Oil Tanker Simplified Fatigue
Assessment with Inspection and
Repair Approach and Parameters

Ozgur Ozguc

The occurrence of cracks in the hull structure of oil tankers
is an important concern for the maritime industry because crack
propagation will reduce collapse strength of deck-stiffened
panels and, consequently, decrease the ultimate hull girder
capacity of ship’s structures. Fatigue is an important design
criteria for ships to ensure a sufficiently high safety level. Fatigue
life predictions of ship’s structural details have traditionally been
carried out using S-N approach and the Palmgren-Miner’s rule.
The principal objective of such approach is to estimate the time
to failure in order to ensure a satisfactory design lifetime of
ship’s structural components. Potential cracks are considered to
occur in the side shell, in the connections between longitudinal
stiffeners and transverse web frame. The main objectives of the
present study are to evaluate the fatigue life of vessel’'s amidships
using the simplified fatigue method, which is based on DNVGL-
CG-0129 “Fatigue Assessment of Ship Structures” in order to
determine the main cause of the observed cracks on the single
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skin oil tanker. Fatigue assessment was based on worldwide
trade. Longitudinal stiffeners at transverse frames amidships are
considered. The results show that fatigue life is generally above
20 years; however, analysis has revealed that the fatigue life of
typical stiffener transitions in the side shell is below 20 years. The
fatigue lives of side shell longitudinals are regarded as normal for
ships built in the period between 1980 and 1990 with extensive
use of high tensile steel in the side shell. Inspection and repair
proposals of details with fatigue lives below 20 years are advised
accordingly. Findings of fatigue analyses provide remaining
life assessment, inspection plan definition, determination of
repair and modification solutions, and avoiding integrity issues
resulting in production downtime and hot work or dry dock.

1. INTRODUCTION

The problem of fatigue has been very critical for ship owners,
designer, and classification society. The assessment procedure for
fatigue strength is a very complicated and time-consuming job,
but for maintenance purposes, it is a very critical item (Ozguc
2017a, 2018a, 2020a). The fatigue damage of structural details of
ships is of great importance in the shipbuilding industry as they
can result in cracks that can jeopardize the structural integrity
(2021). Ozguc (2017b) studied long-term loads and fatigue
damage accumulation for various trading routes relative to North
Atlantic operations based on IACS scatter diagram for a 216,000
m3 LNG vessel. Ozguc (2020b) studied the conversion of an oil
tanker into FPSO to be operated in the Gulf of Mexico (GoM),
considering fatigue simulations. The analyses covered a check of
the longitudinal material amidships and were applied according
to the approved drawings ‘as measured’ scantlings taken from
UTM measurements.
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Recently, in the shipbuilding industry the value of fatigue
strength verification has continued to grow. In particular,
the verification of the fatigue strength at welded joints,
structural discontinuities, etc. will take place during the initial
design process for hull structures of the ship (DNVGL Rules
for Classification Ships, 2020). Blagojevi¢ and Domazet (2002)
provided a comparison between the simplified methods used
by classification societies Bureau Veritas, Det Norske Veritas
and Lloyd's Register of Shipping for the assessment of ship’s
structural components on a bulk carrier. Fatigue damage in
combination with transverse structural elements is computed for
a few longitudinals.

Lee (2013) performed the fatigue capacity for the structural
connections such as supports and piping holes installed on
the main deck, various supports for access inside the tanks and
ladder supports for access inside the tanks. Det Norske Veritas
(DNV) fatigue assessment procedure was employed that could
be assessed more easily with some additional assumptions and
idealizations. Parunov et al. (2013) studied the fatigue life of
deck longitudinals of oil tankers. During the inspection of two
tankers, long-term corrosion effects were modelled based on the
regression equation fit for measuring thickness. A comparison
was given of fatigue experiments performed using linear
mechanics of fracture and S-N approaches.

The major classification societies have already published
their fatigue evaluation notes. They discussed the "fatigue
assessment of ship structures" in the DNV classification notes,
which describes the fatigue assessment process and simplifies
methods. Finally, the use of real ship data and reliability of the
results were tested in the fatigue study performed by Chen et al.
(2012).

In addition to stress ranges that include material type,
average and residual stresses, fabrication factor including the
quality and weld defects, and ultimately the size and thickness
effects of the plate, Fricke (2017) discussed the factors affecting
fatigue strength. Fatigue strength evaluation methods primarily
used on ship structures were subsequently addressed such as
S-N approaches in accordance with the Palmgren-Miner rule
for instance nominal, structural hot-spot approaches and notch
stress approaches.

Garbatov et al. (2016) evaluated fatigue capacity and
reliability assessment based on various local structures of the
complex double-hull oil tanker vessels. Lotsberg (2019) has
provided an overview of the evolution over the past 40 years of
fatigue quality requirements for marine structures. The need for
fatigue design of ship structures increased as more high-strength
steel was being used in these structures during the 1970s.

A review of some recent developments on the aging effects
of structural integrity of ships was provided by Jurisi¢ et al.
(2017). The paper deals with the application of non-linear finite
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element analysis as a suitable method for collapse assessment of
uniaxial loaded plates and stiffened panels of vessel structures
weakened by non-uniform corrosion degradation and fatigue
cracks. Experimental studies were also reviewed to gain a better
understanding of the recently found degradation of mechanical
properties of corroded steel.

Corrosion and fatigue cracks are the most important
degradation effects of ship structures. Both of the aging effects
have strong implications for virtually all related failure modes
such as rising stress levels and weakening of ship’s structural
strength. A very large crude oil carrier's corrosion-related impact
on the ship's hull was investigated by Van and Yang (2017).

Yamamoto et al. (2018) evaluated the fatigue strength of
welded joints in long life service as per calculations of corrosion
fatigue crack propagation exposed to random loadings that
followed an exponential distribution. Chichi and Garbatov (2019)
investigated the efficiency in recovering the structural capacity
of a double bottom side girder plate of an oil carrier, considering
the probability of failure and cost associated with the retrofit
of the plate. The Monte Carlo models were used for the non-
uniformity of the corrosion degradation.

Ozguc (2020c) researched on the cyclic loads while drilling
caused the initiation and growth of cracks in oil tubulars. It was
discovered that the fatigue failure could have been caused by
the cyclic load level and number of load cycles. Ozguc (2020d)
aimed to focus on the comparison of fatigue damage capacity
for side shell longitudinals under the effect of hull girder bending
and pressure in combination. Fatigue assessment methods were
considered components of stochastic and full spectral analysis of
an FPSO vessel.

Ozguc (2020e) described fatigue analysis procedures
supported by a developed tool to be used in the calculations.
Three details of local fine mesh models such as deck erection
butt weld, longitudinal stiffener through web-frame, and bottom
erection butt weld were analyzed.

The main objectives of the present study are to evaluate the
fatigue life of the vessel’s midships using the simplified fatigue
method based on DNVGL-CG-0129 “Fatigue Assessment of Ship
Structures to determine the main cause of the cracks observed
on the single-skin oil tanker. The fatigue assessment was based
on worldwide trade. Longitudinal stiffeners at transverse frames
amidships are considered. The results show that the fatigue life
is generally above 20 years; however, the analysis has revealed
that the fatigue life of typical stiffener transitions in the side shell
is below 20 years. The fatigue lives of the side shell longitudinals
are regarded as normal for ships built in the period between
1980 and 1990 with extensive use of high tensile steel in the side
shell. Inspection and repair proposals of details with fatigue lives
below 20 years are advised accordingly.
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2. OVERVIEW OF OPERATIONAL CRACKS AND REPAIRS

The fatigue calculations are carried out for a single oil
tanker vessel with the main characteristics as listed in Table 1.

Table 1.
Vessel's main particulars.

Description Dimension
Length between perpendiculars 225m
Breadth moulded 42.6m
Depth moulded 19.6 m
Draught (design moulded) 13.7m
Displacement (fully loaded condition) 104,059 (ton)
Lightship weight 15,541 (tons)
Block coefficient 0.81

Vessel service speed 14 knots

Many cracks in the side shell were detected at the tripping
brackets in both the cargo and ballast tanks. Figure 1 shows that
the crack was initiated in the weld between the bracket toe and
the stiffener flange. According to the operational information,
most cracks were found in the side shell both in ballast and cargo
wing tanks, and a few cracks were found in the longitudinal
bulkhead at center cargo tank. The cracks in the side shell
stiffeners propagated through the stiffener web and into the
side shell plating. Further, the design shows that all tripping
brackets in the side shell were welded with overlap to the side
longitudinals. This increases stress concentration and reduces
fatigue life significantly (up to 40 %).

Based on previous experience with large tripping brackets,
large brackets represent large local stiffness. Relatively high
stress concentration factors were found in the bracket toe and
heel. Normally, the heel of brackets is the worst hot spot of one-
side bracket details, but no cracks were discovered in the heel
for the tripping brackets on this ship. Experience with tripping
brackets on other vessels indicates that these details may crack
in the toe as well as in the heel (Tanker Structure Co-operative
Forum, 2011).

Figure 1.
A typical crack at the toe of the tripping bracket (Tanker Structure Co-operative Forum, 2011).
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A few tripping brackets in the side shell were repaired over
the last two years. The longitudinal stiffeners were partly cropped
out and renewed. New triangular brackets (350 x 350 mm) were
inserted at the bracket toes. The details that cracked are close
to the neutral axis, and both vertical and horizontal bending
moments will give small contributions. The lateral dynamic
pressure is small as long as both the center cargo tank 7 and wing
cargo tank 5 are either full or empty.

In the ballast wing tanks, cracks were identified in the slots
at various locations. Figure 2 shows a crack below the stiffener
flange between the stiffener web and the transverse web frame

on the opposite side of the lug. Local corrosion is also evident
from the picture and may give rise to corrosion fatigue in the base
material. These web frames were partly cropped and renewed at
the locations of the crack (longitudinal stiffener number L25).
Cracks in the slots (at the web collar plates) were also found
at other locations in the ballast tank, but these positions are
not clearly specified. The web frames were partly cropped and
renewed. Various cracks were identified and repaired over the
past two years. The ship had been trading for around 19 years.

An overview of the cargo tanks and ballast tanks and the
cross sections investigated is shown in Figure 2.
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Figure 2.

Overview of cargo tanks (not marked) and ballast tanks (blue) and the cross-sections investigated. Frame 260 is a

transverse bulkhead, while 240 is a typical frame.
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Figure 3.

Top view of a longitudinal stiffener in the side shell presenting typical hot spots. The plate refers to the side shell plating.
The scallop is also referred to as the heel, while the other marked hot spots are referred to as the bracket toes (DNVGL-

CG-0129).
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Calculations were carried out by using the parametric
formula according to DNVGL class guidelines (CG), Fatigue
assessment of ship structures, Document code: DNVGL-CG-0129,
and loading conditions. Normally, maximum loading and ballast
condition may be used. The stress components were combined
using correlation coefficients in order to take phase relations
between the different loads into account. The coefficients are
dependent on which loads are combined and the location of the
stiffener. Stress concentration factors (SCF) were computed using
parametric formulas taken from DNVGL-CG-0129 that includes
typical transition details. The total SCF, K, is typically determined
in the following way:

K=K -K,-K K (M

where,

K, = Geometric SCF due to geometry of the detail.

K, = SCF due to the presence of a weld = 1.5 as default

K = SCF due to skew bending of an L-profile (parametric formula)
K, = SCF due to an eccentricity, e.g. an overlap

The Kg depends on type of loading; hence, Kg from axial
tension/compression may be different compared to Kg from
lateral pressure or relative deflection. K is only included for
lateral pressure (but could be relevant for axial tension in case of
snipped stiffener flange). Typical locations are bracket toes and
scallops, as shown in Figure 3.

3. BASIC ASSUMPTIONS AND SIMPLIFICATIONS

The most important assumptions and simplifications are
given as follows:
. Wave environment for typical worldwide trade was applied.
. Zero mean stress was assumed, meaning that the mean
stress reduction factor, fm, was set to 0.85. The mean stress
reduction factor of 0.85 is an average value and was assumed to
represent the actual condition.
. The cargo tanks were assumed uncoated.
. When the cargo tank is fully loaded condition, the tank is
assumed to carry sweet crude oil 50 % of the time (SN-curve in
air) and sour crude oil 50 % of the time (SN-curve for corrosive
environment).
. When the cargo tank is empty crude oil washing is assumed.
This gives corrosive environment 50 % of the time (sour oil) and
as in air 50 % of the time (sweet oil).
. The ship is assumed to be in fully loaded condition 45 %
of the time, in ballast condition 40 % of the time and in harbour
condition (no fatigue damage contribution) 15 % of the time
. Efficient coating for a period of 10 years was assumed in
the ballast tanks since the coatings have been rated as “fair”
(according to the ISO definition).

. The relative deflection was included at the transverse
bulkhead at frame 260.

. The fatigue calculation was based on the “as built”
dimensions.

. An additional K_ = 1.15 factor due to overlap of bracket on
L-profiles was included.
. K. is defined as additional stress concentration factor due

to eccentricity tolerance (normally used for plate butt weld
connections only).

. The non-linear splash zone (wet/dry zone) is accounted for.
. Density of oil was set to 0.91 tons/m* and water was 1.025
tons/m?.

The fatigue life in the present study is described as the
crack initiation time such as crack starting to grow perpendicular
to the main stress direction. This is less than the time it takes for
a crack in the weld toe (the SN-curves used are valid for the weld
toes) to grow through the thickness of the material. A crack may
grow further before it is detected by visual inspection such as
100-200 mm.

4. OVERVIEW OF ACTUAL DETAILS

The details considered in the present study represent
the worst details with respect to fatigue for the current vessel.
For clarification, the investigated details consist of a few basic
connections.

For the tripping bracket in the bottom shell shown in Figure
4, the following SCFs are used:

Hot spot 1:
K,=K-K, =21 .,
Kyenaing = K, K, = 2.4 (Iateral pressure)

Hot spot 2 (radius of 50mm):

K =K-K,=2.12

axial

Kypnang = K, K, = 2.62

bending

According to the tabulated stress concentration factors
(SCF) for tripping brackets given in DNVGL-CG-0129, the highest
SCFis located in hot spot 2. Hot spot 1 is given a reduced bending
moment from lateral pressure. Maximum bending moment is
used for hot spot 1 in the present study (based on experience
with large tripping brackets in the finite element analysis). In
addition, the crack is observed in the bracket toe instead of the
heel. This means that the real SCF is larger at the toe than at the
heel. Based on this, hot spot 2 is used to represent the fatigue life
for the bracket toe.
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For the tripping bracket in the side, deck, and longitudinal
bulkhead shown in Figure 5, the following SCFs are used:

Figure 4.
Tripping bracket on top of T-profiles in bottom floors. The
scallop is assumed with a radius of 50mm.

Figure 5.
Tripping bracket with overlap (L-profiles) located at deck,
side and longitudinal bulkhead.

Hot spot 1:

Ky =K:K, -K=2.1-1.15=2.42

axial

Kopmiing =K, K"K =2.4-1.15-K =2.76 K,

bending
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Hot spot 2:

K=K K, K=212-1.15=2.44

axial

Kopgng = KK, -K=2.62-1.15-K =3.02-K

bending

The K factor depends on the L-profile dimensions and
varies between 1.3 and 1.8 for the investigated details.

For the transition detail in side, deck, and longitudinal
bulkhead shown in Figure 6, the following SCFs are used:

Hot spot 1:
K. =K-K=18
axiai g w (6)
Ky =K K K =1.8-K
ending g w n n
Hot spot 2:

axial — ‘g 'w ° 7)
Koo =K K K =1.8-K
ending g w 'n n

Hot spots 1 and 2 will have the same fatigue life and
represent the same hot spot on two different frames. It should
be noted that these SCFs represent the SCF in the web of the
longitudinals and not the web frame scallops. The K factor
depends on the L-profile dimensions and varies between 1.3 and
1.8.

The last detail is a common bracket detail. A detail without
overlap typical for bottom longitudinals is presented in Figure 7.
For the common bracket detail, the following SCFs are used:

Hot spot 1:
K. ,=K-K =21
axiai g w (8)
Koo = KK, -K =2.4-K
ending g w n n
Hot spot 2:

K =K-K,=2.12

axial

Koping = KK, K =2.62 K

bending

For the details with overlap, the K-factors are multiplied
with the factor of 1.15. The factors become the same as for the
tripping bracket with overlap. The main difference is that the
maximum stiffener bending moment is located 2/3 of the length
into the bracket. This means that the moment at the bracket toe
is lower, where a reduction factor r is used from DNVGL-CG-0129.
Hot spot 2 then becomes significantly worse than hot spot 1. At
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the transverse bulkhead, double-side brackets are fitted in the
side shell. In this case, hot spot 1 is located on the transverse
bulkhead and hot spot 2 is located at the adjacent frame.

4 4

Figure 6.
Typical transition detail at deck, side, and longitudinal
bulkhead.

Hiol e

Figure 7.
Common bracket in bottom and side.

5. FATIGUE ANALYSIS RESULTS

The results of fatigue analysis for the different cross sections
are presented. The fatigue lives are illustrated with color boxes
symbolizing different fatigue life intervals. The cross section at
frame 240 is located in the ballast wing tank. The fatigue lives are
shown for a number of longitudinal stiffeners in Figure 8.
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Figure 8.

Representative fatigue lives for frame 240, representing a
typical frame in the ballast wing tank amidships.

In some areas, only a few longitudinal stiffeners were
investigated. The reason is that in these areas the calculations
show that fatigue should not be a problem. Typically, the deck,
bottom, and longitudinal bulkhead stiffeners have calculated
fatigue lives above 20 years.

The fatigue lives in the side shell longitudinals are below 20
years. 20 years are normally regarded as a fatigue target life for
new designs. Longitudinal L31 and L34 have fatigue lives below
5 years. These tripping brackets have already cracked at some
locations. In addition, longitudinal L28, L30, L32, L36 and L37
have fatigue lives well below 20 years.

The external dynamic sea pressure is the dominant part
in the fatigue life calculations of the side shell stiffeners. Other
effects such as internal pressure and horizontal bending moment
contribute to fatigue, but the main cause is the external pressure.
The external pressure taking the dynamics in the splash zone
(partly dry, partly wet area with the passing waves) into account
gives the largest fatigue loads just below the still water line. In
addition, the external pressure at the fully loaded condition
contributes slightly more than the ballast condition to the
fatigue lives in the side shell. The still water line for fully loaded
condition is located approximately at L37. The fatigue life pattern
shows a typical behavior when the external pressure dominates
the fatigue damage.
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The fatigue life pattern is representative for single skin oil
tankers, where high tensile steel is used in the ship’s side and
fatigue has not been assessed in the design process. The fatigue
lives of the side shell stiffeners in the cargo wing tank amidships
will be similar since the external pressure is dominating.

A fatigue life check of the side shell plating was performed.
A rough estimate of the fatigue life for the plate at L31 (17-mm
plate thickness and 900-mm stiffener spacing) shows that fatigue
life is above 30 years with a K-factor of 1.8.

Frame 240 represents a typical frame, where relative
deflection gives insignificant contribution to the fatigue damage.
The transverse bulkhead at frame 260 was assessed in order to
find out how much the relative deflection may contribute for
these frames. There are no longitudinal stringers in the side
shell, which indicates that the relative deflection between the
transverse bulkhead and the adjacent frame may be significant.
The frames also have only small flanges. Based on this, the
transverse bulkhead at frame 260 was assessed. The details
assessed are located in the cargo wing tank 3 forward of frame
260. Hot spot 1 is the bracket toe forward of the transverse
bulkhead, while hot spot 2 is located at the heel of the bracket
on frame 270.

The relative deflection effect was calculated based on
formulas for double skin tankers. It was modified due to the
configuration of the frame with large transverse deck and

OR0000.
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Figure 9.

Representative fatigue lives of stiffeners at the transverse
bulkhead, frame 260. Approximately the same fatigue lives
are expected at the other transverse bulkheads.
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bottom girders. The relative deflection of side-shell longitudinals
was then neglected for L29 and below, and L40 and above. In
addition, relative deflection can be neglected due to a lack of
lateral pressure in the deck and large transverse web frames
in the bottom. The results presented in Figure 9 show that the
relative deflection largely contributes to the fatigue damage in
the side shell stiffeners. Both the external and internal pressure
loads contribute to the accumulated fatigue damage. The fully
loaded condition is much worse than the ballast condition in this
case, and the fully loaded condition itself is sufficient to cause
cracks at the transverse bulkhead even if the local design of the
bracket details at the transverse bulkhead is better than at the
web frames.

The bending effect of the transverse bulkhead due to an
empty tank on one side and a full tank on the other side (or
unsymmetrical details) makes the fatigue calculations more
complex, and a finite element model is necessary to calculate this
accurately. However, the fatigue lives found indicate that even if
this is roughly assessed herein, the relative deflection effect is
considerable at the transverse bulkheads. Cracks have already
been repaired at these locations by fitting additional triangular
brackets (350 x 350 mm).

6. REPAIRS IN PROPOSALS

Repair proposals of different types of details are described.
When considering repair proposals, one should bear in mind that
the aim is to prevent severe cracking during the next 5 years of
trade. Not all of the existing cracks will be found since most of
them are undetectable at this stage and not all details will be
inspected.

The way fatigue is normally handled is that the ship should
follow the required surveys, and when cracks are identified, they
should be repaired. Frequent surveys should be carried out to
identify the first signs of cracks developing, and when cracks are
detected, repairs should be carried outimmediately, as described
in this section. The repair proposals below are not a formal
requirement, but should be treated as present study proposals
for this particular vessel.

7. THE STRUCTURAL DETAILS ALREADY REPAIRED

Cracks have been found and repaired in the following ways:
. Material is cropped and renewed.
. Material is cropped and renewed, and additional triangular
brackets (350 x 350 mm) are fitted to the existing bracket toes.

The principle of reinforcement by additional new triangular
brackets at the old bracket toes is to move the hot spot to a new
location, where the accumulated fatigue damage can start at
zero. The other benefit is that the critical stress concentration
factor is reduced at the new bracket toe due to the softening of
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the toe. The old hot spot, if not repaired, will have accumulated
some fatigue damage, but the crack will grow or be initiated
more slowly because of reduced stress levels.

8. THE STRUCTURAL DETAILS TO BE SURVEYED

The trade, and thereby the loading, are an uncertain
quantity for the ship. The severity of the actual trade is difficult
to determine without the full history, and the trade has large
influence on the fatigue life. There are also some uncertainties to
the quality of the coating and the accurate stress concentration
factors of these different details (DNVGL Rules for Classification
Ships, 2020). It is assumed that the ship was in service for about
19 years in worldwide trade and the future trade will remain the
same. Based on the above, the present study proposes to do the
following:

1. The weld should be evaluated visually with respect to
possible crack locations and size/shape of the weld.

2. Close-up inspection by use of grinding followed by dye
penetrant (DP) or magnetic particle inspection (MPI) should be
performed for the critical details. This should be done since visual
inspection may miss even cracks of considerable size.

3. The critical details are considered to be the details with
fatigue life below 20 years (red, orange, yellow and grey boxes, as
shown in Figures 8 and 9)

For the bracket toes, the inspection proposed is shown
schematically in Figure 10. In principle, this will be the same for
the brackets with overlap, as shown in Figure 11.

Figure 10.
Principle of bracket toe grinding followed by DP or MPI
(IACS, 2017).

Figure 11.
Proposed grinding for bracket toes with overlap (IACS,
2017).

The crack may initiate in principle at three different
locations as seen from Figure 12. It should be noted that the
intention of the grinding above is to improve the fatigue life
of the detail by removing the crack at location 1. The grinding
procedure may reduce the fatigue life at location 3, while the
fatigue life of location 2 will be unchanged. For the scallops
the grinding is proposed as shown in Figure 13. Grinding of the
scallops for brackets with overlap is similar as shown in Figure 14.

Figure 12.
Crack location of welds.
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Figure 13.
Proposed grinding for scallops with overlap (IACS, 2017).

Figure 14.
Principle of grinding of critical weld toes in the scallops
(shown with arrows), followed by DP or MPI (IACS, 2017).

The slots are more complicated. There are more hot spots,
which might be critical depending on the design. In addition,
the stress (principal stress perpendicular +45° to the weld)
makes contributions due to shear, bending, and skew bending

Trans. marit. sci. 2021; 01: 42-55

of the stiffener and shear of the frame. Shear of the stiffener
in combination with shear of the frame indicates that the
longitudinals above the lower part of the vertical frames may
induce the worst hot spots (IACS, Rec 47 Shipbuilding and Repair
Quality Standard - Rev. 8 Oct 2017).

Based on the above, the slots should be checked for the
details shown with grey, yellow, orange and red boxes, with
special emphasis on the slots at the lower part of the web
frame. For midship frames, special emphasis should be given to
longitudinal L30 to L34 in the side shell. Typical hot spots to be
checked are presented in Figure 15. This slot represents type “J”
on the midship drawing, which seems to be a quite good detail
except for hot spot 1 (denoted HS1) and hot spot 2. Hot spot 4
is of the recommended design used in order to move the stress
flow away from the toe.

Figure 15.
Typical critical hot spots for slot of the “J” type.

Similarly, the slot of type “H"is also used in the critical areas.
This is presented in Figure 16. Typically, HS1, HS2 and HS3 will
be the worst. There are also a few other details of concern that
were not investigated in the present fatigue analysis, but which
may crack according to experience with similar vessels. The first
detail is the bracket toe of the large brackets on the web frame,
schematically shown in Figure 17. Hot spot HS2 will normally be
the worst since it is exposed to the largest external pressure, but
also the other three might be critical. The rest of the bracket toes
in the frame are less critical.

The other type of detail is located at the longitudinal L4 in
the bottom adjacent to the transverse bulkhead. This is a bracket
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Figure 16.
Typical critical hot spots for the slot of “H" type.

toe detail exposed to relative deflection, as shown in Figure 18..
The relative deflection effect is small for the bottom stiffeners;
however, it is connected to a detail with significant longitudinal
stiffness, hence these two effects make this detail probably the
worst detail in the bottom. It is proposed to check the bracket
toes at HS1 and HS2 at the transverse bulkhead, Frame 260.

Figure 17.
Critical frame details of concern.

Figure 18.
Vertical girder at the transverse bulkhead and two critical
details.

9. GRINDING AND INSPECTION

The grinding depth should be kept to a minimum to avoid
reducing the strength of the weld and the surrounding material.
One should make sure that the throat thickness is sufficient
for grinding. The depth should be maximum 2 mm or 10 % of
the thickness, but it might be enough with 0.5 mm to Tmm in
order to perform DP or MPI. When an initial crack or undercut is
observed, grinding should extend 0.5mm below the bottom of
any visible undercut. If the depth exceeds 2 mm or 10 % of the
thickness, repair welding is proposed (IACS, 2017).

MPI is preferred when practical for the different details
since this procedure is more sensitive to cracks. Even cracks
hidden down to Tmm may be found by MPI. MPI and DP fail
to identify the root failure of fillet welds. It is emphasized that
coating is important after grinding or, else, the effect of grinding
in a corrosive environment will be reduced to zero.

10. REPAIR PROCEDURES IN PROPOSAL

When cracks are found, they should be thoroughly recorded.
The normal way is to refer to the frame number, longitudinal
number, and indicate if the crack was found in the bracket toe,
scallop or slot. For the purpose of experience feedback, verifying
the crack cause, improving repair plans and inspection plans, the
exact hot spot should be identified. When a crack is identified,
the proposed repair is to gouge out the crack. Before welding,
the gouged area should be cleaned by grinding 1 mm deep in
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order to remove slag effects. MPI should be performed again
to make sure that the crack has been removed completely. The
new weld is proposed with full penetration for bracket toes and
scallops in order to avoid root failure. The throat thickness for
fillet welds should be 3-5 mm larger in order to move the hot
spot slightly away from the old hot spot, which might already be
initiated and missed by the above mentioned procedure. Two-
pass welds should be used to get the wanted weld dimensions.
The procedure is schematically shown for the slot in Figure 19.

If cracks at HS1 in the slot are a severe problem based on
the inspection, an alternative procedure is to crop out some of

Figure 19.
Gouge, grind, and weld with larger throat thickness in
order to restart fatigue life.

Figure 20.
Improved slot design of a critical hot spot.
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Figure 21.

Principle for resetting fatigue life of bracket toes and
scallops. For brackets with overlap, fillet welds are used
instead of full penetration (IACS, 2017).

the material and grind to improve the local design at the hot
spot. Figure 20 presents an improved design of this detail. For
thesehot spots, a small change in the design has a large impact
on the fatigue life. Additional repairs as above may be necessary
when cracks are found.

A similar procedure for the bracket toe is shown in Figure
21. It also shows that it is advised after welding to grind the weld
toe and then coat. This will approximately double the fatigue
life compared to not grinding after welding as long as coating is
maintained. This procedure may be relevant for the critical details
with the lowest fatigue lives such as L31 to L38 on the transverse
bulkhead.

The previous repairs at the transverse bulkhead, frame 260
consist of fitting small 350 x 350 mm brackets at the bracket toe.
Fatigue life for these details may not be sufficient for the next 5
years. If cracks at the transverse bulkhead are a severe problem
based on the inspection, an improved design of the brackets is
proposed. The old brackets may be removed and new ones fitted.
The improvement consists of a smooth bracket toe termination
on both sides, as shown in Figure 22. It is preferred that also the
backing bracket (on the other side of the bulkhead) is welded
on top of the flange to avoid eccentricities. To ease fabrication,
only two types of brackets may be used amidships even if the
transverse horizontal bulkhead stiffeners are of different sizes
(Tanker Structure Co-operative Forum, 2011).
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Figure 22.

Old bracket design above and new improved bracket design (Tanker Structure Co-operative Forum, 2011).

11. CONCLUSION

As fatigue failure can occur at very low stresses with little
warning, this mode of failure is often overlooked in the design
and the consequences are frequently catastrophic. Fatigue life
predictions of ship’s structural details have traditionally been
performed by S-N method and the Palmgren-Miner’s law. The
findings of fatigue assessment are influenced by several aspects
of cost and safety, including the quality of connection materials,
quality of welding fabrication, frequency of inspections and
repairs, consequences of potential fatigue failure, and residual
strength of partially damaged structural systems.

The calculations resulted in fatigue lives below 20 years at
the side shell longitudinals all along the vessel, while the bottom
(with T-profiles) and deck have fatigue lives well above 20 years.
The results are representative for single-skin oil tankers, where
high tensile steel is used in the side shell without considering
fatigue in the design phase. The remaining target fatigue life is
defined to 5 years (i.e. 25-year-old vessel). The vessel has been
in service for approximately 19 years, but the complete history
of the trade is not available. It is indicated that the trade has
been less severe than worldwide, upon which the calculations
have were based. Based on the trade, with the prior reported
inspection findings relating to crack history, it is proposed to
thoroughly check the details with calculated fatigue lives below
20 years.

Based on experience, itis advised to inspect a few additional
details. The first detail is located at the bracket toe in the lower
part of the side shell frame. The second hot spot of concern is
located at the bracket toe on top of bottom longitudinal L4 in
connection with the vertical girder on the transverse bulkhead. In
the process of seeking for cracks, grinding should be performed,
followed by MPI or DP. MPI is preferred. When a crack is not
found, the ground area should be coated. The remaining fatigue

life should be sufficient. When a crack is found, the crack may be
repaired in the following way: a) gouge the crack/weld, b) grind
the gouged area for defects, slag, etc.,, and perform MPI again,
c) weld with larger throat thickness and d) coat. The weld seam
dimensions should be increased using two-pass (or more) welds.
This will move the old hot spot and reset the fatigue life.

The cracks detected should be recorded and used as
a decision for further work. For the tripping bracket design,
additional triangular brackets of 350 x 350 mm are found
satisfactory for the remaining fatigue life. Modified design of
the transverse bulkhead brackets has been proposed. For other
details, resetting the fatigue life by gouging, grinding, welding
and coating is found acceptable. Material that has been exposed
to heavy corrosion, especially in fatigue critical areas such
as the web frames around the slot, should be renewed. This
should be based on the performed thickness measurements
and inspections. It is emphasized that, in order to obtain the
target fatigue lives, it is highly important to perform the repairs
according to the best workmanship procedures.
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