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1 Introduction

From July 1989 to the end of 1992 six bulk ships have sunk after departing from izon
ore ports in Western Australia. Another ship required repaiis in South Africa after
sustaining severe structural damage.

Australia is not unique in the loss of bulk ships. In the three years ended July 1992 36
bulk ships have been lost through structural failure or suspected structural failure
Although Australia is not unique, there is still the issue of whether bulk ships leaving
Australian ports fail at an excessive rate. This paper uses statistical techniques to
examine the factors that may contribute to structural failure.

The major source of data is a set of voyage records purchased from Lloyd's Maritime
Information Services Limited for bulk ships over 30000 deadweight tonnes {dwt)
departing from the major bulk exporting countries of Auswalia, Brazil, India, South
Africa and the USA. These countries are major butk exporters of coal, iron ore and B
graing. Ship casualty data were obtained from the Department of Transport and :
Communications, Lloyd's Register (1992a,b) and Nippon Kaiji Kyokai (NKK 1992)

The Data

2

Lloyd’s voyage data provided information on ports of origin and destination, date of
departure, date of arrival, ship name, Lloyd's register number, date of build, flag,
classification society, dwt Casualty reports contained the same information (apart from
date of arrival), and for most, but not all casualties, the location of the ship when it
failed!

The casualty data also indicated the cargo the ship was cairying at the time of failure.
Unfortunately this information was not readily available from the voyage records for
ships which successfully completed their voyages However, for many of these voyages,
the cargo carried could be inferred from the port of origin. In particular iron ore ports
tended to be one commodity ports allowing the cargo to be identified unambiguously. -
Coal and grain are frequently loaded at the same port (eg Gladstone and Newcastle in
Australia) and it was not always possible to classify ships sailing from these ports as -
carrying grain or coal For this reason these commodities were combined in the analysis
of the voyage data -

Fearnleys (1992) provided another source of data on commodities and voyages which
allowed some additional analysis of the possible effect of commodities on the risk of -
structural failure N

1 A ship which is unabie to complete a voyage because of damage 10 its structure is defined a5 . .
having failed structurally Not all structural failures result in a ship sinking although most do: .
Casualties include structural faitures, but also include groundings, collisions and other incidents ﬂﬂt R
prevent ships from completing voyages, L



3 Failure Modes

Several factors are usnally operating at the time a ship fails structurally. The conditicn
of the ship, weather conditions and crew performance wer

The data required to statistically examine the factors leading to structural fajlure are not
always available, The following sections briefly discuss the major factors and what
teadily available data can act as proxies for the underlying factors

Loading and Unioading

The unloading of bulk ships normally requires the use of lar ge grabs. Lloyd's (19923, 4)
report that grabs with an empty weight of 35 tonnes are commot. Despite the caze of
equipment operators the ship will be frequently subjected to repeated high stresses
- during the unioading process,

Unless the ship operator is careful about maintenance the damage sustained during these
Operations will accumulate leading to loss of structural integrity




Fatigue and Corrosion

Mild steel will suffer fatigue failure if it experiences cyclic stresses over what is
referred to as the endurance limit. “The endurance Limit is the magnitude of cyclic
stresses above which the material will fail after one to ten million cycles of the stress.
Struciural designs usually take fatigue effects into account

The loss of steel through corrosion accelerates the effect of fatigue The reduced
thickness of the steel increases the stresses which may then exceed the endurance limit
and result in fatigue cracking and possible detachment of the side shell from the frame.
Once a crack has been initiated through corrosion it can propagate quickly and can also
be a source of further corrosion (American Bureau of Shipping 1992)

Plastic deformation of structural components, such as webs and frames, can also lead to
an increase in stresses. The deformation can lead to increased stresses in both the
deformed component and in adjoining members which are forced to take an increasing

share of the load.

The type of cargo can influence the development of corrosion, Coal, especially when it
contains a high proportion of sulphur, is an important bulk commodity that induces
corrosion. The temperature of the coal can be as high as 38 degrees Centigrade. These
high temperatures combined with the colder sea water outside the hull, can cause
significant condensation on the inner side of the side shells. The condensation tends to
collect at the lower parts of the hold where sulphuric acid results in the localised
corrosion that is frequently found on the webs adjacent to the side plates (Lloyd's

Register 1992a, 12)

Corrosion and fatigue are cumulative effects. This suggests that age of the ship may be
a good indicator of the possible existence of these problems. Age is readily obtainable
from the voyage data and is one of the main variables used in the analysis

Owner

Maintenance can affect the degree of structural deterioration. Protective systems are
usually installed in new ships to prevent corrosion. Poor maintenance of these systems
can contribute to accelerated structural deterioration. The ownet's approach towards the
repair of these systems and damaged and corroded structural components ¢an. have a
marked influence on the condition of a ship

The foregoing suggests that maintenance quality can have a marked influence on ship
safety. Because of this, ideally the analysis would include an examination of the
relationship between owners and risk of ship failure However, there were 762 different
owners in the voyage data base making a uscful analysis virtually impossible.
Furthermore it is not always possible to accurately identify the beneficial owner of 2
ship. No owner could be identified for 25 ships in the voyage database. It is of interest
that 14 of these ships were casualties and of these 12 suffered structural failure
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Flag State and Classification Society

The flag state under which the ship is registered and the classification societycertifying
the compliance of the vessel with recognised safety standards may bear some
relationship to the standard of maintenance of the ship. Although the owner of the ship
is directly responsible for its maintenance, owners may select flag states and
classifications societies that are compatible with their approach to ship maintenance.
CRA (1992) in its submussion to the House of Representatives Standing Committee on
Transport, Communications and Infrasttucture (HORSCOTCI) inquiry into ship safety
commented that "(c)lassification societies and some of the lesser Flag states are clearly
wanting in their enforcement of regulations and obligations”. Similarly the National
Bulk Commodities Group (1992, 4) noted that there is "an unwillingness or inability of
certain Flag States to ensure adherence to International standards by vessels under their
flag". HORSCOTCI in its report was critical of some classification societies
(HORSCOTCI 1992, 53). The Comrmittee said "Put bluntly, ample evidence was put to
the Comymittee that the quality of [classification society] inspections has gone down as
the intensity of competition for clients has gone up" (HORSCOTCI 1992, 53). These
views suggest that the possible relationship between bulk ship failures and flag and
classification societies should be tested.

Cargo Type

During the three year period from July 1989 to June 1992 36 bulk ships were reported
as casualties with structural failure being the main cause or suspected as being the main
cause of the loss. Of these 36 ships 24 were carrying iren ore at the time of failure.
Therefore there is a reasonable presumption that the characteristics of the cargo are an
important factor in the failure of the ship

Iron ore is a particularly dense cargo. It has-a density of 0.4 m3/tonne compared with
1.23 to 129 m3/tonne for coal and wheat (Strang 1971).

As a consequence of this high density bulk carriers can not be loaded to their volume
capacity when carrying iron ore. There are two basic methods of partially filling the
holds. The first is to partially fill each hold (homogeneous loading). The second way is
to load only the alternate holds, usually only the odd numbered holds. Even with

o alternate hold loading the cargo often does not occupy a laxge proportion ¢f the space in
. loaded holds.

The purpose of alternate hold loading is to raise the ship's centre of gravity in order to
moderate roll motions of the ship This reduces some localised stresses on the ship,
provides a more comfortable ride for the crew and allows faster loading of the ship.
However, alternate hold loading induces high shear stresses, particularly at hold
boundaries (American Bureau of Shipping 1992)

.+ The higher stesses induced by alternate hold loading can increase the risk of structural

.- failure Although ships that adopt alternate hold loading are strengthened to allow this

i+ practice, if the ship has previously suffered corrosion, the the structure may not be able
" to be safely accommodated increased stresses




Weather

The main effect of bad weather is to increase the forces acting on the structure of the
ship. Nearly all of the bulk ships that have failed experienced bad weather at the time of
failure. For example modelling undertaken on behalf of the Department of Transport
and Communications shows that waves in excess of 16 metres may be experienced by
ships in the South Indian Ocean, the location of five of the casualties of ships departing

from Australia (DTC 1992),

Combination of Factors

The discussion so far suggests that it is unlikely that failure of a ship can be attributed
to a single cause A possible sceriario is that a ship, which has been poorly maintained
g0 that its structural integrity is compromised through corrosion and fatigue cracking, is
loaded with iron ore. Tt then encounters heavy seas, but does not slow down because of
time pressures to deliver its cargo on time. The heavy seas prove too much for the
already weakened structure, subjected to high stresses from its cargo of iron ore. The
inadequately trained crew fail to recognise that there is a problem until the failure has

progressed to the point of total failure

The foregoing also suggests that age is likely to be a good proxy for the deterioration of
the ship's condition through corrosion and physical damage caused by loading and
unloading practices. Flag state and classification society may be reasonable proxies for
the owner's approach to maintenance Although the HORSCOTCI (1992) report
indicated that crew performance is a factor in ship failure, the data do not permit crew
ability to be examined directly. However, crew nationality and flag state are often
correlated so that flag state may also be an indirect measure of crew ability. '

Data on weather conditions encounbtered during successful voyages are not reasily
available, However, the possibility of bad weather can be associated with particular -
areas of the oceans or routes and these may be useful proxies for weather conditions

Commodity can be analysed directly The stresses imposed on a ship's structure bya
cargo can be influenced by the size of the ship and the characteristics of the waves. =
throngh which the ship is passing. Size is easily analysed Wave data are available and
are examined later in the paper, However, wave characteristics are related to the route.....
the ship traverses therefore route may also be a useful proxy for wave characteristics. - .

4  Exploratory Statistical Analysis

An initial statistical analysis was undertaken to develop some understanding of the" - *
importance of the factors discussed in the previous section. Each factor was assumed 10"
have no influence on tisk of failure. This null hypothesis was then tested using 2 Gh_l’.' e
square test A contingency table to test the contribution of a particular factor to failure
risk requires estimation of the expected number of successful voyages:as. WET




Table 1 Analysis of Failures by Commodity

fron Bauxite &

Year Ore  Coal Grain  Aluming Phosphate
Number of voyages

: 3373 5010 4322 1193 974
Number of failures
Expected 6.8 10.1 87 24 20 32
Actual 24 1 0 2 3 32
¥2 43,7 8.2 8.7 0.1 0.6 . 61,32
a Includes the contribution of successful voyages.

Note: The critical 0.05 value of x2 for 5 degrees of freedom is 11.07
Source:  Feamnleys (1992), Lloyd's Register (1992b)

as failed ones, Although successful voyages were included in the analysis, they made
minimal contributions to the chi-square score. For this reason the contingency tables in
the paper do not reproduce this part of the analysis. :

These statistical tests give an indication of which factors might be important, but do not
provide a measure of the relative strength of each factor The small number of failed

ity of the chi-square analysis to examine interactions between the
factors This issue is taken up below through the use of logit analysis

'_ Commodity

- The discussion on modes of tailure suggested that the carriage of iron ore may have an
i i able 1 summarises an analysis of ship failures and

':.The results show that ships can
- expected if

_. Commodity and Age

:;Table 2 shows the age distribution of voyages in the Lloyd's voyage data. iron ore tends
to be carried in older ships than other commodities, The median age of iron ore ships
Was around 12 years compared with 9 years for ail bulk ship voyages in the data base




Table 2 Age Distribution of Voyages by Commodity

Age group (years)
04 59  [0-14 1519 2024 >24__ Tomal
Coal and Grain 2554 6551 3491 3527 1200 143 17466
(146) (375 (200) (20.2) (6.9 ©.8) (1000
Iron Ore 357 1428 817 1325 649 285 5361
(16.0y (26.6) (152) 247y  (121) (5.3) (100 Q)
Other 85 2555 1314 1109 285 17 6145
41 @4Le) (14  (180) (@6  (0.3)
Note: Row percentages in brackets '

Source:  Lloyd's Voyage data

Table3  Analysis of Age by Commodity Group

Age (years}

Commodity 0-4 3-9 10-14 15-19 20-24 _>24 Total .
Expected failures
Iron ore 24 37 22 34 1.7 07 14
Coal, grain and other 08 1.7 10 1.6 0.3 0.0 5
All voyages 3.0 6.9 - 36 3.9 1.4 0.3 19.0
Actual failures
Iron ore 0 2 1 6 3 0 14
Coal, grain and other 0 0 0 2 3 0 5
All voyages 0 2 1 8 8 0 19
Chi-square o
Tron ore 24 08 06 20 66 07 1313 ..
Other 0.6 1.7 08 01 443 00 473 00
All voyages 3.0 3.4 1.9 4.4 319 0.3 . 4492 -
a Total chi-square scores include contribution from successful voyages.. e

Critical %2 for 0.05 level of significance and 5 degrees of freedom is 1107 Sh
Note: Figures may not add to totals due to rounding, _ e

Source.  BTCE estimates based on Lloyd's voyage data.

More significantly, iton ore is more likely to be carried in old ships than' are othe!
commodities. Ships 15 years and older were used for 42 per cent of iron ore voya,
compared with 28 per cent for coal and grain and 22 per cent for other commoditiés:.i._(_)
the 36 ships that failed structurally world-wide during the analysis period, 31 were in
this age group. : i




The use of old ships for iron ore may be related to its low value. For iron orIe, transport
costs can be a substantial part of its cif ? price Charterers would therefore have an
incentive to seck out low freight rate vessels and these would most likely be older ships.

Table 3 provides a statistical analysis of age by commodity group. All voyages are
analysed irrespective of commodity and, as well, iron ore and the remaining
commodities are analysed independently. The analysis suggests that age plays an
important part in structural failure irrespective of commodity carried. Ships in the 15 to
24 years group appeat to be especially at risk of failure.

An interesting feature is that ships over 24 years experienced no failures. This couid be
related to size since very old ships tend to be small ships or because there are few
voyages by ships in this age group. Table 2 shows that 5.3 per cent of voyages of ships
cartying iron ore were by ships in the over 24 age group The expected number of
failures in this group using the average failure rate for all iron ore voyages is less than
one. This suggest that the absence of failures in the over age group is not inconsistent
with age being an important factor in failure risk

It may also be a result of a difference in the structures of these very old ships compared
with newer ships. In the early 1970s design of ship structures changed to a more
analytical technique that allowed designers to produce more economical designs using
teduced metal thicknesses. These designs often have reduced safety factors to allow for
the improved design methods and as a result may be more likely to lose structural
integrity through corrosion at an earlier age.

Size

Earlier it was suggested that size and sea conditions may interact to impose high

stresses in bulk ships. Size is analysed in table 4 The analysis suggests that ships in the

range 80 000 to 100 000 deadweight tonnes could face higher than expected 1isks of
failuze

This raises the question of how size might be related to risk of failure. One possible
explanation is that there could be some relationship between ship size and the
characteristics of the seas through which the ship sails. For example, interaction
between the length of the ship and wave height and period could result in higher
. Stresses than a ship of different length might encounter. If this hypothesis is correct than
there could be some relationship between route and ship failure. The different failure
. rates depending on exporting region suggests this might be so.

Cost, insurance and freight. The cif price is essentially the landed price of the good.




Table 4  Failures of Iron Ore Ships by Size

Size ('000 dwi)
Route 30-50 __ 50-80 80-100  100-150 >150  Total

Number of voyages 1400 1065 117 1312 1469 5363
Number of failures 037 528 303) 534 1(3.%) 14
Chi square 3. 1.8 23.8 0.7 2.1 32.1

Note Expected number of failures in brackets. Critical %2 for 0.05 level of
significance and 4 degrees of freedom is 3 49.
Source:  BTCE estimates based on Lloyd's voyage data

Table 5  Failure Analysis of Iron Ore Voyages by Route '

Actual Expected
Route Vovages failures? failures  Chi-squared

Brazii-Asia 475 2 12 0s
Sth Africa-Asia 102 2 03 11.3
W Aust-Nth Europe 290 6 0.8 36.3
W Aust-Nth Asia 820 1 21 06
Other 1outes 3676 3 9.6 4.5

Total 3363 14 14.00 53.32

a Chi-square total includes contribution from successful voyages -
Note Critical 2 for 0 05 level of significance and 4 degrees of freedom is 9.49.
Source:  BTCE estimates based on Lloyd's voyage data

Route Analysis

Tron ore routes from Australia and other major iron toutes terminating in Asia are
analysed in table 5 The analysis shows that two of these routes appear 10 have
especially high failure risk. These routes are; Western Australia to Northern Europe,
and South Africa to Asia Both the Western Australia to Northern Europe and South
Africa to Asia routes pass through the Southern Indian Ocean. This is an area that can
produce severe weather conditions, suggesting that route might be a proxy for bad
weather.

A further possibility is that ships departing from Western Australia may be older o ofa
different size from the ships which trade on other routes. The distribution of the size of
ships on the routes from Westemn Australia to Japan and from Western Australia to
Northern Europe were compared with other ships carrying iron ore. This comparison is
shown in table 6. which shows that there is a significant difference between the size
distribution between ships departing from Western Australia and other iron ore routes.
The ships departing from Western Australia tended to be larger than other ships
carrying iton ore :

The analysis was extended to compare the size distributions for the same routes but
only for ships 15 years and older. This allowed compatison of voyages for ships which




Table 6  Route Anaiysis of Iron Ore Voyages
{voyages)

Size ('000 dwr)
Route 30-50 30-80  80-100 100-150 >I50  Total

All voyages

WA Nth Asiad 72(213) 58(163) 7 (176) 247 (201) 436 (225) 820
WA Nih Europeb L(754) 33(577) 6(62) 110(71.2) 140 (79.5) 290
Other iron ore 1322 976 102 959 894 4253

Voyages in ships 15 vears and older

WA Nth Asiac 3437 4 (33.4) 6(36) 6741 2 86460) 168
WA N Europed 027.1) 9 20.7) 6(22) 4925 5) 40 (28.5) 104
Other iron ore 533 444 81 537 351 . 1946

a X2 =376.7 b x2=1513 ¢ 2=1125 4 ¥2=66.3
Notes Expected voyages in brackets

Critical ¥2 for (.05 level of significance and 4 degrees of freedom is 9.49
Source:  BTCE estimates based on Lioyd's voyage data




Table7  Analysis of Bad Weather Areas for Iron Ore Voyages

Failures
Exporting region Expected Chi-squated

Bad weather

Brazil 1.85 0.72

South Africa 0.20 15.38

India 0.07 0.07

Western Australia 141 22.24

Rastern Australia 0.16 0.16

Non bad weather

Brazil 288 2.88

South Africa 043 043

India 2.96 031

Western Australia 393 393

Eastern Australia 0.10 0.10

Total 14 14.00 46,742

a Critical 2 for 0 05 level of significance and 9 degrees of freedom is 16.92.

Souwrce. ~ BTCE estimates based on British Maritime Technology (1986) and Lloyd's
voyage data

Table8  Analysis of Flag

Flag category Expected
Bad 11 5.6
Poor 4 52
Fair 2 4.0
Good.- 2 4.2
Total 19 19 .
Note: 2 =762 Critical value for 0.05 level of significance and 3 degrees of . . '
freedom is 7.81 o

Table 7 shows that bad weather is possibly at factor in bulk ship losses for voyage$' .
departing from South Africa and Western Australia. : S

Flag and Classification Society

Miuch of the debate about bulk ship losses suggests that ships of particular flag Stales’-
and using particular classification societies are more Tikely to be poorly maintained than.
ships in other registries and classification societies. To test the hypothesis that flag Of__ _
registry was an indicator of high we failure risk first classified both flags 3ﬂd :
classification societies according to  their casualty performance. Each~ category
contained about 25 per cent of the fleet. RN

This method of categorising ships introduces some circularity into the testing p"IOC.f"v:d."iilz'e. 3
<o that it would be expected that the number of failures vould decrease from the __\_’_‘f?_"_St' _




Table9  Results of Logit Analysis

Variable Parameter Estimate Standard Error
Intercept -14 33 1.48
Tron ore 294 1.09
Other commoditiesd 285 1.13
Age 022 005
South Africa - Asig 277 081
WA - Nth Euiope 376 064

Brazil - Asia 163 083

Flag 1.41 0.49

Notes: Log likelihood ratio for intercept and covariates = 222.05, Chi square for
Covariates = 94 43

a Commodities other than iron ore, coal or grain. Coal and grain voyage
failure probabilities are estimated by setting the iron ore and other
commodites variables to ZEr0,

Source:  BTCE estimates based on Lloyd's voyage data,

.. Pr(Ship fails) = eB'x/(1 4 efx)

where B is a vector of ¢
variables

ST vector B is estimated by maximum likelih
Dalysis i described in several books s




Probability of faulure

Age (Years)

Figure 1 Results of Logit Analysis for Ships Carrying Iron Ore from Western
Australia to Europe Compared with Coal and Grain Voyages.

The most useful of the logit analyses are those that allow testing of the combined effect
of the explanatory variables Table 9 shows the result of one such analysis combining
route, age, flag and commodity. Size was not included because it was not significant
when tested on its own or with other explanatory variables. Dummy variables were used
for commodity, routes and flag. Age was included as a continuous variable

Although table 1 implies that iron ore is more significant than other commodities as an
indicator of failure probability, the results in table 9 imply that iron ore and other
commodities have similar effects on failure risk The three routes included in the
analysis are predominantly iron ore routes. Thsi suggests that much of the effect of iron
ore on failure probability is included in the route parameters Because of the small
number of failures it was not possible to fully separate the effects of routc and

commodity

The results saggest that the major factors contributing to structural failure are routs,
commodity and age of the ship. Although flag is significant, it has a lesser contribution
to failure risk than route or commodity.

The results of the analysis are illustrated in figure 1. Three cases ate shown Two are
for ships carrying iron ore from Western Austalia to North Europe, one for ships
sailing under a 'good' flag and the other for ships sailing undet a 'bad' flag.. The third
case is for ships carrying coal or grain on other routes and sailing under a ‘good’ flag
The carriage of iron ore on the Western Australia to North Earope route increases the
risk to significant levels or above that facing a ship of 24 years carrying coal or grain If
the ship also flies a flag of one of the registries allocated to the bad category, the risk is




increased further The coal and grain  and the iron ore with the bad flag curves in
figure 1 represent the extreme cases estimated by the modei

In figure 1, ships sailing under 'bad’ flags have a risk of failure equal to that of a ship
six years older sailing under a ‘good’ flag. Alternatively, on average ships sailing under
'bad’ flags tend to have an effective age six years older than a ship sailing under a 'good’
flag. The ratio of the change in prob

to Northern Europe route is much larger than the ratio between bad and good flags
suggesting that choice of route has a much greater impact on failure risk than the flag of
the ship.

The probability of failuze predicted by the analysis should not be considered reiiable
The confidence limits of the i

failures could change the probabilities matkedly., The value of the model is in
illustrating the relative strengths of the variables. For example figure 1 illustrates the
major effect that choice of route has on failure probability.

6 Conclusion

. The results of the statistical analysis confirm what has been suspected for several
. years:age and commodity play an important role in the structural failure of bulk ships,
Route also plays an important role It has not been possible to separate the effects of
. commodity and route High risk of failure is probably a combination of the two The
. high stresses imposed by carrying high density commodities such as iron ore are
by the additional stresses imposed by extreme weather conditions

. Although the flag a ship sails under can be an indication of ship condition it is by no

-means as strong an indication as is often suggested. Identity of owner is likely to be a
etter indication, but the information available did not ailow such an analysis to be
nade in this study. '
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