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ABSTRACT

A 56 years old ship, K-maru, was investigated for items
being concerned with her strength. Items investigated were the
thickness of shell and deck plates, local and overall deformation of
the hull, the wear of rivet heads and mechanical and other proper-
ties of steel plates of decks and hull. The characterstics of old
plates investigated were chemical compositions, static and dynamic
tensile strength, fracture toughness and fatigue strength. Thick-
ness distribution of old plates with worn out holes due to corrosion
were also measured.

Based on the results of investigations, the seaworthiness

"of K-maru was discussed. Results obtained were as follows;
1. The plate thickness reduction rate by corrosion of decks and
shell plates at midship was about 5% in spite of her old age, though
there existed some deep corroded parts in them.
2. The 5% of the whole hull deterioration rate corresponded to
about 0.6% corrosion hole area ratio of the whole hull
3. A small amount of deformation of the ship hull as a whole was
responsible for the long term service and repeated repairs by weld-
ing.
4. The original old steel plates of 56 years showed good tensile
strength, but poor weldability and fracture toughness.
5. Very rough surfaces of steel plates due to corrosion largely di-
minished their fatigue lives, because of decreass in thickness and
stress concentration by surface roughness.
6. The seaworthiness level of the ship was very low. This level
may reveal itself at the time of emergency.

BACKGROUND

The safe navigation characteristics of a steel structure sailing
ship K-maru, 56- year-old at the time, was investigated, The principal
dimensions of the ship were as following.

L, xBxDxd=97.00mx12.95mx7.85m x6.15m.
Gross tonnage = 2244.64 ton

K-maru was, constructed by using tivets, and so the original
steel plates used were those without considerations of their weld-
ability. -

Figure 1 shows the short history of the navigation of K-
maru. Annual navigation mileage is 20000 - 25000 nautical miles.
And in this mileage, 10000 miles are performed by sailing (shown
by solid circles in the figure). In Fig. 2, shaded plates show the
side and bottom plates replaced by new ones in the way of her
history. Numbers of replaced plates are 40 for port side and 55 for
starboard side. In Fig. 3, replacements of deck plates are shown.
The first replacement took place at the time when K-maru was
47-year-old. Whole plates of long poop deck and 80% of upper-
deck were replaced, and no plates of No. 2 and No. 3 decks were
replaced at the time of our investigation,

These replacements of decks, side and bottom plates were
performed because of excessive local deterioration of plates due to

Ship Research Institute, Tokyo, Japan

corrosion. We investigated into the strength of K-maru and dis-
cussed the safety navigation characteristics of her, because of the
anticipation that deterioration might proceed in steel plates which
were not yet precisely inspected, and that there might be troubles
of welding due to connecting original steel plates and new ones
(replacements of side and bottom plates were conducted by using
rivets but those of decks and other members other than side and
bottom plates were conducted by welding), and also because of
the fact that many heads of revets were severely worn out.
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Fig.1 Navigation History of K-maru

METHOD OF INVESTIGATION

Investigations were conducted at two times of docking of
K-maru. Items of investigations were: amounts of reduction in
thickness of plates at midship due to corrosion, overall and local
deformations of decks and hull and reduction in volume of rivets
dueto corrosion. Analysis of chemical compasitions, precise mea-
surement of thickness distribution and tests concerning strength
were conducted for K-maru's old plates which were replaced by
new weldable steel plates.

AMOUNT OF PLATE THICKNESS REDUCTION

Amounts of plate thickness reduction due to corrosion were
measured at two points on every plate consisting hull structure at
midship by using electromagnetic thickness meter Table 1 shows
the results. In the table, A6, B6 and so on are the names of plates
shown in Fig. 2. The plate I8 starboard side was under construction
of replacement at the time of investigation. Though there are
plates like C8 port and H8 starboard which are corroded excessively,
other plates are not 50 much. Mean values of thickness reduction
of most plates are rather small, and the nominal total mean thickness
reduction of plates at midship is nearly 5%, though there are plate
like G8 and H8 port which have deep locally corroded parts.
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Table 1. Plate Thickness at Midship Section

Plate No. Port Side . ~ Starboard Side
Name t, (mm) Age 1 s Age 1 thy
A6 142 5 140 99 % 55 13.9 98 %
137 96 % 13.9 98 %
E B6 13.2 55 12.7 96 % 35 12.7 9% %
2 127 96 % - 12.3 93 %
8 | c& 13.2 55 11.0 83 % 55 12.5 95 %
- . 131 83 % 126 95 %,
D6 13.2 11~15 132 100 % 55 T12.5 T 85 %
13.2 100 % 12.3 93 %
Biige E7 132 55 12.9 98 % 55 12.9 98 %
13.2 100 % 13.2 100 %
—F4 13.2 16--20 13.2 100 % 1~-5 137 100 %
13.5 100 % 13.2 100 %
G8 142 55 129 (7.7*354%) 55 13.3 94 %
127 89 % 13.2 93 %
o HR 14 2 jeR) 1.5 7 % ah 10.7 75 %
% 132 a3 % 13.7 76 %
a- 18 13.2 | 26~30 129 98 % - %
ﬁ 12.7 on 26 - Y
- J7 132 55 13.1 9% % 595 13 2 100 %
|10 o8 % 13.2 100 %
K7 14.2 2630 14 2 100 % 26~-30" 14 1 99 %
127 89 % 142 100 %
Lrg 187 | 26~30 | 137 100 % 55 11.4 83 %
13.7 100 % 117 85 %
Mean Value 94 9% 94.8%
to: Original Thickness t : Thickness *) local carrosion par
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Fig.2 Replacement of Side Shell Plate

(Shaded Plates were replaced at 25 through 56 years old of ship age )

Tt seemed to be rather controversial that the fact mentioned
above and the fact that there found many corrosion holes in deck
plates. But this was because that corrosion holes or deep corroded
parts were very much isolated and other paris were not so much
affected by these,

In order to clarify the characteristics of corrosion hole, we
measured the detailed thickness distribution of two old plates (a
shell plate and an inner plate attached to a shell plate), both of
which had corrosion holes. Tables 2 and 3 show the results of
measurement. Plate thicknesses were measured by a large size
micrometer at cross points of vertical and horizontal lines which
were apart from each other by 20 mm. In the tables shaded parts
have plate thickness less than 2 mm, and these parts are possible
to be considered as parts of holes. Plate thickness of 2 mm cor-
responded to 17 - 20% of original one, and surfaces of such plates
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showed very rough appearance. And it was difficult to completely
eliminate rust from their surfaces. The value 2 mm mentioned
above had no theoretical meaning but just for practical purpose.

It is clear from these tables that the area of corrosion holes
and directly surrounding excessively thin places are very much
limited. Decrease in thickness of parts of the plate somewhat apart
from holes, is relatively small. There seems to exist an analogy
between the phenomenon mentioned above and the fact that there
are many corrosion holes (expressed by corrosion hole ratio V) in
spite of rather small amount of mean nominal deterioration due to
corrosion {expressed by whole area corrosion ratio A) of 5% in Table
1. So we attempted to combine the two phenomenon in order to
obtain the relation between V and A, by using results in Tables 2
and 3. .



Table 2 Thickness Distribution of a Plate with Corrosion Holes

V=776x10°A%+9.97x 107A

(Side Shell Plate K-13-B
"Original Thickness = 10.16 mm ) w
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Table 3. Thickness Distribution of a Plate with Corrosion Holes ’
(Inner Plate of Side Shell Plate J-13-B
Original Thickness = 11.68 mm )
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We assume that the relation of equation (1) can be applied
to the relation of A and V for whole ship. Putting A = 5.00 in
equation (1), we get V = 0.693. The corrosion hole rate of 0.693% is
very big value. It is because that if there are corrosion holes in
the bottom plating it is very dangerous for the ship (K-maru had
such experience in her life). It can be understood from this analysis
that mean thickness reduction rate of 5% at midship (shown in
Table 1) is not a trivial but a serious matter.
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DEFORMATION OF HULL

Measurements of ship hull deformation of K-maru were
conducted at the timeof her docking. Hull deformation was deter-
mined by measuring the distances between points on the hull and
their projections on the plane containing a line which passed two
end points of original straight keel line and four lines which extended
horizontally from both side from previous two points. Transits,
strings with weights, levels and tape measures were used for mea-
surement.

Deformation measurements of bulkheads were conducted
based on a horizontal base line connecting two points, each on a
touching line of a bulkhead end to side shell.
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Table 4 shows vertical and transverse deformations of the
keel at square stations 550 (stern) through S59 (close to stern). A
little amount of overall deforrakion to starboard side can be observed.
The vertical deformation is dependent on positions of blocks.

Table 4. Deformation of Keel

\ipssured Pealion| S50 | 651 | S5z | 591 | NS4 | 885 | 55 | 857 | S6A | S8
Vertical
Disgimmmert | " . =24 |- -3l ¥ B TR Y U - - VI - I S L
T Lol . .
Dlapincamer | © | o8| 18 | s 23K | 226 | 08 | M5 | 358 | 0

) Dimplacwmant of Kl st Starboard Scbe

Figures 6 and 7 show horizontal deformations of side plates
at the height from the keel line to be 4m (4WL) and 7m (7WL). In
the figures, (+) indicates outward and (-) indicates inward deforma-
tions. At4WL, there are little horizontal deformations around
midship (at 554 and 555). And there are outward deformations at
bow side and a little bit inward deformations at stern side, At7WL,
quite different from deformations at 4WL, whole deformations occur
to port side direction. The maximum deformation at 4WL is 302
mum and this value corresponds to 2.3% of the breadth.

Deformation measurements of a bulkhead at Fr.60 (not far
from midship = Fr.64 1/2) show that the maximum deformation is
26 mm which is equal to 0.20% of the ship breadth at the position.
This value is negligible small from a view point of the reduction in
buckling strength. ‘
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Fig.7 Deformation of Side Shell at 7WL



Other than mentioned above, deflections of the bulkhead
at Fr116 (not far from stemn), vertical deflections of side lines of the
upper deck and the overall deflections of the long poop deck were
measured. In the measurements of the long poop deck, the maxi-
mum upward deflection was 89 mm, the maximum downward -
202 mm. And it was revealed that there were slow humps and
hollows all over the decks.

It is considered that deformations measured are piled up
due to so many times of long navigations, repairs of the rivet ship
by welding, and unbalanced replacements of port and starboard
sides shell plates. Especially the unbalanced replacements men-
tioned above are considered to be the reason of the deformation of
the keel line." It is considered to be impossible to repair these defor-
mations.

CHARACTERISTICS OF OLD PLATE

Side shell and deck plates of K-maru (here after called "old
plates™), which were replaced by new ones at the time of her repair
docking, were carefully examined on such items as chemical compo-
sitions, static tensile strength, fracture toughness, Charpy impact
strength and fatigue strength. Plate thickness and surface rough-
ness measurements were also conducted on plates with excessive
COITOSioN.

Chemi jHons

Table 5 shows chemical compositions of four old shell plates
(named $5-1 through 55-4) with those of a comunercial stee]l NK-KA.
Old plates show that they have wide variations in an amount of
carbon contents. Sulphur contents of them show the critical value
or well over the value of the standard for NK-KA. Because of the
fact that both carbon and sulphur contents of the plate $5-2 were
very high, effects of these high contents on the properties of
strength were investigated.

High contents of sulphur was also revealed by a so called
sulphur print. Table 6 shows carbon equivalents C,_of 55-2, by
which weldability of the steel can be determined. C_ 's of other
steel plates with the NK-KA grade commercial steel of today are
also calculated and shown in Table 6 and Fig, 8 (diagrarn to determine
conditions of welding based on C,_ and plate thickness to be welded).
C,,'s are calculated by the following equation, neglecting the con-
tents of chrome, molybdenum and vanadium.

C=C+Mn/6+5i/24 )

Figure 8 indicates that the welding of $5-2 should be done
by limited conditions.

Table 5. Chemical Compositions

Matarial Ghamical Composilions (%)
c [ & Mn P B Cr
Smndard of NK-KA| (23 8% | 0.350 [25CT9F | 0.0d08% | 0.0a08mn —
Commercial | .12 017 057 0oz 0 013 -
§5-1 | 018 0 037 0 4f [I3E 0 032 —

| 552 S o ont 0 46 0.044 0 053 0 040
§5-3 | 017 007 050 036 0 40 -
654 01 00458  J0.52 _ | 0.024 | 0.045 —
Table 6. Carbon Equivalent

Material Carbon Equivalent C,, (%)l

KA (Commercial) 0.222

55-1 0.262

§8-2 0.407

55-3 0.255

55-4 0.259

" o Steel of KMARU
o KA (Commercial)

"?ﬁé?mess'*“"*' 11-k] (= ev)
=501

m

25~ 50mm

L N
I3~25mm§q JSS\‘Z
0 ~ 13mm _ Tivet \

Q [=X] 02 03 04 05 06 07 0B 09 L0
Ceq= C+1/6Mn+1/245i+1/40N+1/5Cr+1/8MaH1/13Cu+1/2P) (%)
ClameHication Electrode Blactrexda Stress Raleve Poening
of Waldabiity  (Non Low (Low Hydrogen Annealing

Hydrogen Type)  Type)

Preheasbrg °C)  Prahaating ('C)

) Excell et N y  NotN y NotN y Noth vy
) Very Good  »40-100 >10 Artitrary Abitrary
0y Good »150 +40-100 Advisabie Advnsable
(V) Passable  >150-200 »100 Nacassary Advisable

Fig.8 Welding Conditions of Steel Plate Used Based
on Carbon Equivalent [1]

Statj ile h

Static tensile test were conducted for 17 pieces of test speci-
mens of JIS 13A type (parallel part length = 120 mm, breadth = 20
mm, distance for elongation measurement = 80 mm, over all length
= 340 mm). Five old plates (2 side shell plates and 3 deck plates)
were used for test specimens. Surfaces of test specimens were as
corroded or slightly shaved on an enormously corroded side for
the convenience of testing. Test speed settled between chucks of
testing machine was 1 mm/min. Test results for steel plates $3-2
and 55-3 are shown in Table 7. 1t should be noted that test specimens
of §5-2 fractured by brittle mode at room temperature of 10°C. No
clear yield points were shown at 85-2 specimens. Test specimens
other than 55-2 fractured by ductile mode. For these specimens,
the yield strength g, (calculated at minimum area section between
two points for elongation measurement) was 23.1-29.0 kgf/mm” * (226
- 284 MPa), and tensﬂe strength oy (calculated same manner as o,
was 41.3-48.3 kgf/mm” (405 - 473 MPa). And these values were
w1thm the specified value of NK-KA (o, = 24 kgf/ mm’ = 235 MPa,

=41 - 50 kgf/mm” = 402 - 490 MPa) as shown 1n Table 7.

Table 7. Mechanical Properties

Material [or S et | = oo | Nete
§5-2TP1 — 52.7 12.2 Brittle
§5-2TP2 _ 54 4 13.8 Brittie
55.3TP1 27.5 45 4 29.3 | Ductile
SS-3TP2 26.2 4.0 3.1 | Ductile
NK Standard]  37.0 | 49.4 33.7" | As Rolled

*' Distance Measured 200mm

Photographs 1 and 2 show SEM fractographies of $5-2
(brittle fracture) and $5-3 (ductile fracture) specimens. InPhoto1,
a origin of brittle fracture is shown. The ductile fracture pattern
shown at lower left hand side of the photo changes to brittle one at
the origin. All fracture surface is covered by dimple pattern in
case of Photo 2 (85-3).

Fracture toughness test was conducted for the plate 55-2
which showed brittle mode at static tensile test at room temperature.
Dynamic tensile tests were conducted at strain rate of 0.09-
0.13 /sec, at temperatures 0°C and 18+2°C. For $5-2 specimen,
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almost all surface was observed as brittle mode at 0°C . At 20°C,
almost all surface was observed as ductile mode and only limited
parts showed crystalline fracture surface of brittle mode. Results
of dynamic tensile tests almost corresponded to those of static tests,
excepting that specimens with very rough surface due to corrosion
fractured by ductile mode with relatively small value of elongation
¢ of 20 % (mean value of ¢ for specimens by ductile mode was 31%,
by brittle mode - 12%). It is considered that the effects of stress
concentration due to corrosion revealed itself strongly at dynamic
tests.

Photo 2. Fractography of $5-3

c ; and_fracture toughness test

Charpy impact tests were conducted for the old plates 55-2,
$5-4 and commerdial steel plates of NK-A grade with a thickness of
12mm. Twomm V notch and full size specimens were used. Speci-
mens were so made that their direction was coincident with their
rolled direction (shown by letter L in Table 8) or perpendicular to
them (shown by letter C). Table 8 shows results of impact tests as
I, (fracture transition temperature) and , T,. (temperature cor-
responding to energy consumption of 35 ft-Ibd = 4.8 kg-m). Steels
-2 and $5-4, having been rolled without consideration of their
weldability, and so called rimmed steel, show very low value of T,
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.T,; and E_as compared to those of steels used today. Especially
§5-2, fractured by brittle mode in static tensile test, show very low
values (out of evaluation) of T, and T, 1/10(C direction) to 1/45
(L direction) value of E_. This means that there is a possibility of
unstable propagation of cracks initiated at weld defects.

Fracture toughness tests were conducted for 85-2.  As
the original thickness of $5-2 was 0.52 inch (1321 mm) and was
heavily corroded, it was impossible to conduct the perfect fracture
toughness test by CT test specimen. And so modified specimens
shown in Fig. 9 were used.

Mechanical notch specimens with a tip radius of 0.2 mm
were tested at 18°C, 0°C, -20°C, -40°C by testing speed of 20 mm /sec.
One specimen, which had a notch size of 2.5mm in depth with a
fatigue crack, was tested at -20°C. ’

Figure 10 shows the results. The solid line in the figure
shows the transition curve connecting lower bound of experimental
data values of specimens with mechanical notches. The broken
line in the figure corresponds to the transition curve for specimens
with fatigue crack, being obtained by shifting the solid line to higher
temperature side by 30°C [2). In the case that an experimental
value of K_is equal to K, the thickness t of the specimen satisfies
the following equation.

t222(K./ 0,) @

$12,520?

|F!Ff|

]
kS
1
N
3b

22
50 FULL THICKNESS

Fig. 9 Test Specimen for CT Test

o Mechanical Notch
* Fatigue Notch
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1

-€0 -€3 40 -I0 0 20 4
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Fig. 10 Temperature Dependency of Fracture Toughness K, of 852
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Table 8. Charpy Impact Test Results

- - T Tt T ; - |
. [— Cherriical Compositions (%) o
Material Tk (O po (%) rnec Impact Test Resuits
C St | Mnl P S |domy (T. T o
| NK-A Grade i o e e =
Commarcial Steel | 12 mm | 0 1310 28 |0 77 016 ] 010 L 16C | Z8TC | 27 Ohgbm
(Material A) | cl-12 -19 72
NK-B Grade | _ -
Commercial $teel  12mm | 001210 30 0.79 ! 017 .013 L 1 0 162
{Matenal B) C/ -3 -5 58
aet Lolwt6)| >+ .
S5-2 12mm |0 33 00710 46| 044 | 053 0 80 0.5
C|=+60] >+60 06
. L]+ 9
88 4 I14mm 017 MRINS2| 024 | 045 S Rl 26
| L clraz | -a 2.4

Assuming, in the equation (3), that t = 12 mm and g, =
258 kg/mm’, then we get the following result

K =565 (kgf-m” %) (4

The region of K_= K_for wide range of temperature can
be calculated as shown by the shaded area in Fig. 10, assuming
temperature dependency of o as equation (5)[3] and conducting
the same calculation as equation (4).

0= 0 exp [(329.6-665In05) (1/T,-1/293)] ©)

. Where,

a,= y'i.eld strength (kgf/ mi) at temperature of T, K
Oy = yield srreng'th_ (kgf/ m”) at temperature of 293 K.

The fracture toughness of $5-2 can be discussed based on
the results obtained hitherto. By using the absorbed energy E,
(kgf-m) of Charpy impact test at temperature T, K_can be calculated
by using the equation by Rolfe et. al. as following.

K, =120(,E " 6

K, value in Fig. 10 can be trasformed inte K, by using the
following equation in consideration of plate thickness effects on K,

14}

K.=K,/F(t)
F(t)=1+0.043(40-t) &
(t=40mm)

In Fig. 11, K_value calculated by the equation (6) (curve
1), K, value by the equation (7) (curve III), K for commercial steel
plate (curve IT) and also K|, value obtained from CT test as shown
by the broken line in Fig. 10 (curve IV), are shown.

Though the CT test shows no fracture toughness values (K)
which satisfy K_conditions, there is a possibility of a crack propaga-
tion under not far from K_conditions, in case of crack existence in
structural members with large structural constraints.

The stress intensity factor K| in the case of a crack (2¢ in
length) in infinite plate under uniform tensile stress ¢ as shown in
Fig. 12 is expressed as follows.

K=ovac ' ®

For $5-2, the crack length, at which K, in the equation (8)
becomes K, (brittle fracture may occur at this value) can be obtained
by using curve I and Il in Fig. 11. Results are shown in Table 9,
assuming working stress o tobe 10 and 20 kgf/m2. Under condition
of 10°C and a = 10 kgf/mz, 2ci5 92 mm or 44 mm. These values
are less than 100 mm (considered to be the critical crack length to
be found by naked eye inspection), and there are possibilities that
such cracks exist in plates equivalent to $5-2 not found by inspection.
Such a case is very dangerous for K-maru.

Table 9. Critical Length of Defect
( Corresponding to 2C in Fig12 )

2C crit
Tgm?g' o=10 kgf/mm* a=20kgf/mm*
For |in Fig.11 | For it in Fig.11 | For hin Fig 11 | For Il in Fig.11
o*C 20 mm 65mm | 5.1 mm 16 mm
10°C 44 mm 92 mm 11 mm 23 mm
1000~
|
&= sco-
£ - Il e lzem vi
E aocf (Commercial
2 ! steel)
g 7OC‘r- WV
h'd - /
5 500~ ac from ,/
o T , T Test )/
850~ 185-2)
I ‘ .
8 - /
_E 40C- ,
g - .
R 300+ 7
05) I 4 Zre from Yelll
g oo AT
s T L= Kre [rem Vi
1000 =70 (ss-u
! -
l- . 1 FE— ' ! . L L !
9% S0 w0 =0 0 20 &0 60

Fig. 1

Test Temperature (°C)

1 Comparison of Fracture Toughness of $5-2
and Commercial Steel of NK-A Grade

Fig, 12 Model of Defect in Infinite Plate
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Fatigue test

In order to discuss on the potential damages caused by
connecting old plate and new ones by welding, also in order to
investigate into the effects of corrosion in old plates on the fatigue
strength of them, fatigue tests were conducted by using specimens
from old plates DP-1 (deck plate). Fig. 13 shows the configuration
of specimen used. A new weldable mild stee] SM41A plate and a
old plate were connected by welding for one type of specimen ("A"
type, 10 specimens of this type were tested). For the other type,

two new SM41A plates were welded ("B" type, 6 specimens of this -

type were tested). Single-V groove, 3 passes from one side and 2
passes from the other side were used for welding. The welding
conditions were; diameter of electrode = 4 mm, voltage =20-25V,
current = 150 - 180 A and travelling speed = 133 mm/sec. Plate
thickness of a new plate and welding conditions wete similar to
those used at repair works of K-maru.

1 Weld Part
= !
M o  Plate ot AMARU of SM41 o
8 41A \f {onginal thickness = Bmm) | @
- -
—1 20 -
M—140 + 220 -+ 140 —p
N 500

Fig. 13 Fatigue Test Specimen

Figure 14 shows the fatigue life diagram expressed by a
load and a nominal stress. Figure 15 shows the fatigue life diagram
expressed by a stress at the section with a minimum sectional area.
Number C-1, C-2 etc. in Figures 14 and 15 are test specimen numbers.
If a welding is sound enough, fatigue cracks in a butt weld joint
specimen of SM41A initiate at weld toe and propagate to the thick-
ness direction. But in the "B type specimens tested, because of
relatively large insufficient penetration of weld metal, fatigue cracks
initiated at weld defects and propagated in weld metal to final failure.
In spite of the fact that the same welding was used for "A” type
specimen, fatigue cracks initiated at several points simultaneously
on a corroded surface of a old plate and propagated to a thickness
direction of a plate lo final failure, with one exception (specimen
C-4). It could be observed from macro fracture surfaces that many
fatigue cracks initiated at many parts in a rough corroded surface
and they merged gradually into one and proceeded to a final failure.

Figures 16, 17 and 18 show the enlarged appearances of
corroded surface of same test specimens shown in Figures 14 and
15. One side of the plate DP-1 (deck) was, at the time of usage as a

R=0 ¢ Fracuse sl Weid Datect

or e’ O 5Ma)+KMARU Fiaie Fracire at Gig Fiare
| Nomma Stress O 54| -K-MARU Figte Fraciure st Waid Cafact
thg/mm )
532 &
1AL 202 &
13} 27 6
S
=121 50
o
o [i{- 229 &
=)
= 10}-z08 : o
Crl
5 o wa = &
z ak .7 ECI-Z
. - cag c-9
Tr e
c-3
€ 125 o
cé cT
St 104
2 . L ) c-8
< R ———— O = 7
10 10 0 0

NUMBER OF CYCLE TO FAILURE

Fig. 14 Fatigue Life Diagram Expressed by-Load Applied
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part of a hull of K-maru, exposed directly to inside of the ship and
so protected by many accumulated paintlayers. This side of the
plate was not corroded and kept a flat surface. But the other side
of the plate was under a wooden deck and not protected against
corrosion. And so, patt of this side were excessively corroded.

In specimen C-3 (Fig. 16), plate thickness decreases gradu-
ally to its longitudinal direction. In C-4 (Fig. 17), decrease in thickness
is very large and there is even a corrosion hole. In C-6 (Fig. 18),
plate thickness shows abrupt changes. In case of C-4, a crack
initiated at the edge of the hole played as one of cracks injtiated at
many points on a corroded surface.

From these results and discussions, we estimates that the
reduction in fatigue strength of corroded plates is due to the com-
bined effects of reduction in plate thickness and surface roughness
produced by corrosion. From the fact that cracks initiate at corroded
surface and propagate in corroded plates even in case of a poor
welded joint specimen, the reduction in strength due to plate thick-
ness decrease and rough surface caused by corrosion is more sig-
nificant from the navigation safety of K-maru than the effects of
welding of rimmied steel plates’on the strength.

DISCUSSION ON NAVIGATION SAFETY

asi cept on shi e

There are several view points of strength of structures,
One view is to assume that individual member consisting a structure
works additively to the total strength of the structure (hereafter
this view is called “static strength”). Another view is to assume
that a crack initiates at the weakest part in a structure and the
crack propagates through each structural member indépendently
to other members to final failure (typical case of this is the brittle
fracture strength).  Other than these, there is a view of strength
against emergencies such as collisions or groundings as in cases of
ships.

Static strength

Static strength of a ship as a whole can be discussed based
on her I/Y value and buckling strength. From the measurement
of deterioration due to corrosion at midship of K-maru, itis considered
that the reduction of I/Y due to deterioration is nearly 5% assuming
that there is negligibly small amount of shift of the neuntral axis.
But there are possibilities of reduction in local buckling strength
due to local severe corrosion and deformations.

e fracture

There remains a possibility that there, in K-maru, are in-
cluded such plates with low fracture toughness as the old plate

16y
or & R:0 & Fracurn st Weid Deiact
| ]
. 14l ) U 5MA1 K- MAFY Plrg Fracture
f sl c-l ° o] ;(MOA‘??'W
£ ‘ ‘ o a1 AMARL Prate Fracuure
% [2 |- C-z
5 - o
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g o+ °
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2 oL o yo-o Qf.s CS_ c-9
& 7h e

uC-S

G-

i c-B

4r -

!‘ 1 |5 ! ! L J
= 0 1o® 10"

NUMBER OF CYCLE TO FAILURE

Fig. 15 Fatigue Life Diagram Expressed by Stress at Section
with Minimum Section Area



Fig. 18 Appearance of Corroded Surface { Test Specimen C-6)

55-2, and if repairs of the plates by welding are continued to do, it is
possible that brittle fracture might initiate from fatigue cracks from
corroded surface or from those due to welding not found at the
time of inspections. The latter cracks are invited by use of welding
which is not anticipated at the time of the construction of K-maru.

Navigation saf

When it comes to discuss the navigation safety or seawor-
thiness of K-maru, not only static and brittle fracture strength, but
also strength distribution effects of excessively corroded parts and
holes in plates of hull on the strength of the ship, and also the
safety at emergencies are to be taken into consideration.

The strength distribution can be expressed by using S/
Where Sis the strength of individual member of a structure and it
is a decreasing function of time. P is the external force acting on
members and it is independent of time in case that the ship keeps
the same navigation conditions over her life. Plate thickness reduc-
tion and surface roughness due to corrosion, generations of cracks
and deformations of individual member should be considered for
the evaluation of . Tensile, compressive and repeating loads are
to be adopted for B Figure 19 shows the conceptional view of $/P
distribution. As time passes, the 5/ distribution around M, (solid
line) at initial stage of a ship shifts to the distribution around M,
(broken line). In this concern, K-maru is considered at the stage of

s0 called wear out failure in the bath tub curve of ship age to.

failure pattern diagram (Fig. 203, 6]). And even if she were carefully
repaired, the 5/P distribution described in Fig. 19 continues to shift
apart from M and the peak value of the distribution also continues
to decrease.

Frequency

Early Failure

Wear Qut Failure

N

Failure Rate

Random Failure

Time

Fig, 20 Relation Between Ship Age and Its Falure Pattern
(S0 called bath tub curve)

Corrosion holes in shell plates under water line directly
induce the flooding of water to the ship, and these in deck plates
are visible for crew and passengers. Therefore the existence of
corrosion holes give heaver influence to the crew members of K-
maru than the true influence on the strength reduction due to
these holes. So the 0.693% of vacant hole ratio estimated from 5%
of whole area corrosion ratio has a serious meaning for seaworthiness
of K-maru.

Navigation safety at emergency should also be considered
other than safety at usual time as mentioned above. Here is an
example of a marine accident of a very old ship as Admiral Nokhimow

. (17053-ton, 61-year-old). This accident happened at midnight at

the Black Sea on August 31 1986,  Admiral Nakhimow, Soviet
passenger ship, collided with a cargo ship Pyotr Vasev (41000-ton)
and barely 8 minutes later sunk in water [6, 7]. It can be estimnated,
from the phenomenon shown by Admiral Nakhimovy, that, at the
time of emergency, fractures of K-maru can proceed very quickly
because of simultaneous effects of reduction in plate thickness,
rough surface, aracks, overall and local deformation. It seems to be
impossible to keep the safety of K-maru at her emergency.

CONCLUSION

Article 1 of Ship Safety Law (Japan) says “ships of Japan
should not be used for navigation if their seaworthiness is not guar-
anteed and not equipped with facilities necessary for keeping safety
“of lives stipulated by this law". It is considered that the seaworthiness
of the ship is guaranteed by such facilities stipulated by Article 2 of
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this law as hull, machinery, life saving, living and electric ones. X-
maru which is equipped with those facilities as mentioned above,
and there seems to be nothing to be considered for safety as far as
the law is concerned. Butit is questionable, however, that the law
can be applicable directly to such a long life ship as K-maru. Steel
plates, used at the time of construction of K-maru, were rimmed
ones and they were connected by rivets. But today, they are
changed to killed steel plates and connections by welding. These
changes give great influences to the seaworthiness of K-maru

which has been used for so long time by repairing so many times __

and places. Therefore we discussed the safety of K-maru not based
on Ship Safety Law but on the theories and experiences established
today, and concluded that the safety of K-mary in future could
not be guaranteed,

Other than articles concerning seaworthiness of the ship,
Ship Safety Law has Article 13, which says "if more than 10 crew
members in a ship appeal the serious defects with reference to
seaworthiness, living and other life saving facilities referring to stip-
ulations in this law; the government office concerned should make
the necessary investigations and, if necessary, give punishments
stipulated by Paragraph 3, Article 12 (suspension of navigation
and other punishments)". From this view point, vacant holes due
to corrosion, which may give big psychological effects to crew on
the safety of their ship, should be considered more seriously than
it is estimated theoretically.

Authors are very grateful for government officers con-
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cerned who have given us such precious opportunities as to make
through investigations of a very long life ship of K-maru.
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