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1 INTRODUCTION

The MAIB is conducting an investigation into the loss of the keel and capsize of a Comet 45S sailing yacht,
“Tyger of London’ whilst sailing off Tenerife on 7" December 2017. The MAIB would like to establish the
following:

e The yacht’s keel design assessed to the International standard (ISO 12215-9:2012(E))
e The yacht’s keel manufacture versus designers intent
¢ The possible sequence of failure of the keel structure

The keel design includes a rectangular shaped ‘top plate’, the edge of which contains 16 bolts to attach to the
yacht frame. Within the centre of the top plate are 12 threaded holes following the aerofoil shape of the keel.
When in-service the mass of the keel hung from 12 rods threaded into the top plate, and partially welded.
When the vessel was recovered it was noted that the top plate had remained attached to the yacht, it was also
noted that 8 of the 12 rods had failed within the plate, and 4 threaded holes (centrally located) had been stripped
and were empty.

This programme of work has been carried out broadly in accordance with Wolfson Unit proposal no. 4729 and
includes contributions from both nC? and the Wolfson Unit.

2 KEEL DESIGN ASSESSED TO 1SO 12215-9:2012

The drawing, design information and photographs received from MAIB of the vessel have been reviewed using
the International Standard ISO 12215-9 static load cases (ref. 1). It must be borne in mind that the standard
was not in place at the time when the vessel was constructed but the standard does follow on from previous
standards such as the ABS guide (ref. 2).

The design and method of construction of the vessel’s keel and associated structure is atypical of keel design
options envisaged within the ISO standard, therefore interpretation of the results of this simplified comparison
should only be used with caution.

The keel design incorporates significant use of welding in areas of high stress and the standard states that it
“presumes a certain relationship between static strength and fatigue strength, which is generally preserved for
unwelded metals of modest static strength and low stress concentration effects. However, for welded structures
and poor detail design/fabrication, compliance with the “static” load cases cannot guarantee that fatigue failure
will not occur. In such cases, an explicit fatigue life assessment or inspection regime shall be considered.”

It is also noted that the standard states ‘“The operational life of the craft is assumed to be 8 million stress cycles.
This is based on an assumed operational envelope various times on different points of sail, average tacking



times for beating, average rolling periods for downwind, typical wave encounter periods, estimated heel angles
and is only intended to be representative. This corresponds to about 25-30 years of moderate-to-high usage
recreational sailing or about five years of very extensive ocean racing (one, 30 000 NM, competition plus
associated training and preparation annually). This is 15 % of the figure of the number of cycles normally used
in ship fatigue assessment.” The MAIB have reported the yacht’s lifetime mileage to be in excess of 30,000
NM which is in-line with these “operational life” values.

This short study does not attempt to assess the keel structures fatigue life, but it is worth noting that:
¢ The keel rods have welding in high stress areas (i.e. at the junction with the top plate) which will lower
the fatigue life.
® Due to the design of the keel, in service inspection of the welded areas was not possible.

The ISO 12215-9 focuses on two keel load cases for the assessment of ‘keel bolts’:

e Load Case 1: represents a 90° knockdown, the point at which there is typically the highest transverse
bending load at the keel root.

¢ Load Case 4: represents a grounding event.

The program adopted for this assessment to the standard load cases was ‘Keel Checker’ (ref. 3), developed by
a member of the ISO 12215 working group (TC188).

For this vessel, load case 1 has been focussed upon as there was insufficient internal hull structural information
available for a valid load case 4 assessment.

The vessel has been assessed in the ‘as designed’ configuration and the following assumptions have been
made:

¢ Only the rods contribute to load sharing.

e A limiting design stress of 310MPa, which equates to 0.5 times the Ultimate Tensile Strength (UTS)
of AISI 316 annealed and cold drawn bar in an un-welded state. This value is the minima of the yield
strength and UTS and has been used in the absence of any declared material properties.

e Keel rod locations as per Figure 1
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Figure 1 Keel rod locations

For comparison, the same assessment has been conducted on the top plate bolt fixings that attached the keel
plate to the vessel itself.



Limiting Level of
Design Stress| Compliance
Conditions Mpa Factor
Keel Rods (all intact) 310 1.12
Top Plate Bolts | 250 | 1.67
Keel Rods (6, 7 removed) | 310 | 0.93

Table 1 Load Case 1 assessment

Table 1 presents the results for the assessment of Load Case 1 which shows that the keel rods have a level of
compliance of 1.12 where greater than 1.0 means compliance with the standard using this static analysis based
on un-welded material properties and in the absence of further information. It must be borne in mind that due
to the welding and fabrication nature of the design it would need further assessment of its fatigue characteristics
for complete assessment to the standard, hence this result must be used with caution.

The through hull bolting arrangement of the top plate to the vessel was also assessed and this aspect of the
design provided an adequate level of compliance.

An assessment was also conducted with rods 6 and 7 removed this showed the ratio of compliance reduced
below 1.0, indicating non-compliance with the standard. This does not mean that there would be a failure but
indicates that the factors of safety are insufficient.

3 DEVIATION IN MANUFACTURE FROM THE DESIGN INFORMATION

3.1 Information Differences
The following deviations between the ‘as manufactured’ and the ‘as designed’ configuration have been noted
as follows:

e The design drawings do not indicate welding of the side plates to the keel plate. There is evidence of
partial welding of the side plates on the underside of the keel plate.

e A hole in the top plate leading to a well/sump in the top of the keel has not be incorporated.

e There was very limited information in the drawings in relation to the thread(s) detail at the top of the
rods and in the keel top plate.

® A conflict exists in the detailing of the rod 1 in different drawings.

e The side plates between rod 12 and rod 10 and 11 are different to those drawn.

e A reasonable level of information has been provided to the specification of the top plate fixing bolts
including dimensions and minimum structural properties such as Ultimate tension and yield strength,
but this level was not replicated for other elements, as there are no structural properties detailed for
the plating and rods over and above ‘AISI 316°.

3.2 Observationson Keel Construction
Due to the nature of the design, once the keel structure is cast in lead there is no opportunity for post build
quality control.

There are sufficient ambiguities in the drawing information to warrant clarification as to how to manufacture
keel internal structure. For example, as the manufactured rods were threaded and screwed into threaded holes,
it is not clear if the rod(s) were to be bent prior or post threaded insertion.

The drawings would require a greater level of detail in order to inform a welder or fabricator using standard
recognised notation.



The rods were only welded on the outboard side; it is not clear if this could have been the result of difficulties
in manufacture and/or inconsistencies in the quality control processes.

4 POTENTIAL SEQUENCE OF EVENTS

A summary of the potential sequence of events prior to final failure is listed Table 2 below, with a more detail
discussion included in Appendix 1. The investigation has been based on a visual inspection of the remaining
keel top plate. It is estimated that wear in the most heavily loaded rods (6 &7) has been occurring since first
usage, but fatigue (of the fractured rods) would not have started until the fatigue limit of the material was
reached — i.e. once the loads had increased due to load sheading. Assuming 1 um striation spacing (not
measured) then a 30mm rod would have taken 30,000 cycles to fail. It is likely the fatigue propagation occurred
mostly in parallel but assuming they failed in a non-overlapping sequence, then the max cycles to failure would
have been approximately 240k cycles.

Stage Rod locations Failure mechanism Comment

Since first usage 6&7 Wear due to freedom of | 6 & 7 would have failed
movement within un- | prior to 5 and 9 as they
tensioned threaded joints | had the largest moment

After significant wear of | 5 & 9 Wear due to freedom of

6&7

movement within un-
tensioned threaded joints

Since loss of load

12 and 10 then 11

Fatigue failure. Reverse

All displayed

failure

bearing capability of 6 & | 8 bending occurred on 1, | macroscopic features

7 allowing the fatigue | 1 and 3 then 2 2, 12. Unidirectional on | consistent with fatigue

limit to be exceeded 3, 8 and 10. Tension- | and post fracture
tension on 11 damage such as wear

Final fracture 4 Tension-tension fatigue | Fatigue macro features,

no post fracture wear

Table2 Summary of failure

5 CONCLUSIONS

A brief external non-destructive as-received examination has been carried out on the 12 rod sites found on the
supplied keel top plate removed by MAIB from the capsized Comet 458 sailing yacht, ‘Tyger of London’.

As far as could be practicably ascertained within the given inspection time the yacht’s keel had not been
manufactured to meet the designer’s intent, in that the welding was not completed all the way round each rod.
However the design did not take into consideration the access to weld during manufacture and did not highlight
the importance of the quality (which would have required multiple passes) nor the size of the welds (no weld
notation provided detailing leg length or throat thickness).

It was determined, through examination of the keel structure and fracture surfaces present that the failure most
likely started by stripping the male threads on Rods 6 & 7 through a tensile-tensile cyclic load brought on by
normal keel loads. The failure occurred because the rods were not securely fixed to the top plate via either:

e a fully welded joint,

e or a tensile pre-load from a bolted joint.

Therefore under local tensile-tensile loading there was relative movement between the rods (6 and 7) and the
top plate, which led to thread flank wear which increased the freedom of movement. Once the load was no
longer supported by the central rods, load shedding and cyclic deflections failed the remaining rods.

A simplified structural static analysis of the keel rods in isolation predicts compliance with ISO 12215 part 9,
but the method of attachment makes the application of such an approach to the evaluation of this design
inappropriate.



The design of the keel does not appear to have included any significant allowance for the impact of welding
on the fatigue life of the structure, as stated in ISO (ref. 1).
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1. Introduction

The MAIB is conducting an investigation into the loss of keel and capsize of a Comet 45S sailing
yacht, ‘Tyger of London’. The MAIB would like to establish the following:

e Item 1: The yacht’s keel design vs International standard (1SO 12215-9)
e Item 2: The yacht's keel manufacture vs designers intent
e Item 3: The possible sequence of failure of the keel structure

The keel design includes a rectangular shaped ‘top plate’, the edge of which contains 16 bolts to
attach to the yacht frame. Within the centre of the top plate are 12 threaded holes following the
aerofoil shape of the keel. When in-service the mass of the keel hung from 12 rods threaded into
the top plate, and partially welded. When the vessel was recovered it was noted that the top
plate had remained attached to the yacht, it was also noted that 8 of the 12 rods had fractured
within the plate, and 4 threaded holes (centrally located) had been stripped and were empty.

Figure 1: Showing plate still attached to hull as the yacht was removed from the
water, image supplied by MAIB.
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Key dimensions were measured and checked against the supplied drawings. It was noted that
all the dimensions relevant to the construction of the keel were correct — see Figure 4. The
expected arrangement of the stiffener plates (shown as thick black lines in Figure 4) was not as
shown in the drawing, see Figure 7. Specifically it was noted that position 12 was welded to
three stiffener plates not two.

Measurements were also taken of the weld arc angles around each rod position, these are shown
in Table 1. It was noted that the welds did not encompass the full circumference of each Rod,
see Figure 5, and was not generally present on the inboard side of the welds — contrary to the
drawings shown in Appendix 1.1.
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Figure 4: Extract from supplied drawings. The sample has been measured. All the
dimensions with a red * are ok. The thickness was measured at 21.22 mm instead of 20
mm. The width of the plate was measured as 257-260 mm instead of 270 mm as in the
drawing.

Table 1: Listing the measured arc of weld at each rod position
Location | Welding arc angle (°) around each Rod position
280

150

155

180

175

170

170

190

170

180

180

310
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—  Position 1

Position 3 -2

Position 5 - 4

Welds only
present on
outboard
side of rods,
not 360°,
see Table 1

Position 7 - 6

Position 9 - 8

Remains
of two
stiffeners

Position 11 - 10

Position 12

[

Figure 5: Image and drawing of plate. Note the different stiffener arrangement.
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Figure 25: Macroscope image of view looking inboard at damaged threads of position 7.
Blue pen dot at base of image provides orientation reference point.

Figure 26: Macroscope image of view looking outboard at less damaged threads of
position 7. Blue pen dot at base of image provides orientation reference point.
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4. Discussion

nC2 has performed a brief external non-destructive as-received examination of the fracture
surfaces found on the supplied failed keel top plate. The plate was removed by MAIB from the
capsized Comet 45S sailing yacht, ‘Tyger of London’.

The keel design includes a rectangular shaped ‘top plate’, the edge of which contains 16 bolts to
attach to the yacht frame, see drawings in Appendix 1. Within the centre of the top plate are 12
threaded holes following the aerofoil shape of the keel. When in-service the mass of the keel
hung from 12 rods threaded into the top plate. It was observed that each rod was partially (Table
1) welded to the plate and also to adjacent stiffeners. There was enough remains of stiffeners
found on the top plate to confirm that they were present and on the whole followed the supplied
drawings. The only notable difference with regard the stiffeners was found in the aft section as

shown in Figure 5.

The drawings (Appendix 1) state “TONDINI ACCIAO INOX AISI 316, ¥30mm FILETTATE
NELLA PIASTRA 20mm?” which translates to “Rods steel stainless AlISI 316, ¥30mm threaded
in plate 20mm [thick]”. The drawings also provide fillet weld symbols (black filled triangles
shown in Figure 42, indicating the requirement for fillet welds to the plate-rod interface on both
the upper and lower sides of the plate. Note current examinations only took place on the lower
face of the plate, however indications suggest that welds were present on the top face for 360
deg circumference of the rod (see Figure 19). The drawing does not explicitly state any details of
the required welds, typically a designer would provide notation (EN 22553, EN 1SO 4063) which
includes details such as throat size (a) and leg length (z) as shown in the inserts provided in
Figure 42. A circle notation is used to show weld all round, however the black filled triangles
shown in the drawings (Appendix 1) are present in both transverse and longitudinal views.

Weld

Number | No weld \

of welds | (length in brackets)
Weld all round

Weld

§ J !
a5 27 I\ 5 x 150 (250) 150

B |

Figure 42: Left: Extract from drawings shown in Appendix 1. Black filled triangles
indicate a fillet weld on the upper and lower surface of rod-plate interface. Inserts: show
typical expected weld notation.
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The welds observed on the lower face of the plate were only welded on the outboard side
(possibly due to limited access) not all the way around the rods. Typically for plate where
thickness is >20mm, a minimum fillet leg length would be 8mm!l, measurements of 4-7 mm
were see on the welds present.

The positions (distance from the centerline) of the rods puts the most in-service loading on Rod
6 and Rod 7. These locations displayed holes where the rods had once been. Evidence in the
form of a sheared thread crest (Figure 27 and Figure 28) found within the hole at location 6
strongly suggested that the bolted joint was moving internally and wearing away the male
threads on the rods. The evidence suggests that positions 6, 7, 5 and 9 all failed in this manner.
Evidently the welds were not sufficient at these locations to prevent movement. The tensile-
tensile cyclic loading would have grown in amplitude as the threads wore; the stresses then
failed the local welded joint in an outboard direction (evidence of this shown in Figure 21 at
position 5).

It is likely that the seal around the keel failed at this point allowing water to enter and fill the
keel; itis hypothesized that the waterline of the boat and its motion allowed the water, and hence
marine life, to flourish toward the aft end of the keel top plate.

The load intended to be carried by the failing bolted joints would then have passed to the
remaining rods, which then subjected to the overall reverse bending loads of the keel motion
quickly initiated fatigue at the outboard sides of the bolts at the highly stressed weld/bolt
interface. Indications suggest that Rod 4 was likely to have been the last rod to have completely
fractured as the remaining fracture surfaces displayed evidence of rubbing contact post fracture.

The root cause of the failure was that the partially welded threaded rods were not the correct
fixing to ‘hang’ the keel from. A threaded joint, especially one expected to be subjected to cyclic
loading of any kind, must be held firmly in tension to prevent movement. A nut used on either
or both sides of the plate, torqued sufficiently (and regularly checked for lack of torque) would
have provided a more fatigue resistant keel fixing. Alternatively if the rods had been left
unthreaded and welded sufficiently (and to a high quality), all the way around their
circumference, with deep penetration (not evident here, see Figure 18) and on both sides, the
joint would have become a solid welded joint not a threaded one — providing a fixing able to
withstand (longer) the imposed cyclic loads.

1 https://www.twi-global.com/technical-knowledge/fags/fag-how-do-you-determine-the-minimum-size-of-a-fillet-weld/
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5. Conclusions

NnC2 has performed a brief external non-destructive as-received examination of the 12 rod sites
found on the supplied failed keel top plate removed by MAIB from the capsized Comet 45S
sailing yacht, ‘Tyger of London’.

As far as could be practicably abstained within the given inspection time the yacht’s keel had not
been manufactured to meet the designers intent, in that the welding was not completed all the
way round each rod. However the design did not take into consideration the access to weld
during manufacture and did not highlight the importance of the quality (which would have
required multiple passes) nor the size of the welds (no weld notation provided detailing leg
length or throat thickness).

It was determined, through examination of the keel structure and fracture surfaces present that
the failure most likely started by stripping the male threads on Rods 6 & 7 through a tensile-
tensile cyclic load brought on by normal keel loads. The failure occurred because the rods were
not securely fixed to the top plate via either:

e afully welded joint,
e or atensile pre-load from a bolted joint.

Therefore under local tensile-tensile loading there was relative movement between the rods (6
and 7) and the top plate, which led to thread flank wear which increased the freedom of
movement. Once the load was no longer supported by the central rods, load shedding and cyclic
deflections failed the remaining rods.
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This document, containing safety lessons, has been produced for marine safety purposes only, based on
information available to date.

The Merchant Shipping (Accident Reporting and Investigation) Regulations 2012 provide for the
Chief Inspector of Marine Accidents to make recommendations at any time during the course of an
investigation if, in his opinion, it is necessary or desirable to do so.

The Marine Accident Investigation Branch (MAIB) is carrying out an investigation into the keel failure
and capsize of the commercial yacht Tyger of London, while on passage from La Gomera to Tenerife on
7 December 2017.

The MAIB will publish a full report on completion of the investigation.

/Jw(«aé’fw

Andrew Moll
Chief Inspector of Marine Accidents

NOTE

This bulletin is not written with litigation in mind and, pursuant to Regulation 14(14) of the Merchant
Shipping (Accident Reporting and Investigation) Regulations 2012, shall not be admissible in any judicial
proceedings whose purpose, or one of whose purposes, is to apportion liability or blame.

This bulletin is also available on our website: www.gov.uk/maib

Press Enquiries: 01932 440015; Out of hours: 020 7944 4292

Public Enquiries: 0300 330 3000
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BACKGROUND

The MAIB is investigating the keel failure and capsize of the UK registered commercial yacht Tyger
of London (Figure 1) while on passage from La Gomera to Tenerife, on 7 December 2017. The five
persons on board were rescued from the water by the crew of a nearby yacht.

Figure 1: Tyger of London post-capsize

INITIAL FINDINGS

Tyger of London was a Comar Comet 45S designed by Vallicelli & C and built in 2007 by Comar Yachts
s.r.l, at Fiumicino, Italy. In common with other vessels built by the shipbuilder, the Comet 45S could be
fitted with a choice of two keels:

e A 3200kg, ‘deep draught bulb keel’, consisting of a cast iron fin with a lead bulb fixed to its base
(Figure 2a); or,

e A 3700kg ‘shallow draught, lead keel’, consisting of a fabricated rectangular stainless steel top plate
and frame, onto which lead was cast to form the keel (Figure 2b).

Tyger of London was fitted with the ‘shallow draught, lead keel’, which is the subject of this safety bulletin.

Figure 2a: Deep draught bulb keel not Figure 2b: Shallow draught, lead keel, fitted to
affected by this safety bulletin Tyger of London, subject of this safety bulletin



The post-salvage inspection of the yacht identified that the keel’s stainless steel top plate was still
attached to the hull (Figure 3a and b). The MAIB recovered the top plate to the UK for technical
assessment. The lead section of the keel sank in deep water and could not be recovered.

The technical assessment of the top plate revealed that the keel had not been manufactured in
accordance with the designer’s drawing or intent. Specifically, the stainless steel rods forming the
frame and their interconnecting plates had been only partially welded to the underside of the top plate.
As a result, the joins progressively failed over time (Figure 3c). The final joins failed while the yacht
was underway, causing the lead keel to separate from the keel plate, following which the yacht quickly
capsized and inverted.

Tyger of London had been employed as a charter vessel since 2013. It is estimated that the yacht had
sailed approximately 29,000nm since build. The MAIB has been informed that prior to the accident the
yacht had grounded on a number of occasions, all reportedly at slow speed and onto sand or mud.

The yacht’s manager had removed the yacht from the water 22 months before the accident, for
maintenance, during which paint and filler were removed to allow the keel plate and lead keel to be
inspected. The securing arrangements between the keel and the hull matrix were found to be in good
condition, however the lead casting prevented the inspection of the welded joins between the keel’s
fabricated frame and top plate.

YACHTS FITTED WITH SIMILAR KEELS

The MAIB understands that there are likely to be between 50 and 100 yachts fitted with keels fabricated
in a similar manner to the ‘shallow draught lead keel’ fitted to Tyger of London. The majority of these
yachts were built between 2003 and 2011 and include the Comar:

e Comet 41, 45, 50, 51, 52rs, 54, 62ed; and,

e Genesi.

SAFETY LESSON

The MAIB is not aware of any similar keel failures in yachts of a comparable design. However, owners
should be aware that the ‘shallow draught, lead keels’ fitted to the yachts listed above might not have
been fabricated in accordance with the designer’s drawings. Where this is the case, the connection
between the stainless steel keel plate and rods will not be as strong as intended. Furthermore, the
condition of the connection cannot be inspected or assessed using traditional survey methods.

To prevent a similar accident, owners are recommended:

e To note that the securing bolts within the bilge of their boats, for this type of shallow draught lead
keel, connect the top plate to the hull. The condition and tightness of these keel securing bolts do
not indicate the true condition of the keel’s internal frame structure.

e To arrange for an out of water inspection of their vessel by a suitably qualified yacht surveyor at
the earliest opportunity if the yacht has grounded, been heavily used, or if they have any concern
whatsoever as to the condition of the keel, noting the difficulty of inspection of the junction between
lead keel and top plate.



Figure 3a: Comar Comet
45S keel bolt arrangement

Figure 3b: Underside of Tyger of London’s
hull with keel top plate securely in place
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Figure 3c: Plan of the
shallow draught keel




e To note that although the manufacturer, Comar Yachts s.r.l, has ceased trading, technical advice
may be sought from Gesti Nautica s.r.l, a ship repair yard that has experience of these vessels.
Their contact details are:

Gesti Nautica s.r.l

Via Fulco Ruffo dia Calabria snc
00054 Fiumicino (RM)
www.gestinautica.it

Tel: +39 066506752

The MAIB’s investigation is ongoing and it is intended that a full report will be published later in the year.

Issued August 2018


http://www.gestinautica.it
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