was dis-
cussed with Engelhard Industries. This Company has provided hundreds of
such systems for protection of steel hull ships and has considerable
knowledge in this area. Engelhard Industries believes that the aluminum
hull under consideration can be effectively protected and recommended a

gsystem using the following equipment to protect a ehip having a wetted
surface of about 80,000 square feet:

Number
Description of Equipment of
Transistorized Twin Controller 1
Saturable Reactor Power Supply - L50 Amps 1
Saturable Reactor Power Supply - 200 Amps 1
Anode Assemblies - Each L Feet Long (2 Anodes will be 6
located forward, 2 Midship and 2 Aft)
Reference Cell Assemblies 2
Propeller Shaft Ground Assembly 1
Remote Ammeter Station 1
Shaft Kull Millivolt Meter 1

The estimated cost of this equipment is $10,2685.

Shore Power Transformer - Many partially immersed shoreside struc-
tures such as piers, rstaining walls, pilings, etc. are of steel construc-
tion, and when an alumirum hull is brought into proximity with them, a
strong galvanic couple exists, with the aluminum being anodic (or
"gacrificial®) to the steel. Actual corrosion of the aluminum requires
a return path for corrosion currents, i.e., ancther conductive path from
the steel back to the aluminum hull. Unfortunately, since most shore power
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systems are grounded, and shipboard power systems usually have & Eath ;o

the ships hull through ground detection equipment, the skn?e power cab es(,i
when brought aboard provide this return patb, and the aJumxpum hu.l corrodes
rapidly and severely. In order to avoid thls'prublgm, aluminum-hulled
vessels are usually provided with one-to-one 1sol§t1ng transformers at the
shore power connection to effectively avoid creating a rgturn p§t¥ fer ’
galvanic corrosion current. It is also important to avoid prov1§1ng metallic
paths from the hull to ground at pierside by means of accommodatlon.Ladders,
loading conveyors, etc. Auxiliary anodes may be dropped over the side when
moored to provide added protection.

116, OPERATICNAL CHARACTERISTICS OF AN ALUMIHUM BUL¥ CARRITR

The operational characteristice of a bulk carrier will be profoundly
affected by the substitution of aluminum €or steel as the hull material,
particularly in the areas of hull maintenance, repairs, special surveys and
ingurance. In the following parsgraphs, each of these factors will de
briefly discussed.

MAINTENANCE

Past experience with aluminum huils an¢ deckhouses indicates that it
is feasible and desirable to keep tkL3 tcpsides and all intermal surfaces
unpainted, although antifouling paint will be required bclow the deep load
line, The unpainted aluminum surfaces may eventually develop streaks and
blotches ana will become progressively darker. However, for a bulk carrier
this consideration wili be of secondary importance. 10pside and internad
painting or coating is not recommended, since any local breakdown in the
surface of the paint wili tend to localize corrosive attack.

In general, it appears that normal topside maintenance will be limited
to an occasional water wash and scrubbing., However, the renewal of anti-
fouling paint will be required periodically, as will bottom scraping. This,
coupled with requirements for maintaining equipment, appendages and outfit,
will result in essentiaily the same drydocking cycle for aluminum and steel
hulls, It is noted that the removal of paint and marine growth from sluminum
surfaces requires greater care than with steel. Conventional scraping and
sandblasting methods must be modified to suit the lower abr-sion resistance
of gluminum. BSand washing has proven successful in removin, old paint from
aluminum surfaces,

During drydocking, special attention should be paid to the sacrificial
anodes or components of impressed current systems, as well as to the condition
of propellers, and other appendages, sea chests, overboard discharges, etc.
where corrosion could be present. Anodes or waster pieces installed in fuel
and ballast tanks should be reviewed periodically, and all piping and structure
in the vicinity of bdimetallic joints should be earefully checked for signs of
corrosion,

The interface batween all steel equipment (winches, windlass, etc.) and
aluminum foundations should be checked periodically to ensure that the isclation
material at the faying surfaces is intact and that no corrosion is taking place.
Areas subject to chafing, such as in vay of chccks and bitts, anchors and haich
coamings, should ziso be checked and renewed as reqguired.

S




REPAIRS

Obtaining proper repairs tc hull damage, or minor structural modifications
to an aluminum ship will be more difficult than with a steel ship, since the
number of repair yards with qualified aluminum welders is relatively limited,
a3 is availability of required materials in the alloyy, tempers and thicknesses
required. The lack of qualified welders is a particularly important factor,
since the use of improperly trained welders can lead to significant problems.
Downtime while awaiting arrival of necessary materials and skilled personnel
to effect repairs could be a significant economic factor, though the effects
of this factor will diminish as aluminum gains wider acceptance.

SPECIAL SURVEYS

At this time, the Regulatory Bodies have no special policy relative to
adiitional surveys for aluminum hulled vessels. However, based upon the
large size of the aluminum bulk carrier being considered, as well as the
oroblems with cracking of aluminum ship structures in the past, it would
appear advisable to schedule additional structural surveys, at least for
the prototype vessels. In order to be effective, these surveys should
include close examination of intermal structures, particularly in way of
welded connections. Since this would entail gas freeing tanks and cleaning
of all surfaces, it would be advisable to spot check in a limited number
of tanks, amd check others only if problems are uncovered. Additional items
to te checked would include those noted in the previous discussion of huil
maintenance, as well as a careful examination of shell and deck plates for
signs of cracking or corrosion. It would be desirable to periodically re-
Xray selected plate seams and butts in critical locations to ensure that
internal fatigue cracks are not developing. It would alsobe desirable
to remove selected pieces of equipment from their foundations to check the
condition of the interface, the insulating material and the bolts.

HULL INSURANCE

The cost of hull insurance for an aluminum bulk carrier will undoubtedly
be higher than that of an equivalent steel hull, due to its higher replace-
ment and repair cost and the greater risk of loss by fire. The relative
increase is difficult to predict, since it is dependent upon the degree of
fire protection provided, types of cargo to be carried, risk of fire as
affected by type of machinery ami equipment .nstalled and other factors,

III. COMPARATIVE SHIP DESIGN AND EVALUAT ION

In this phase of the study, equivalent hypothetical aluminum and steel
bulk carriers are developed which are essentially identical to the M.V,
CHALLENGER, This includes the following tasks:

o Selection of principal dimernsions.

o Design of midship section.

o Design of typical bulkhead.

o Light Ship Weight Estimate.

o Stability and Trim,
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SELECTION OF PRINC1PAL DIMENSIONS

The principal d. - +ions of the steel bulk carrier will be identical o
thosg of the M,V. CHALLENGER, as delineated in Table 1. The aluminum bulk
carrier is assumed to be identical in full load displacement, with the rec-
duction in light ship weight used to increase the cargo deadweight, and thuc
?he earning capacity. The anticipated . increase in available cargo deadweight
is about 2,700 tons or 7-1/2 per cent, which meanc that the cxicting cargo
hold dimensions would be satisfactory for all but the most volume-critical
cargoes such as graln. For a new design, the hold volume could be increaced
accordingly. lowever, for this study, the volume of the cargo holds for the
steel and aluminum ships will be kept identical to permit direct comparicon.

A1l hull dimensions and form coefticientc of the two chipc are to te
identical, so that speed-power relationships at full load displacement arc
similar. This means that the power plants of the two ships will ke identicau,
thereby eliminating costs associaced with the machinery system as variables.

It is recognized that this approach, although satisfactory for a feasibility

study, will not necessarily result in an optimum aluminum hull. For examgle,

the reduction in hull weight without a corresponding reduction in the machinery
weights will result in greater trim by the stern in some conditions., It might
also be desirable to increase the hull and double bottom depth to inecrease
stiffness. However, these are the type of refinements which can racily be
incorporated in the design if desired, but which should be excluded from thic
feasibility study if a direct basis is to be maintained for comparing the two

designs., ,*m~mnl

Another feature of the M.V, CHALLENGER which bears consideration is the
selection of propulsive power. The ship, as built, is powered by a 9,700 SHP
diesel engine, which is questionable for U. S. Flag operation. A brief in-
vestigation was made of the feasibility of installing a steam plant within the
present hull. This study indicated that the following changes would te re-
quired to facilitate installation of a cteam plant:

(a) Increase the height and/or length of the machinery box.
(b) Modify the weight of the propulsive system.

(c) 1Increase the fuel capacity to maintain the present range, due
to the higher specific fuel consumption of the steam system,

The magnitude of the above changes would :necessitate a complete redesign of
the ship, even for this preliminary feasibility study.

Since the machinery systems of both the steel and aluminum ships are to
be identical, and thus do not directly affect the relative economic trade-
offs between the two designs, it appears preferable to retain diesel propulcion
for this study in order to preserve the integrity of the existing design.

DESIGN OF MIDSHIP SECTION

The midship section of a steel bulk carrier equivalent to the M.V.
CHALLENGER, designed to suit 1969 ABS Rules, is shown in Figure 15, This
section differs slightly from that of the M,V, CHALLENGER shown in Figure
2, to reflect upgrading of scantlings to suilt the latest Rules, and elimi-
nation of the additional bottom plate thickness requested by the owner as
an abrasion allowance.
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The design of the midship section of the aluminum bulk carrier has been
carried out in two steps. The first design was developed in accordance with
the criteria developed previously with the hull girder section modulus based
upon the relative short-term or static strengths per Equation (1). The deck
and bottom scantlings were then upgraded to suit the fatigue strength criteria
(3ee Figure 13) to detemine the relative effects of this more severe require-
ment., The resultant midship sections are shown in Figures 16 and 17,

These midship sections are based upon the welded properties of 5083 alloy
as delineated in Table L., Built-up sections have been used for the stiffeners
at the extreme fibers of the lmll girder so that the somewhat higher strength
of the plate temper, 1321, would govern the design. Extrusions have been
spexified for stiffeners in portions of the hull closer to the neutral axis.

The tank top and lower wing bulkhead plating reflect an allowance of about
0.80 inch for impact and abrasion in the hold. This is an increase of about
L times the 0.20 inch allowances applied by ABS for -~teel bulk carriers, in
accordance with kquation (3). As noted previously, this approach is considered
to te more desirable and less costly than installing mechanically fastened
steel chafing strips or steel doubler plates., In deriving the hull girder
section modulus of the aluminum ships, a somewhat thinner "effective" thickness
w#as used for this plating, based upon increasing the minimum required aluminum
plating thickness by a factor equivalent to the addition of 0.20 inches to the
minimum steel thicikness for abrasion.

Throughout the design of the aluminum midship sections, the maximum
plating thickness has been restricted to 1-1/2 inches, since the properties
of thicker plate are less., This has created some difficulty in obtaining
sufficient deck area for the midship section in Figure 17. For this study,
the additional area has been included in the deck longitudinals, sheer strake
and hatchside girder. Several altematives are available:

() Use 2 cellular deck structure, with two skins about 1-1 /4 inches
thick separated by about 3-1/2 feet, tied together with longitudinal
vebs, about 3 feet apart. This structure might be more difficult
to fabricate, but would provide a safety factor on cracking in that
a crack initiating in the upper skin would probably not extend down
te the lower skin except under extreme circumstances.

(o) The.deck and longitudinal stiffener thicknesses could be reduced
by installing a doubler on the deck. However, this could lead to
possible crevice corrosion problems,

Ir accordance with the discussion of crack arresting in Section IIC.,
3 rechanically fastered seam has been indicated at the lower edge of the sheer
strake. However, the tvo additional seaxs per side incorporated at the deck
and bilge of the stael ship have bsen omitted.

Several additional longitudinal stiffeners have been added to tae bottom
shell cutboard ard lower wing bulkhead to increase buckling strength.

- Table 14 presents 3 comparison of the three midship sections shown in
figurﬂ_!s through '7. 42 indicated therein, the use of static strangth design
criteria resuils in a weight per foot ratio of approximately 0.L7, while the
more stringent fatigue strength criteria increases this factor to 0.42. In
terms of overall hull s*ructural weight, thia fatigue strength criteria is
expected 1o add sbout L)T tons or 15 per cent to the hull structural weight,
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1wsuning the increase is applicable throughout the midship 0.6 length. As
will be noted latex_‘, the overall reduction facter for the primary aluminum
hull ctructural weight is 0,57, correspording to a weight savings of L3 per

cent,
TABLE 16 Comparison of Aluminum and Steel
Bu'k Carrier Midship Sections
Aluminum
Steel Static Strength| Fatigue Strength

Item Figure 15 Figure 156 Figure 17
Weight per footx, tons 7.99 3.n8 L.930
deight/foot relative to stezl - 0.L65 0.617
Section Modulus (Deck) inZft 57,090 88,757 135,890
Section Modulus (Bottom) inlft 89,405 117,196 171,969
Minimum S.M, relative to steel - 1.323 2.02%
Moment of Inertia, inftl 2,042,914 2,691,992 4,048,154
EI, in°rt2 6.029x10° | 2.492x10"° L.0L8x10'2 .
¥, relative to ste=l - 0.439 0.660
+ Including transversze striucture

The weight penalty resulting from the us: of the fatigue criterion is con-
sidered more than offset by the benefits in long-term hull girder strength and
stiffness which are gained. Therefore, the section shown in Figure 37 is pro-
posed as the aluminum equivalent of the steel section in Figure 15.

The I ratic of the proposed aluminum section is approximately % per cant
of that of the steel ship, resulting in hull girder deflections being increased
by a factor of 1.5, This is not considered excessive, based upon the discussion
of hull girder dellection in Section IIC, and reaffirms the conclusion that the
hull girder scantlings should be based upon strength requirements rather than
an aroitrary deflection limitation for hulls of this type.

JESIGN OF TYFPICAL RILKMEAD

Figure ‘% shows a typical transverse bulkhead utilizing mild steel and
283 aluninum construction respectively. The steel bulkhead reflects current
ABS requirements, and the conversion to aluminum was based upon the criteria
rresented in Gection (iU, The ratio of alwminum to steel weights is 0,55,
correzvonding %0 3 L% per cent weight savings, which is consistent with the
Tavings noted previously for the primary hull structure.
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LU SHIP WiIGHT ESTIMATE

In order to develop comparative light ship weights for the steel and
aluminum ships the weight estimate and inclining experiment for the steel
"CHALLENGER" were first combined and analyzed resulting in an "as inclined"
Light ship weight as shown in Table 17.

P Vert. Moat., I tong'! Momt,,
L e ot t ot et *talons
b T
B oy e [ wet s |OTABLE 17 Light Ship Weight
i ; Gle | 17,508 Estimate - Steel Construction

Moo e v RN SO0 A 10,4004

- ; RS s N0 07,4008

1

Subsequert to the inclining, an additional margin of 30 tons was arbitrarily added
to light ship in the Booklet of Loading Conditions.,

Coefficients for converting the weight ¢f the steel ship to an equivalent
1luminum ship are shown in Tables 19, 20 and 21. Light ship for the aluminum
equivalent to the CHALLENGER is summarized in Table 18.

r T weignt | 7G Tort. Yom<.. B Tong' 1 Momt.,
| .ong Tone | Feet Ft,fans Fect Ft.Tons
STt ! S i 0, 38 KRR 3,105
G e P, SN ) RS 170,550
B I RN R 008 TABLE 18 Light Ship Weight
SEVPIOIET w0 | | oo 12,7754 Estimate - Aluminum Construction
g‘u R KA IR
L. A Margas, YR 11 woo [ovse o0 43,208 107,004

It should be noted that some of the conversion factors (CAl'/Stl) reflect
enginecring judgements based on previous studies and assumptions as to the
percentage of items included in the original group weight breakdown which would
be affected by the conversion between steel and aluminum,

The steel-to-aluminum weight conversion facuvors for hull structure, Table
19, are based upon the following considerations:

(a) Comparison of typical midship cection in steel and aluminum,
Figures 15 and 17. For hull framing, shell and decks; CAL./Steel
= 0,165 for main structure (Table 16) with a 50 per cent increase
for fatigue in the midbody,

(b) Comparison of typical bulkheads in steel and aluminum, for which
CAl./Steel = 0.5L6 for bulkheads and similar major strustures.

(c) Comparison of less cignificant items, based on samplings from
previous studies, indicates that CAl./Steel = 0,55 for castings,
forgings, miscellaneous weldnents and minor str..ctures.

(d) The allowance for welding was increased from 1,15 per cent for the
steel CHALLENGER to 3 per cent fcr the aluminum ship bssed on the
additional welding required for aluminum and the complications of
dissimilar metals atcachment.
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TABLE 19 Aluminum Bulk Carrier
Hull Structure Weight Estimate

Weight Weight Basic Weight Fat- Weight
Steel Sub- Steel Weight  Alum. igue Alum,
Item (Long Tons) division (Long Tons) Coeff, (Long Tons) Coeff. (Long Tons)
Shell 1,565 Midbody 939 Ji65 L36.5 1.50 455
Plating (60%)
Ends 626 Jo ?51.0 - 2N
(LoB)
Framing 325 Midbody 195 465 90.7 1.50 136
(60%)
Enac 130 lu6s 60.5 - 61
(LOB)
Interbottom 1,550 Al 1,550 165 720.7 = (k1
Bulkheads 925 A1l 925 Shé 505.0 - €05
Deck 1,035 Midbody 725 Li6s 337.1 1.50 506
(70%)
Ends 310 165 bl - 1k
(30%)
Walls & 235 ALl 235 .5l6 128.3 - 128
Casing
Engine Seat 50 A1 50 .55 27.5 - 28
Forging & 50 Fwd (Re- 25 1,00 25.0 - 25
Castings mains
Steel)
Aft (Use 25 .55 13.8 - 14
Alum,)
Miscellaneous 115 15 .55 53.3 - £3
Sub Totals 5,850 5,850 2,8k 3,277
Riveting & 70 (1.15%) 70 85 (3%) 98
Welding
Structural
Weight 5,920 5,920 2,929 3,375

Overall Weight Ratio for Hull Structure = 3,375/5,920 = 0.570

Significant moment shifts due to aluminum construction:
Castings Fwd = 10T x 200' = 2,000 Ft, Tons Fwd Moment
Neubtral Axis for Midship Section (1,687 tons) shifts 0.2 feet up (say LOO ft.tons)

Wto with Original Centers = 3,375 29.7 100,238 3.0 10,125
Ad justed Moments + LGO -2,000

Aluminum Hull Structure 3,375 29.82 106,638  2.n 8,125
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TABLE 20 Aluminum Bulk Carrier - Equipment
and OQutfit Weight Estimate

Weight Weight Weight
Steel Weight Alum, Diff. Explanation of

Item (Long Tons) Coefficient (long Tons) (Iong Tons) Weight Coefficient
Hatch Covers 235 .55 130 -105 Sim. to bhd. study
Woodwork 20 - 20 - No change
Joiner Work 85 - 8s - No change
Deck Covering 80 Add 31 Tons 11 + 31 Added fire protection
Insulation 20 Add 93 Tons 113 +93 Added fire protection
Painting 60 .30 18 - 2 No topside painting
Hull Attachments¥ 150 (100 x 55 55 - L5 Changed to alum,

" 50 x 1.00 50 - No change
Ventilation 60 20 x .55 1 - 9 Change to alum.

" (4o x 1.0 Lo - No change
Deck Machinery 100 1.01 101 + 1 Dissimilar metals

isolation
Piping 190 100 x .60 60 - 62 Change to aluminum
" ( 90 x .75) 68 - Optimized metals
Misc. Equip. 130 .80 10l - 26 Estimated
Elec. Plant 50 1.02 61 + 1 Dissimilar metals
isolation

Total 1,190 1,027

Overall Weight Ratio for Equipment and OQutfit = 1,027/1,190 = 0.86

SHIFT IN V,C.G, AND L.C.G.

Iten wr VGG My 10Gy My G, My
Orig'l Wt. E&0 13190 53.4 63,456 1240 147,560
Hatch CoverReduction -105 55.0 -5,775 28,0 -2,940

Dk Cov'g Incr +31 60,0 1,860 210,0 +6,510
Insul'n Incr +93 38.0 3,53L 210.0 +19,530
Paint Reduction - 42 50,0 2,100 150.0 - 6,300
Hull AttachReduction - L5  60.0 -2,700 200 -9,000

Vent Reduction - 9 60,0 - 540 210 - 1,890
Dk Machy Incr + 1 60.0 + 60 - - - -
Piping Reduction - 62 15,0 - 930 50 3,100
Misc Eq. Reduction - 26 60.0 -1,5%0 150 3,900
Elec Plant Incr + 1 60,0 + 60 200 + 200
Total - E&0 1,027  53.90 55,365 166.07 170,550

# Assumed to include Masts, Spars, Rudder, etc.
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TABLE 21 Aluminum Bulk Carrier - Machinery Weight Estimate
Welght
Weight Weight Aeight Differ-
Steel fout's Alum, ence Expianation of
ltem ong Tors) ficto.t [long Tons, {L.Toms) wWeignt Soeffieient
Main Engine 3724 37248 0 No “Langs

Shaft & Propeller LS.

56
LG

9 Yo angs

Auxiliary Machinery 1.y - 0. o Ny Thatge

Auxiliary Boiler b4 9.8 ] No Thange

Uptakes % Funnel 18,0 0,75 13.5 4.5 Lome Alum. iseg
tiping, Valves 118.9 2,9 10%.3 =5.7 Some Alum. unea
Machinery Jace Equip. 7 E Le.7 =284 Alum. Gratings, :te.
Refrigerating Plant ! Tk 2 HNo Thange

Fire Extinguiching

A Additional Fire Equir,

No Charge

ol
Margin and Miscellancous L0 - L0

752k

TOTAL MACHINERY

Overall Weight Katio for Machinery = 720/752 =

Changes to Vertical Moment
Uptakes, Funnel -Lh.S x 530 = -228
Piping, Valves 5.7 x 13
Machinery Jpace Pauipment  -28.L x 24 = -T¥h
Fire Extinguishing tALh oy 35 = a2

TOTAL -32.0 - =785

STABILITY AND TRIM

A check of stability and trim was made for the full load {34'-11-3/8"
draft) and the ballast condition, In the Full Load Homogeneous Cargo Con-
dition, Table 22, stability of the aluminum ship was similar to the steel
ship, Although trim was reasonable in the departure condition, the ship
will trim further by the bow as fuel is consumed. This condition can be
corrected by a slight change in underwater form to move the L.C.B. forward
about 1.5 feet,

In the Ballast Condition, Table 23, drafts, trim and stability are
equal to the steel ship., It is noted, however, that the design ballast
capacity available in the steel CHALLENGER was marginal and is inadequate
for the aluminum equivalent, where slammihg or propeller racing might be
expected even in relatively mild seas due to insufficient draft. To in-
crease the ballast capacity in an economical manner, No. L Hold was used
as a ballast tank, The increased ballast capacity permits the aluminum
ship to equal or exceed the ballast drafts of the steel ship, Bending
moments for the ship with ballast in No. L Hold were checked and found to
be acceptable.

From Table 17, it is noted that the V.C.G. of the light ship for the
aluminum bulk carrier is over a foot higher than that of the steel ship.
This results from the weight savings in the hull being of a lower cecnter
of gravity than that of the ship as a whole. This has a negligible effect
on stability in the loaded or ballast conditions, due to the relatively
small ratio of light ship to displacement, and the low center of gravity or
the added cargo or ballast. However, this higher light ship V.C.G. could
be a problem in ships where the ratio of light ship to displacement is higher,
such as cargo and naval ships.
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IV, COST STUDIES

OBJECTIVES

The objective of these studies was to compare the life cycle costs of
an existing steel bulk carrier with an aluminum hulled ship of the szme
over-all dimensions to determine if the higher first cost of the aluminum
huil can be justified on the basis of long term economics, including ex-
tended ship life.

METHOD OF ANALYSIS

The initial step was to prepare single ship price estimates using an
existing computer model based upon a vessel life of 20 years. The price
for a steel bulk carrier ©f the CHALLINGFR's characteristics was determined
for construction in a U.S. shipyard in 1970. The steel ship price was then
used «5 a reference in determining a price for the aluminum ship. Copies
of the ship price breakdowns are included as Tables 24 and 25, which include
notes to explain the derivation of cost details. The aluminum ship costs are
not applicable to a prototype ship, but assume a state-of-the art equivalent
to steel. A single prototype would undoubtedly cost far more, due to require-
ments for personnel training, contingencies, greater testing and development,
and other factors beyond the scope of this study.

Next, data was gathered on fixed and variable operating and maintenance
costs applicable to the two ships and the computer model was modified accord-
ingly. This data appears as the Agsumptions on Table 26,

Computations were made to determine the required freight rate (PFR, the
standard economic measure of merit used) on realistic voyages for fisty-four
separate cases, using the model. The RFR is based upon present values of
vessel life cycle costs and includes & 10 per cent after tax return on invest-
ment to the Owner. The first thirty-six cases were based upon two of the
four leg dry bulk carrier voyages which were represented in the previous dry
bulk carrier study for the Maritime Administration, Reference (70}. Results
of these computations appear on Table 27. The cases which were studied in-
cluded construction of steel and aluminum ships in flights of %, 5 and 10
and ship life of 20, 25 and 30 years.

The procurement costs for aluminum and steel vessels with lives in excess
of 20 years were increased from the baseline figures in Tables 24 and 25
as follows:

(1) The aluminum hull structure was assumed to be satisfactory for
8 30 year 1life without modification.

(2) The steel hull structure was assumed to be satisfactory for
a life of 25 years without plate renewal, based upon discussions
with American Bureau of Shipping. Two methods are therefore
open to extend the hull life to 30 years: provide greater platc
thickness initially so that the net plate thickness at 30 yeers
is marginally satisfactory, or renew excesiively corrodzd plate
at 25 years. The first approach was chosen, and one-sixteenth
inch was added to the immersed shell plating throughout, which
would extend the shell life 5 years, based on an average corrosion
rate of .01 inches per year. This increases the light ship weight
90 tons, with a corresponding increase in cost and reduction in
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TABLE 24 Price of Steel Bulk Carrier

Miteri oot

L et 31, 00,000
(5 it 1,106, 000
(v Mach 1,845,000
b rotal $%,759,000
Arect lLabor Cost
[ R £ 1,302,000
(“) mtfit 1,110,000
¢ Mach 423,000
¢ Total § 2,840,000
(0 tndirect % Engr. Material Cost $ 250,500
(- Indirect % Fngr. Labor Cost $ 1,210,000
(e Total iirect ¥ Indirect Labor Cost 3 4,05C,000
(1 Jverhead 3 2,430,000
an frofit $ 1,302,900
ks Tatal tonstruction Price - ' Ship FiL,332,400 Note (a)

Steel salvage value - 5943 x .025 x 224C  $332,500 (For hull material when
vessel is scrapped) + 5943 x .025 x .12 x J2L0 - 340,000 (Waste produced
during construction)

Total lalvage Value < $372,500 iote (b)

Yotes for Table 2L

(a) Unit costs, labor rates, etc. based upon Reference (%9)
{»} Scrap value of steel = 2.1/2 cents per pound

TABLE 25 Price of Aluminum Bulk Carrier

Notes
Material Cost
™M Alum., (3L25 L.T.) (31230/L.T.) (*.05) =  $ L,425,000  (a)
(0 Outfit 2,805,000 + 210,000 3,015,000  (b)
(M Mach. 1,845,000
an Total $ 9,305,000
Direct Labor Cost
() Alum, (+.28)(3,302,000) = $ 1,630,000 {¢)
(- outfis 1,110,000  {qd)
(n Mach, 123,000 + 100,000 = 523,000 (e)
(%) Total $ 3,263,000
(9) Indirect & Engr. Mate-ial Cost $ 382,000
(-0) Indirect & Engr. lLabor Cost $ 1,535,000
(**) Total Direct % Indirect Labor Cost $ 4,798,000
(*2) vverhead $ 2,710,000
(" 3) Profit $ 1,712,500
(1L) Total Construction Price - ' Ship $18,914,500

Aluminum Salvage Value - 3425 x .8 x 2240 = $,390,000 (for hull material
when vessel is scrapped)
$72,000 (waste produced during

construction)

+ W x '8 x 2240 x .05

Total Salvage Value = 3$1,42,000 (f)

Notaes for Table 25
(a) Aluminum alloy price = 55 cents per pound - $123C per long ton.
(plate, extrusions and weld wire). Wastage allowance = 5%
(b) Additional outfitting costs for aluminum ship:
$220,000 for additional fire protection insulation and deck covering
$°10,000 for aluminum hatch covers
$150,000 for hull attachments {doors, hatches, spars, laddera)
$ 30,000 for ventilation
$ 10,000 for instsllation of deck machinery
$ 80,000 for piping systems outside machinery spaces
$ 50,000 for miscellanecus equipment and outfit
$ 20, N0 for impressed current cathodic protection system
$ L0, . for improved fire extinguishing equipment
Reduced cutfitting cost of $500,000 for reduced initial painting of hull
Net additional outfitting coat =« $210,000
(¢) Total labor for hull structure of aluminum ship acsumed to be 25% greater
than that for steel ship
{(d) Incro?u)ea in laber included in total addition to outfit material cost,
Note (b
(e) Added $'00,000 for incressed piplng coat and isclation of machinery and
equipment
(f) Scrap va. '~ of aluminum « 18 centa per pound
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TABLE 26 Operating and Maintenance Cost Assumptions

1. All costs for U. 5, rlag operation.

. Steel ship price based upon dry bulk carrier model *945 prices
(Reference (£9)) escalated by 20 per ~ent to sult "%7C costa,

3. Crew size = 3L men. Wage rates estimated by escalating ‘945 Atlantic
rates. Wage rates for both ships = $7k0,391 per year including
vacation, overtime, pension and welfare, social security, training,
etc.

L. Cubsistence cost - $30,£00 per year. Overhead = $50,000 per year.

5. Hull and Machinery Insurance, Used Benford's formula fReference (7!
for both ships, IHM = 0,000 + (,007)-(total construction costj.
$110,327 per year for steel ship. $1L2,L0Z par year for aluminum
ship. (For single ship procurement)

4.  Protection and indemnity insurance = 343,377 per year for both ships.
War reserve insurance = (.00")~{construction cost).

7. Tuel cost = $30.C0 per ton for marine diesel fuel for diessl generator
and $°£.00 per ton for Bunker C for diesel propulsion unit.

8. Drydock cost based upon an average of $.30 per gross ton per haul
day or lay day. (Reference (%9,) Downtimes assumed equivalent for
steel and aluminum hulls, though the aluminum hull might require
more special surveys.

9. Renewal of 12,000 square feet {total area under hatches) tank top and
bulkheaa every 7 years expressed as average cost added directly to
annual maintenance cost. Salvage values accounted for. Weight of
structure renewed = "20 tons and 220 tons for alwninum and steel hulls
respoctivaly, This area suffers cumulative damage from atragion a'd
impact during cargo loading and wnloading and requires perlodic
renewal.

0. Painting cost - Added $9500 per year for cost of stesl ship ($3,332)
over taat of aluminum ship ($20,832) per discussion with Maritime
Adninistration offic.als. Thie is based on the sswumption that bottom
painting requirements for steal and alumirum ships are identical but
the aluminum ship's topside and interior are unpainted and require
only occasional washdown and scrubbing, The ship's crew is assumed
to perform sandblasting and painting on the steel ship's topsides.

1. Maintenance and Repaire (other than hull) - Steel ship - $°5-,.57
per year. Aluminum ship = $!79,787 per year. This aasumes *hat
maintenwnce costs for machinery and equipment are identical for
steel and aluminum ships but uninsured repair costs of aluminum ships
are higher. Ia addition £°00,G00 has been allocated for a malor over-
haul of main and auxiliary ilesel angines and hull for ships with a
life in excess of 20 years. Miaceilaneous costy = 320,200 stores and
supplies = $38,22k. (Reference (%9))

12, Financlal assumptions - Owner's investment of .5 per cent of initial
ship cost; remainier borrowed from bark at ° per cent interes: ra‘e;
after tax return to Owner of 'O per cent on total investment: < per
vent tax raty; accelerated method of depreciation; lsan period equai
to ship life; no investment tax credit; inflatisn not considerel.

*3. Voyage assumptions as follows:

o No limiting drafts
o Fuel carried based upon (.'0) (leg distance’
9 Cargo greater than ship capacity 1s always aviilable
2 No canal costs or canal delays
0 No cargo handiing costs. Freight rate for transportation c st oLy
0 Cther oyage dats a# follows:
Voyage Lergth, Hautical Miles| | 000 00 [ LA S
o " [Teg Yl e e
Carge Loadirg Rate - Tun . — . ~E-
per Hr, ~GAL 000 | X0 T [N M
Curgo Unloading Rate - Ton
per Hr. THAO | AR\ KRN Al =0 RN
Port Delay loading - Dayr I IS : 5 . K
Port Delay ‘mloading - Days 3 I B « .-
Fort Costx loading - § Y00 | OO0 | Lo BULAE BERARE BRAN R\
Port Costx iinloading - & BT OB R VI B LA AN ARRN €0
Other Costx . § 0 0 o a0 ) AN [+]
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available deadweight for weight critical cargnes. It is assumed
that the use of inorganic zincs or equal in conjunction with a
reasonable maintenance program will prevent excegsive corrocion
of the topside plating.

(3) Procurement costs for machinery and outfit were assumed identigal
for 20, 25 and 30 year lives, since they do not directly affect
the qualitative results of the study. In reality however, it is
obvious, that the cost of equipment with a 30 year life will be
higher than for a 20 year life, in most cases.

The first voyage of 14,300 miles consisted of the following legs:

From To Distance Cargo
Seattle Yokohama 4,280 Wheat
Yokohama Gladstone, Australia 3,600 Ballast
Gladstone Tacoma 6,400 Alumina
Tacoma Seattle 20 Ballast

The second voyage of 25,310 miles included these legs:

From To Distance Cargo
New Orleans Bombay 11,890 vheat
Bombay Port Buchanan, Liberia 7,520 Ballast
Port Buchanan Baltimore L,20C Iron Ore
Baltimor= New Orleans 1,700 Ballast

An additional eighteen cases were computed on the basis of three
different two-leg vovages of L,000, 8,LC0 and 12,000 miles round trip.
These casec represent better opportunities than do the four-leg voyages
for the aluminum bulk carrier to benefit from its greater deadweight
capacity over that of the steel ship., These voyages contained one leg
with a dense cargo, iron ore, 8s the cargo while the other leg was in
ballast. Computations were made for single ship procurement with ship
life varied at 20, 25 and 30 years. Results of the two-leg voyages appear
on Table 28,

Many of the operating and maintenace cost assumptions were based
upon data which appears in the working papers on the dry bulk carrier
evaluation modei, Ncferance (69),

RESULTS

Four graphs were plotted to illustrate the results of the computations.
Figure 19 compares RFR versus round voyage distance for the steel and
aluminum ships on both the two-leg and four-leg voyages. This figure
clearly shows that the two-leg voyages provide the better competitive
opportunity for the aluminum ship bscause on these vor-ages with dense cargo,
the full weight savings advantage of the aluminum ship is reflected. How-
ever, even with a 30-year life, the aluminum ship requires a higher RFR
than the steel ship for the voyages examincd, Figure 00 is 1 plot of RFR
versus ship investment cost for the 'L,300 mile, four-leg voyage. It is
possible to estimate the reducs? price which would be required {or the
alumirum ship, to provide an RFR equal to the steel ship, by projecting




TABLE 28 Comparison of Steel and Alumirum Bulk
Carviers (/i/lom.or Class) Two-Leg Voyages

sShip Net

It nip ife Mo, of Chips Ctructure  Round Voyage  Annual Cargo Required
tmber Years® turchased Materia! lictance Carried-L.T. Freight Rate Investment

o ) : Jteel fi, 000 ©,000,3 1 $ 3.5 per ton $14,520,L0¥
[ \ “teel 4,400 t+,838 “.83 $:4,520,L06
‘- ’ Steel 12,000 ¥3,10 9.5 . 314,520,040

v s ‘ Uteel 4,000 *,003,845 3.Le $:h,7L5,L47
Wt < ) Steel 8,L00 510,558 5e5h $1 4,745,455
N K : Steal 12,000 342,700 9.32 $14,705,055
L3 30 : Steel L, 000 *,003,845 3.32 $14, 745,456
R 32 ) Gteel 8,Lo0 510,558 L8 $14, 745,466
)5 30 ' Steel 12,0 362,700 3.04 $14,705,U56
[ o2 : Aluminum k,000 7,071,989 3.81 $18,064,288
L Lo . Aluminum 8,h00 47,313 7.38 $18,064 788
L . ) Aluminum 12,000 389,366 10.34 $18,06h,208
Lo .5 . Aluminum L,000 1,071,969 3.74 $18.254,288
SR -5 : Aluminum 3,400 47,313 7.¢5 $18,264,268
o .5 : Aluminum 1,000 389,355 10.1% $18,264,268
500 3 : Aluminum %, 00¢ 1,071,989 .7 $18,264,288
<3 3 ' Aluninum 8,400 47,313 7.18 $18,264,288
i 3 : Aluminum AR 389,356 10.06 $18,26k,288

”

Jhip frice + Ownar's [nvest. Costs - Caivage Value

horizontally to the right from the RFR of the steel ship. Aluminum ships,
procured in single quantities, would require the following reduced prices
at lives of 20, 25 and 30 years to compete with the 20-year life steel snip:

Required Investment to Match

Aluminum Ship Life Steel Ship RFR
\Years)
0 $14,850,000
.‘5 "S’Sm,m
3 15,700,000

These equired investment costs for the aluminum ship are significantly
less than the estimated single ship investment cost of $'8,004,000. (Net
investment for .'Q year life - see Table [8).

The effect of ship life on RFR is plottad on Figure 2!. The [,,000 and
1,000 mile, two-leg voyages are shown, It is apparent that on the shorter
voyage the aluminum ship RFR comes closest to that of the steel ship. Hou-

e;;'er, rfeven beyond a jb-year life the aluminum ship can not match the gteel
ship RFH.

Annuai wranspert capability of the aluminum and steel ships iz plotted
an Firure 0 for the two leg voyares. The transport capability of the
aluminum ship is abovt " .% per cent greater at 4,000 miles and slightly
mere than T per cent in excess of the sieel ship at '2,000 miles.
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SENSITIVITY STUDIES

The basic economic studies recently ccmpleted were based upon a
fixed set of criteria, both in terms of ship cost and operational con-
siderations. It is of interest to investigate the possible effects on
life cycle economics of varying these factors, to determine which has
the zreatest effect on profitability and thus deserves greatest aitention
in future studies of this nature.

1. Direct Labor Cost - Aluminum Hull - If it is assumed thal the
25 per cent differential in labor between aluminum and steel can be
eliminated, the potential reduction in direct labor, overhead and profit
would be approximately $580,000 for single ship procurement, with corres-
pondingly lower reductions for larger procuremznts. This is about 3 per
cent of procurement cost.

2. rofit - AZuminum Hull - If it is assuwed that the shipbuilder
will accept the same profit for building an aiuminum or steel ship, the
potential savings is about $400,000. However, this is unlikely, since the
builder would desire to show at least an identical reburn on his investment
and migiut even prefer a higher return on the aluminum hull due to the
greater riske involved.

3. Hull Girder Fatigue Allowance - If the 435 ton increase in hull
girder weight for fatlgue could be completely eliminated, the first cost
of the aluminum bulk carrier would be reduced by about $1,160,000 or 6 per
cent and the availatle deadweight would be increased accordirgly. However,
there is presently no technical justification for such a reduction, though
further study might lead to the conclusion that a portion of this allowance
could be eliminated.

L. Tank Top Abrasion/Impact Allowance - If the 0.80 inch allowance
for impact and abrasion on the aluminum ship's tank top and wing bulkheads
could be reduced to 0.25 inches (the American Bureau of Shipping required
0.20 inches for steel times the factor for relative yield and ultimate
strength differences), the potential weight savings would be about 700 tons
cr & st savings of $270,000, with a corresponding increase in deadweight
capa Jy.

5. Fire Protectiorn - The additional cost associated with fire pro-
tection of the aluminum bulk carrier, includ ng insulation and sheathing is
about $260,000 greater than that of the steel ship, based upon full compliance
with the intent of the present U.S. Coast Guard firc protection rules. About
$160,000 of this is associated with deckhouse protection. If the requirements
for deckhouse protection were waived except in stair towers, uptakes and
higher fire risk areas (the galley for example), it would be possible to
reduce the ship's [irst cost by about $150,000 and its weight by about LC
tons. Althovgh this involves greater risk to the crew, it would not have
a major effect on hull girder strength, since a fire in thes deckhouse
could be isolated from the main hull by proper deck covering. Such a
proposal would, of course, require intensive investigation and approval
by the U. S. Coast Guard.

6. Vo ages - The voyages investigated for this study are censider-
ed generally representative of the spectrum of tramp operations during
the next 20 years, and result in a number of ballast or volume-sensitive
legs which do not asiford any advantage to the aluminum bulk carrier. If
such a ship were to be engaged in « trade with weight-sensitive cargoes,
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iron ore, on two of the three legs, the spread between the RFR of

the vteel and aluminum ships would be reduced.

In

an effort to evaluate these factors, an optimistic aluminum ship

model hac been established incorporating the following changes:

(a)
(b)
(e)

The
ship pro

The 'S per cent labor differential has been eliminated.
One-half of the L35 ton fatigue allowance has been eliminated.

The 100 ton abrasion allowance on the tank top and wing bulk-
heads has been eliminated.

Fire protection for the deckhouse has been modified per Item
S previously discussed.

A three leg voyage with weight-sensitive cargoes carried on
two legs over distamces of 4000, 8400 and 12,000 miles have
been assumed, with ship life of 20, 25 and 30 years, to be
consistent with previous studies (Table 28).

reduction in first cost of the ship is 1,400,000 for single
curement, and the available deadwwight has been increased by 360

tons. Thus the 7-1/2 per cent increase in available deadweight of the base-

line shi
The

e}

As
lower RF

p increases to about 8-1/2 per cent.
three-leg voyages were considered with the following assumptions:

Round voyage distances, ship life and number of ships
purchased are identical to the figures of Table 28.

Average Annual Costs for all items which do not vary with
acquisition cost are identical to the two-leg voyage.

This may not be entirely accurate with regard to such items
as fuel costs but it is felt that this discrepancy will not
materiaily affect the final results.

Since cargo is carried on two of three legs instead of one of
two legs, annual cargo carried will increase by 33 per cent
over the values listed in Table 28.

An additional increase of 1 per cent for cargo carried over

the two leg voyage as listed in Table 28 was assigned to the
aluminum vessel because of increased cargo deadweight due to
the reductions in lightship.

Salvage value of the aluminum vessel was reduced directly in
proportion to changes in material weight of the vessel as
originally conceived.

Owners Investment costs, i.e., non-depreciable costs in-
curred during construction, were assumed independant of
ac~iisition costs.

indicated in Table 29 and Figure 23, the steel bulk cerrier has
R's than the aluminum ship for equal life spans, even for this

highiy optimistic case.
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CONCL.STONS

The following conclusions may be drawn from this study:

0

For the realistic cases examined, an aluminum dry bulk carrier
similar to CHALLENGFR always produced a higher RFR than that
of a steel ship with the same life.

This anfavorable economic potential of the aluminum ship resulted
even though factors favorable to the higher priceddaluminum ship were
considered including:

o]

Aluminum ship cargo deadweight capacity was increased because
of reduced structure weight

Aluminum ship life was extended from 20 to 30 years with no
increase in scantlings

Aluminum ship salvage value was $1,089,500 more than that
of the steel ship

After tax return on investment of 10 per cent and 7 per cent
interest on borrowed capital, both relatively low at present,
were assumed.

The foregoing sensitivity studies indicate that there are seversal
areas in which the acquisition cost of an alumdinum bulk carrier might
be reduced. However, these studies also clearly indicate that at this
time even with these reductions, it is unlikely that an aluminum bulk
carrier will be d rectly competitive with an equivalent steel vessel on
the basis of Requ.red Freight Rate.
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V. RECOMMENDED AREAS FOR FURTHER STUDY

One of the results of a limited feasibility study such as this, is
that numerous guestions are raised which can not be satisfactorily
answered within the time or cost allocated to the study. The aluminum
bulk carrier study is no exception, and in the following paragraphs, the
major areas requiring further study are delineated. These areas are
listed approximately in order of priority, based upon their relative
importance in establishing feasibility of using aluminum for the hull
structure of large ships.

CONSTRUCTION COSTS

The cost of fabricating large aluminum ship structures must be more
fally defined to permit more accurate construction cost estimates and
trade-offs of alternative construction techniques. At present, it is
necessary to use approximate over-szll manhours-per-pound values to estimate
labor costs and associated overhead, which do not permit the type of rela-
tively sophisticated trade-offs required to optimize structural design. For
example, it is difficult to choose between various potential methods of
providing required deck area, such as thick plates, thinner plates with
doublers or double wall cellular construction. Several qualified shipyards
should be authorized to evaluate the construction costs of large aluminum
hulls in greater detail.

MAINTENANCE COSTS

Reduced hull maintenance costs are a key selling point of aluminum,
and data is required to more accurately evaluate the life cycle hull main-
tenance cost of an zluminum hull for comparison to the equivalent steel
hull, This is particularly important as the ships get older, since the
costs of steel hull repairs k-~gin to increase rapidly as plate replacement
becomes necessary. The best potential source of long-term hull maintenance
data on large aluminum hulls would be Navy reccrds on the hull maintenance
of the PGM gunboat. This- data should be closely monitored and periodically
evaluated by the Ship Structures Committee and applicable Navy activities.

WELDING :

The technology of welding thick aluminum plates to form subassemblies
under shipyard conditions as well as the erection of subcssemblies requires
considerable investigation. Areas of particular concern are weld sequence,
heat input, edge preparation, speed of welding, required level of cleanli-
ness ard enviromment control and quality control required to affect sound
welds with minimum cracking, porcsity, inclusions, residual stresses and
distortion. An area of major concern is the possible need to accomplish
welding in a protected environment to maintain adequate control on moisture
and cleanliness.

FIRE RESISTANCE

The analysis of the fire problem which was conducted for this study was
of necessity somewhat limited, and should be extended to include the results
of the SNAME fire test program. Additional ecomomic trade-offs are required
to optimize the protection of aluminum structures as well as means of
detecting, extinguishing and preventing fires. Proposed areas to be investi-
gated in further detail are as follows:
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(1) Inerting system for cargo holds and other unmanned spaces as
required, including type of gas, dispersion of gas throughout the
cargo, methods of gas-freeing the spaces and extent to which gas-
freeing is required for human safety.

(b) Op*imum insulation system(s) for vertical and horizontal surfaces
in the Engine Room, accommodations and other working or living
space.

(c¢) Composition of deck covering to limit surface temperature to the
required 0O degrees F,

(d) Discussions with U. S. Coast Guard to determine the extent of
fire protection required in the deckhouse. The present study is
based upon full compliance with the intent of current U. S,

Coast Guard requirements. However, a lesser degrze of protection
has been accepted in previous aluminum deckhouses, though these
were installed on steel hulls.

DESIGN CRITERIA

Several factors entering into the establishment of design criteria
require further clarification, including the following:

(a) The question of design stresses for welded structures is not
fully clarified. At present, a "weirded" yield based upon the
0.. per cent offset in a 10 inch gage length is proposed,
rather than the prime or O-temper values. However, this
average design stress may not adequately account for the
structural response in way of the heat-affected zone, which
is the weak link in the structural system, since theuse of a
10 inch gage length in lieu of a 2 inch gage length tends to
diminish the apparent effects of this degradation.

(b) The relative importance of yield and ultimate strengths in con-
verting from steel to aluminum requires further consideration.
In specific cases, the equal ranking used in this study may not
be optimum.

(c) The question of safety factors should be considered when the
variability in structural performance due to the human element
in fabrication is better understood. The use of identical safety
factors for aluminum and steel designs implies that the conver-
sion of raw materials into a fabricated product produces identical
stress concentration and residual stress effects which may not be
true. The entire question of residual stress levels must be
investigated.

DEFLECTIONS

These studies indicate that hull deflection should not ba a limiting
factor in itself as long as the hull length/depth ratio conforms to present
standards, and stresses are kept reasonably low. However, the question of
allowable hull girder deflections deserves further study, in view of the

extensive body of opinion among Regulatory Agencies that such limitatiors
should be established.
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FATIGUE STRENGTH

As noted earlier in this report, there are a number of factors relating
to alloy fatigue strengths which require further clarification and testing.
Foremost among these is the question of fatigue strength in the presence of
salt spray. This requires an extensive test program, incorporating the
following variables: intensity of salt spray, effect of fillet and butt
welds, alloys (plate and extrusion temper) bead-on versus bead-off. Addi-
ticnal testing of extrusion tempers would also be advisable, in both the
welded and urwelded condition.

FRACTURE TOUGHNESS

Further testing is required to determine the relative quantitative
fracture toughness of aluminum and steel for comparison with anticipated
stress levels. These tests should evaluate the following variables:
directionality (transverse versus longitudinal), welding and other fabri-
cation procedures, environment (sea water versus salt spray), effects of
repeated loads, and alloys (plate and extrusion tempers).

CORROSION AND ABRASION

The exfoliation resistance of 5083 alloy should be tested to determine
if an H117 temper is required. Further testing on the relative abrasion
resistance of aluminum and mild steel is elso required.

DESIGN DETAILS

A study should be initiated to standardize design details for aluminum
ship structures, both to facilitate fabrication and toc prevent excessive
residual stress build-up and subsequent cracking., This is a vital step
which must be taken before a large aluminum hull can be built, if structural
failures are to be avoided. Specific areas to be detailed would include
end connections of intercostal stiffeners, connections of continuous
stiffeners to web frames or other supports, stanchion endings, proportions
of stiffeners, relief of hard spots and other stress raisers, required
clearances for proper welding. The required size and continuity of fillet
welds requires further study, as there is presently a significant difference
between Navy and commercial requirements.

VI. CONCLUSIONS AND RECOMMFNDATIONS

CONCLUSIONS

The conclusions to b. derived from this Feasibility Study for an
AJuminum Bulk Carrier are summarized below:

1. General - The construction of a bulk carrier utilizing aluminum
alloy for the hull structure is technically feasible vrithin the present
state-of-the-art in shipbuilding, but is not economically Jjustified in
direct competition with a steel vessel of equivalent capabilities.

2. Review of Aluminum Alloys - The present 5000 series aluminum
alloys being considered (5052, 5083, S08(, ©i6L, nholh and ©Luc) have
sufficiently high welded mechanical and physical propertics for the pro-
posed application, though additional res~arch is regquired in the area of
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fatigue, particularly in the presence of salt spray, as well as fracture
toughness and abrasion resistance relative to mild steel. Limited test
data indicates a significant reduction in the endurance limit of aluminum
alloys when subjected to salt spray.

3. The area under the 5-N fatigue curve of welded higher strength
5000 series alloys (5083 or 5450) is about 0.L6 times that of mild steel,
while the corresponding value for lower strength 5086 alloy is about 0.38.
This is indicative of the relative required section moduli of the hull
girders of an aluminum and steel bulk carrier for equivalent fatigue life.

. The notch and fracture toughness of aluminum alloys appear
acceptable for hull structural applications. However, stress levels,
including effects of stress concentrations, should be kept below the
yield stress.

5. The corrosion resistance of 5000 series aluminum alloys is
acceptable for a marine enviromment if proper precautions are lakcn. The
recent introduction of the H116 and H117 temper has apparently solved the
exfoliation problem, and suitatle gasketing and isolation procedures are
available to minimize problems with dissimilar metals., Higher magnesium
alloys are somewhat susceptible to stress corrosion problems which must
be considered in selection of tempers and operating temperatures. Loss
of strength and thickness of alwninum alloys in a salt water environment
over a 20 year vessel life will not be significant.

v. The corrosion resistance of 5000 series alloys is acceptable for
the range of bulk cargues and liquids which might be carried, with the
exception of copper, tin or mercury ores, potassium hydroxide and carbonate
and trisodium phosphate. Precautions are required for a limited number of
other potential cargoes.

7 The abrasion resistance of aluminum when subjected io the loading
and unloading of bulk cargoes will be Ionificantly less than that of steel,
necessitating additional margins in tark top and lower bulkhead thicknesses.

3. The weldability and workabiiity of 5000 series aluminum alloys
are very good, and the state-of-the-art in welding technology is presently
adequate for the thicknesses of material being considered. Potential
problem areas such as control of shrinkage, weld sequence, structural
details, residual stresses and environmental protection reguire further

study .

9, The cust of the Y000 scries alloys being considered is relatively
indepsndent of alloy and temper, and has little effect upon the selection
of alloys.

"0 Alloy Y033 was selected for all material in the primary hull
structure of the bulk corrier, baued upon its high strength and good
workability. Alloy S04 may be substituted tor 50831 for secondary struc-

tures, nd alloy “L5L is to b . o in areas of high temperature. The
relative over-all rank:-o 0 o 000 series alloys considered was very
close, o that alterns o <.+ -lions can be Justified,

o Gperations S oog Aluminum Ships - Sxperience to date with
iarge alwminum chips o 0o o4, but conoaderable data is available on the
performance of alum’: & “uses, patrol craft, crew boats arnd pleasure
craft, This dota i+ ] *hat the performmince of recently-built aluminum
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vesse}s and marine structures has been good, though problems have been
exper}enced in the areas of corrosion {particularly at bi-metallic joints),
gxfollation, abrasion and localized cracking of structures, particularly at
improperly designed or fabricated structural connections. Field repairs
have been somewhat difficult due to lack of trained personnel.

" 12: The problems encountered to date in the operation of aluminum
sblps either have been or can be solved, and should not affect the feasi-
bility of building and operating an aluminum bulk carrier.

. }3. General maintemance of aluminum hulls has been exzcellent, and
painting is not considered necessary above the waterline.

1h. De§ign Criteria for Hull Structure - A review of design require-
ments gf various regulatory bodies and the Navy relative to large aluminum
hulls indicates no consistent body of opinion. These existing criteria

require improvement for application to the design of an aluminum bulk
carrier.,

15. Rational, justifiable design criteria can be established for the
strength requirements of the hull girder and local structures of an aluminum
bulk carrier. In general these criteria are based upon modification of
proven steel scantlings to aluminum, on the basis of relative yield and
wltimate strength ratios, ac well as relative fatigue strergths ol the iwo
materials. Relative corrosion rates must also be considered.

16. Restrictions on hul™. girder deflection are unnecessary for large
hulls, since strength considevations lead to the selection of scantlings
with sufficient rigidity.

17. Thermal stresses are not a constraint in the design of an aluminun
bulk carrier.

18. Fabric¥ion of Large Aluminum Hulls - Discussions with chipyard
personnel indicate that the fabrication of a large alumim Lall, such as
a bulk carrier, is entirely feasible.

19, State-of-the-art welding, cutting and materials handling concepis
are considered adaptable to the construction of an aluminum bulk carrier.

20. Major areas rejuiring more detailed study include welding
techniques and sequence quslification of welderc, ervironmental control.

21. Fire Protection. A satizfactory level of fire protection, i.2.
detection, extinguishing and protective shielding, can be achieved for
lurge aluminum ships.

22. Living, working and stores spaces shculd be protectnd by conven-
tional deck covering, insulation and sheathing. Surfaces in machinery
spaces should be similarly protected, and steel shou.d be utilized for locd
structures such as machinery flats and small tanks. Extinguishing equipment
within these spaces should conform to present U. 5. Coast Guand stamdards.

23, Protection of aluminum surfaces in he cargo kold is concidered
impractical. As an altermative, a CO: and N inerting system 15 recom-
mended, in conjunction with improved detection and cxtinguishing ojuipment,
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Lo Inctadlation of Systerms and Equipment.  Selection of materials
Yor propertlor, shod'ting, rudder, plping systems, sen valves, etc. which
e compatitie with o luminum construction is feasible, though isolation and
sroteetion with nodes or waster pieces is required in many cases.

. The Dying surthees between steel equipment and aluminum founda-
Clon. must be properly gioketed.  The use of cast epoxy at the interface
or butyl rubber conting is recommended.  Access to inspect tnis interface is
very imporinnt.

“» An impressed current cathodic protection system is recommended
tHr hull corrosion control.

.7+ Operationa! Characceristics of an Aluminum Bulk Carrier - Mainten-
wnee costs for the hull of an aluminum bulk carrier will be somewhat lower
thrin those of an ejquivalent steel vessel, since the topsides require no
naint. However, drydocking cycles will be essentially similar to the steel
vessel for renewal of bottom paint and maintenance of equipment.

8. Hepuirs to the aluminum hull will be more expenzive than for a
steel hul: due to higher material cost and lack of trained welders in many
areas ol the world.

4. Special surveys are recommended of the hull structure of a large
aluminum bulk carrier to check structural connnections, corrosion, wclds, etc.

33. Comparative Ship Design and Evaluatior - The principal dimensions
of the aluminum bulk carrier selccted for this study are essentially similar
to the baceline steel ship, although a deeper double bottom and greater

A

hull girder Jdepth might be desirable for an independent design Lo increase

.+ e ..
stitfness.

3. The weight per foot amidships for the 5083 alumirum alloy bulk
carrier wiil be about <. times thal of the mild steel ship, while ihe
stiffness will be sbout O..t times that of the steel. The use of fatigue
strength rather than static strength in designing the hul girder adds
about L37 tons or % per cent to the hull structural weight. Fer a
tyrical bulkhead, the weight reduction factor is 0.55.

3« The total weight of hull structure was reduced from 5320 to 3375
wong tons, i osavings of (3 per cent., The corresponding reduction in
machinery ard autSit weight was L oand "L per cent respectively.

i}, Jrencer b\-.Jdt pacity is required for an aluminum bulk carrier
Lo provide suitavle on"‘La. nd bow immersion in the ballast conditien.
The atability of the “”1.n4n and steel designs are essentially identical.

couminun bulk carrier zimilar to the M CHALLENGER
3 s 1L!\ rate (RFR} than an equivalent steel ship,

. level of procurement, voyage type o dength, potential

tull Tife o the higher saly xgt vaiue of an »luminun ship. Thus the

e

’3

oa
S

- . - T, TR N ~ L.
sreater earning capability of the luninum wull is not sulicient to offset
Ite o nigher capital cont,

t for high-density cargoes wherr
{i.c. n2t volume limited). The
iz abuyt 7 per cent greater than

cuninan ship's AFR is lowest
o oan u(‘ (‘\)m »'3!‘(
3

Apart Sk iling o the alunirum gk
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35. Recommended Areas [or Further 3tudy. Furthcr research is required
in the areas of construction and maintenance costs, welding, fire resistance
design criteria, deflections, fatigue strength and fracture toughness,
corrosion, abrasion and design details.

RECOMMENDATION:

On the basis of the foregoing conclusions, the foliowing recomnenda-
tions are offered:

1. Further e¢fforts toward the development of an aiuminum bule
carrier should be terminated,

2. Since aluminum c-nstruction for laig~s hulls appears teciindicnlly
feasible, similar studies shculd be made of the use of aluminwi construction
in a design where weignt-savings in hull structure are of greater importance.
High-speed destroyers, small containerships, trailerships and shallow draflt
landing craft are examples of such vessels., In view cf aluminum's excellent
cryogenic properties, future ;iudies should also be directed toward LN
carriers.,

3, Research into the areas previously delineated for :urthc. st
should be initiated, sponsored jointly oy the Govermment and the alumi

industry.

av

'
- L
n.m

b4 Val

L. ullaylf‘.g larze aluminum ships such as the SACAL BORINCANLC, Sia
PROBE ani the Mavy's PGM gunbuats should be carefully nonitored to fully
document their performamce.

5. The future development of a prototype large aluminwm hu.l choullt
ve encouraged.
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_ APPENDIX A

DETERMINATION OF LONG-TERM BENDING MOMENTS FOR
ALUMINUM BULK CARRIER

References:
(A1) Lewis, E.V. "Predicting Long Term Distribution of
Wave-Induced Bending Moments on Ships Hulls", SNAME, 1947
(a2) "Analysis and Interpretation of Full Scale Data on
Midship Bending Stresses of Dry Cargo Ships" Ship
Structure Committee Report SSC-196, June 1969
1. The stresses occurring in a critical portion of the ships

huwll girder, such as the deck edge, are function of the basic still water
bending moment and randomly varying wave-induced vertical and horizontal
bending morients and similarly varying inclinations of the ship's principal
axes, Tb: still water bending moment is easily established. Statistical
analysis methods can be used to predict long term distribution trends of
random variables, yielding expected stress or bending moment levels versus
number of encounters at such levels during a ship's lifetime. This is a
lengthy process when considering a single variable, and would be pro-
hibitive and without proven precedent for phase-combined effects of several
random variables. Accordingly, since vertical bending moments account for
the major portions of actual stresses, and have been the most thoroughly
recearched, the bulk carrier design will be based upon expected still
water bending moments and predictec long-term distribution of wave-
induced vertical bending moments and resulting stresses.

2 The dimensions of the bulk carrier CHALLENGER fit well
with those for a Series 60 tanker for wnich long-term probability data is
reported in Reference (A1). Figure 17 of Refe ‘ence (A') gives Xj vs
Q log 10 (X3>XJ) plots of bending moment coefficients in head seas of
various significant heights for a 600 foot ship with L/B = 7.0, L/d = 17.5

= .8 and VA/T = .3L. Probabilities of occurrence of such seas in
the design's intended service may be combined with Figure 17 values to
produce a single curve of expected bending moment ccefficient for the
anticipated distribution of weather according to

N
QUX>X) T PiQi(XXy)
i=1

Minor adjustment of this curve to account for a V// L of the design,
higher than 0.3L, may be based upon proportioning the ordinates according
to variations in bending moment with ship speed for the 000 fect,

CB = .80 ship shown in Figure 12 of Reference (A1), The Xj vs Q iog 10
(X'>X ) (and corresponding Xj vs N) plot will indicate the steepness of
static trochoidal waves which would produce bending moments equivalent to
the levels of dynamic bending moments expected to be induced by perturta-
tion from the static condition. These moments are superimposed on the
8till water bending moment.

3. A stamard bending moment calculation for a wave of a
given height combines the bendirg moment due to the differing weight and
buoyancy distribution at the still waterline with the moment due to
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redistribution of the still water bucyancy to reflect the wave. There-

fore, such a calculation may be used to evaluate the levels of total

bending moments (static plus dynamic) to be expected. Accordingly, standard

bending moment calculations for several wave heights and for still water

may be made to prodice an Mj vs Q log (M>Mj) plot by plotting the obtained
he

bending moments at the probabilities corresponding to the X \{j~) valuss at

which the bending moments have been calculated. The sense (hog or sag) of
this curve of expected moments will be the same as that of the still water
bending moment. By subtracting 2 times the still water bending from its
ordinates a curve of expected moments of the opposite sense may be obtained.
The foregoing procedure should be based upon the load condition »f the
design yielding the higl.est still water bending moment, since the effect
of load distribution is more significant to the calculated wave berding
moment than is the draft at which it occurs. Finally, if the base scale
of probability is multiplied by the expected number of oscillations in the
intended life of the ship, the resultant log 10 base scale will indicate
the numbers of oscillations duri.g the life of the ship in which it should
be expected the Mj levels of bending moments are reached.

L. In applying the foregoing procedures to the subject design
it was considered ti at probabilities based on average North Atlantic
weather would be realistic yet not overly conservative, in view of contem-
plated tramp operations in the various seas of the world. Accordingly,
the values given by Figure 18 of Referemce (A1) for a 600 foot ship are
considered valid for this application, subject to minor correction for
Froude number. Based on Figure 12 of Referemce (A1), increasing the

h
Froud number from 0.1 to arout 0.2 would increase the fﬂ value at

Q = 100 from about .0LBS shown on Figure 18 of Reference (A1) to .05.

5. Bending moment estimates for the various loadings of the
MV CHALLENGER were reviewed. Noting that the subject design will have a
deener load line than the loadings reviewed, and further that light shin
weight is expected to be about 2900 tons less than that used in the esti-
mates, Mandelli methods were used to correct for the effects of these.
Accordingly, the design bending moment was estimated to vary from 150,000
foct tons (sagging) in still water to 675,000 foot tons for an
he

T = +05 wave. The resulting Mj vs Q log 10 (M>M3) plot is shown on

Figure A'. Based upon an =xpectancy of 1.25 x 108 cycle: in as computed
thereon for the design's lifetime, it may be expected that once in its
lifetime the bending moment will exceed 575,250 foot tons. Also in its
lifetime, there is a 79 per cent probability that the bending momcnt will
not exceed 080,250 foot tons. Thic is obtained by a statistical method
given in Appendix A of Reference (A?) and is recommended as the bending
moment to be used in yield stress considerations. However, for fatigue
considerations the values in the probability range from 1 to 1.2 x 10°-
are considered appropriate.
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FIG. 1A Long Term Distribution of
Vertical Bending Moment (For Preliminary Design)

p i .

ul
L W
N
b
3 W
N
2r x
<
w8
1 B
L >
L] ’ ' Kl :
- - o
Q (M > Mj)— 10710 1078 1070 1071 1072 108
*N (M > My) } ] - + }
1 102 10l 106 108

*N (M> HJ) is probable rumber of times M; will be exceeded by ships bending
moment in its lifetime of n c¥cles.

w 8
(n = 20 Yrs x 200 Sea Days/Yr x 86L00 Sec/Day x  .3666 CPS = 1.26 x 10% Cyc.)

¢ Average North Atlantic

(2 ¥st.wat. - M)
Note: Fatigue Fuctor R Value 2 < ’htu\;at ‘b




-124-
APPENDIX B
EXCERPTS FROM
RULES AMD REGULATIONS
FOR
CARGO AND MISCELLANEQUS VESSELS
Subchapter I
0G-257
PART 92 - CONSTRUCTION sND ARRANGEMENT

9:.07 STRUCTURAL FIRE PROTECTION
$2.07-1 Application

(a) The provisions of this subpart, with the exception of Section
92.07-90, shall apply to all vessels of L,000 gross tons and over
contracted for on or after January 1, 1962. Such vessels contracted
for prior to January 1, 1962, shall meet the requirements of Section
92.,07-90(a).

(b) The provisions of this subpart, with the exception of Section
92.07-09, shall apply to all industrial vessels of 300 gross tons and
over but less than L,000 gross tons, contracted for on or after July 1,
1968, which carry in excess of 12 industrial personnel. Such vessels
contracted for prior to July 1, 1908, shall meet the requiremenis of
Section 92.07-90({b).

$.-07-5 Definitions

92.07-5(a) Standard fire test. A "standard fire test" is one which
devclops in the test furnace a series of time temperature relation-
ships as follows:

S minutes - !,000 degrees F
10 minutes - 1,30 degrees F
30 minutes - 1,550 degrees F
20 minutes - 1,700 degrees F

92,07~5{b) "A" Class divisions. Bulkheads or decks of the "A" Class
shall be composed of steel or equivalent metal construction, suitably
stiffened and made intact with the main structure of the vessel, such

as sheil, struscturil bulkheads, and decks. They shail be so constructed,
that if subjecien to the stardard fire test, they would be capable of
preventing the passage of flamc and smoke for one hour,

$.07-5{c) *"B" Class bulkheadz. PBulkheads of the "B" Clay:s shall be
conztructed with approved incombustivle materials and made intact from
deck to deck ard to shiell or other bourdaries. They shall be so con-
structed that, if subjected t¢ the aztandard fire test, they would be
capable of preventing the pascage of {lame and smoke for one-half hour.

22.07-5(d) "C" Class divisions. Bulkheads or decks of the "C" Class
shall be constructled of approved incombustihle materials, but need
meet no requirements relative tc the passage of flame.

g SR
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92,07-5(e) Steel of other equivalent metal. Where the term "steel or
other equivalent mptal” is used in this subpart, it is intended to
require a materigf which, by itself or due to insulation provided, has
structural and ¥ategrity qualities equivalent to steel at the end of
vhe applicableflire exposure.

92.07-5(£) proved material. Where in this subpart approved
materials afe required, they refer to materials approved under the
applicablefsubparts of Subchapter Q (Specifications) of this chapter,
as Sollows:

J Deck Coverings "L 00u

;. Structural Insulations "UL.007

¢ Bulkhead Parels 16L.008

S Incombustibl.e Materials 6114005
. Interior Firishes *{l0te

.07-5(g) Stairtowrr. A stairtower is a stairwa, which penetrates
Jore than a single deck within the same enclosure.

9 .07-10 Consiruction

92,07-""{a) The hull, superstructure, structural bulkheads, decks, and

deck’ » ses shall be constructed of steel, Aliernately, the Commandant
F may permit the use of other suitible material in specisl cases, having
i in mind the risk of fire.

,.l" 92.07-10(b) Bulkheads of galleys, paint and lamp lockers, and
: emergency generator rooms shall be of "A" Class construction.

52.07-10(c) The boundary bulkheads and decks separating the accam-
modations and control stations from cargo and mackinery spaces, gilleys,
main pantries ard storerooms, other than smail sarvicc lockers, shail
be of "A" Class construction.

§2.07-10(d) Within the accommodatiun and service areas the following
conditions shall apply:

9:.07-10(d) (!} Corridor bulkheads in accommodution syaces shail be
of the "A" or "B"™ Clasgs intact frem deck %o deck. 3Stateroz doors
in such bulkheads may have a louver in the Jower hall.

72.07-10{d} (?) Stairtowers, eleva: rr, dumbwalter and sther Sruonks
shall be of "A" Class -onstructiod.

3.07-101d)(3) Bulkheads not -irsady specificd 2

Clasc constraction may bte of &%, "B, or "C" Ul

92.07-10(d} (L) Tne integrity of amy deck in way 2f a =lajrway
opening, other thap a stairtuwer, shall be msintsined by meate of
" or "B" Class bulkheads and dours at one level. The inteprisy
af a stairtower shali be mairtained by "A" Clazs doofs at wvery
level., The doors shall be of reli-closing type. Holdbark houas,
or sther meanr of permanent’s holding the door apen will rotl be
peixitied. Mowever, magnetic loldbackz operated fram the bridee
or from other suitabie remcte conlrol positiosts are accepizbic.
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+W07-10(d) () Interior stairs, including stringers and treads,
shall be of steel,

1 ,07-'0(d) (=) Except for washrooms and toilet spaces, deck cover-
ings within :sccommodation spaces shall be of an approved type.
dowever, overlays for leveling or finishing purposes which do not
reet the requirements for an approved deck covering may be used in
thicknesses not exceeding 3/8 of an inch.

9.0.07-10(d)(7) Ceilings, linings, and insulation, including pipe
and duct laggings, shall be of approved incombustible materials.

¥.0,07-10{(d) (8) Any sheathing, furring or holding pieces incidental
to the securing of amy bulkhead, ceiling, lining, or insulation
shall be of approved incombustible materials.

9:,07-10(d) (9) Bulkheads, linings, and ceilings may have a combustible
veneer within a room not to exceed 2/28 of an inch in thickness.
However, combustible veneers, trim, decorations, etc., shall not be
used in corridors or hidden spaces. This is not intended to preclude
the use of an approved intericr finish or a reasonable number of

coats of paint.

¥2.,07-10(e) Wood hatch covers may be used between cargo spaces or

between stores spaces. Hatch covers in other locations shall be of
steel or equivalent metal construction. Tonnage openings shall be

closed by means of steel plates.

92.07-10(f) Nitrocellulose or other highly flammable or ncxious fume-
producing paints or lacquers shall not be used.

92.07-90 Vessels contracted for prior to July 1, 1968.

(a) For all vessels of L,000 gross tons and over contracted for
prior to January 1, 1962, existing structure arrangements and
rnaterials previously approved will be considered satisfactory so
long as they are maintained in good condition to the satisfaction
of the Officer in Charge, Marine Inspection. Minor repairs and
alterations may be made to the same standard as the original con-
struction. Major alterations and conversions shall be in compliance
with the provisions of this subpart to the satisfaction of the
Officer in Charge, Marine Inspection.

(b) For industrial vessels of 300 grcss tons and over but less than
L,,000 gross tons, contracted for prior to July 1, 1968, which carry
in excess of 12 industrial personnel, existing structure arrangements
and materials previously approved will be considered satisfactory so
long as they are maintained in good condition tc¢ the satisfaction of
the Officer in Charge, Marine Inspection. Minor repairs and altera-
tionc may be made to the same standard as the original construction.
Major alterations and conversions shall be in compliance with this
subpart to the satisfaction of the Officer in Charge, Marine
Irspection.

L.
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APPENDIX C

FIRE TEST METHODS

References:

(c1) "Standard Materials" - ASTM-E-119-07

(C2) "Fire Tests on Stcamchip NANTASKET" Vol. o3, 937
Transactions of SNAME

(c3) Typical Class A-€0, A-3S%, A-15 and A-0O Steel Bulk-
heads and Decxs, Navigation and Vessel Inspection
Circular No. '0-63, April 1, 19¢3, Treasury Depart-
ment, U. S, Coast Guard

(cl) Stateroom Fire Test, Vol. 58, 1950 Transactions of
the Society of Navali Architects and Marine Engineers

(cs) Fire Protection in Pass ~ger Ships, with Farticular
Reference to Alumir.. .. ictures, 1952 Institution
of Naval Architects

1. 7es5t% methods have been developed tc determinc,insclar as

practicable, the various effects of fires of conirellcd intenciity on such
components as colvmns, decks, bulkheads and other members, (Relercnce (C7)).
The results of such tests are recorded as the period of fire resiciance
expressed in minutes or hours. They signiiy that the component tegicd
resists, to the required degree, the effects of the controiied Iirec under
specific conditions of restraint or load, or both restraint and lozd, for
the period and are reported to the nearest irtegral minute. The ratings
so developed are the accepted criteria of the five resistance of ine
various materials and types of construction.

4y

1

2 The control for the intensity of the fire foxr tcais of com-
ponents is based on the Standard Timc-Temperature Curve (Fimwre C-'). 7This
curve was prepared in 1918 through conferences cmong represenuaiives of
eleven technical societies or organizations called Jjointly by w.c ~STH
Committee on fireproofing and the NFPA Committee on Fire-Resistive
Construction.

3. The test exposure to ve evaluaved is plotied on oo timc-
temperature graph together with the standard curve. Thne area wicr o test
curve and above a baseline taken as the maximum temperature to wiiich Ui
exposed materials under consideration may be subjectcd without dima-e, cx-
pressed in "degree-hours®, is an approximation of tic severiyy ane Jd.wuwoion
of a fire involving ordinary combustibles. Any fire test data can be conm-
pared to ithe Standard Time-Temperature Cvrve by the approximation that
comparative measures of fire severity can be obtained by assumin; thul the
arca undor the test curve, expressed in "degrec-hours', gives the cqguivaicnt
severity to an equal area under the Standard Time-Temperature Curve,

L. This method for recording the fire resistance of chipbuilding
materials and constructions was first utilized during the SS NANTASKET ship-
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board tests in 193¢ (Refererce (C2)). A s*ateroom was lcaded with 5 pounds
of combustibles per square foot of area. The resulting fire was found to be
of a severity equal to that represented by the standard curve, All the
later tests conducted at this time were compared to the standard curve and
the comparative value of the exposure apyroximated. Thus, the ccmparative
fire resistance of the various materials and constructions w2re ~valuated.

5. By this method the U. S. Coast fuard, n conjunction with the
National Bureau of Standards have developed constructions utilizing wpproved
materiale for steel ships based on a time-temperature rating, heference (C3).
Some subsequent tests for alumimum have been conductcd, again using this
method of evaluation, (References (Ck) and (CS)). This is aleo th: vasis
of the tests being conducted under the auspices o4 the Society of Naval
Architects and Marine Engineers and the U. S. Coas* Guard.




SHIP RESEARCH COMMITTEE
Maritime Transportation Research Board
Rational Academy of Sciences-National Research Council

The Ship Research Committee has technical cognizance of the inter-agency Ship
Structure Committee's research program:
PROF. R. A. YAGLE, CHAIRMAN, Prof. of Naval Architecture, University of Michigan
DR. H. N. ABRAMSON, lirector Depariment of Mechanical Sciences, Southwest Research Inst.
. W, H, BUCKLEY, Chief Structural Criteria and Loads, Bell Aercsystems Co.
D. P. CLAUSING, Senior Scientist, U.S. Stesl Corporation
h. E. COX, Senior Program Manager, Newport Newe Shipbuilding & Dry Dock Co.
MR. J. F. DALZELL, Senior Research Enginecr, Stevens Imstitute of Technology
L
F
D

. D. DOTY, Senior Research Consultant, U.S. Steel Lorporati =

. D. DUFFEY, Manager of Welding & Methods, Maryland Shipbuilding & Dry Dock Co.
. FAULKNER. Research Associate, Massachusette Institute of Technology

PROF. W. J. HALL, Prof. of Civil Engineering, University of Illinois

MR. J. E. HERL, Chief Structural Design Engineer, Sun Shipbuilding & Dry Dock Co.

MR. €. E. KAMPSCHAEFER, JR, Xanager, Application Engineering, ARMCO Steel Corporation
PROF. B. R. MOTON, Prof of Aerospace & Civil Engineering, Washingtor Univereity

. W. W. OFFNER, President, X-ray Bngineering Initermational

R. M. WMITE, USCE, Chief Applied Engimeering Section, U.S. Coast Guard Academy

. R, W. RUNKE, Breoutive Secretary, Ship Research Committee

g

Advisory Group II, "Ship Structurai Design® prepared the project prospectus
and evaluated the proposals for this project.

MR. J. E. HERZ, Chairman, Chief Structural Design Engineer, Sun Shipbuilding & Dry
Dock Co.
MR. A. E. COX, Senior Program Mamager, Newport News Shipbuilding & Dry Dock Co.

MR. D. FAULKNER, Ressarch Associate, Massachusetts Institute of Technology
PROF. J. E. GOLDBERG, Prof. of Civil Engineering, Purdue Umiversity
PROF, B. R. NOTON, Prof. uf Aeroapace & Civil Enginesring, Washington University

PROF. J. R. PAULLING, JR., Prof. & Chairman of Department of Raval Architecture,
University of Caiifornia
MR, D. P. ROSEMAN, Naval Architeoture, Hydronautice, Inc.

COR k. M. WHITE, USCG, Chief, Applied Engineering Seotion, U.S. Coast Guard Academy

The SR-190 Project Advisory Committee provided the 1iaison technical guidance,
and reviewed the project reports with the investigator.

PRCF. B. R. NOTON, Chairwan, Prof. of Aerospacs & Civil Engineering, iashington
M. C. R. CUSHING, President, Cushing & Nordstrom, Inc. Umversity
"MR. D. P. COURTSAL, Chief Narine Engineer, Dravo Corporation




\

SHIP SVRUCTURE COMMITTEE PUBLICATIONS

These documents are distributed by the National Technical Information
Service, Springfield, Va. 22151. These documents have been armounced
in the National Technical Information Service Jourmal U.S. Goverrment
Research & Development Reporte (USGRDR) under the imdicated AD rumbers.

$SC-206,

$SC-207,

$5C-208,

$SC-209,

ssc-210,

ssc-211,

$sC-212,

$sC-213,

5SC-214,

$sc-215,

$SC-216,
$s¢-217,

Permigsible Stresses and their Limitations by J. J. Nibbering. 1970.
AD 710520.

Effect of Flame and Mechanical Straightening on Material Properties
of Weldments by H. E. Pattee, R. M. Evans, and R. E. Monroe. 1970.
AD 710521.

Slamming of Shipe: A Criticul Review of the Current State of Know-
ledge by J. R. Henry and F. C. Bailey. 1970. AD 711267,

Results from Full-Scale Measurements of Midship Bending Stresess on
Three Dry Cargo Shipe by 1. J. Walters and F. C. Bailey. 1970.
AD 712183.

Analysis of Slamming Data from the "S. S.. Wolverine State" by J. W.
Wheaton, C. H. Kano, P. T. Diamant, F. C. Bailey. 1970. AD 713196.

Design & Installation of a Ship Response Instrumentation System
Aboard the container Vessel "S. S. Boaton" by R. A. Fain,
J. Q. Cragin, and B. H. Schofield. (To b published).

Ship Response Instrumentation Aboard the Containe™ Vessel "S.S.
Boston": Results from the lst Operational Season in North Atlantic
Servicz:e by R. A. Fain, J. Q. Cragin, and B. H. Schofield. 1970C.
AD 712186.

A Guide for Ultrasonic Testing and Evaluation of Weld Flawe by R. A.
Youshaw. 1970. AD 713202.

Ship Reapuomse Instrumentation Aboard the Container Vessel "S. S.
Boston": Resulte from 2 Operational Seasons in North Atlantie
Service by J. Q. Cragin. 1970. AD 712187.

A Guide for the Synthesis of Ship Structures Part One - The Midship
Hold of a Transversely-Framed Dry Cargo Ship by Manley St. Denis.
1970. AD 717357

To be Published.
Compregsive Strength of Ship Bull Girdsre: Part I - Unatiffened

Plates by H. Becker, R. Goldman, and J. Pazerycki Mithras. 1970.
AD 717590




