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Requested by

Order

Contact person

The Joint Accident Investigation Commission of MV ESTONIA
Accident Investigation Board

P.O.Box |

FIN 00131 Helsinki

Chief Research Scientist Klaus Rahka, VTIT, 4.12.1996

Group Manager Eva Hikka-Ronnholm
VTT Building Technology

P.O.Box 18011

02044 VTT

Tel. + 358 9 456 4930

Fax. + 358 9 456 7006

Task

Samples

Investigation of the paint systems from MV Estonia Visor
Bottom Lock

Note: This report is a revised version of the research report RTE57243/96
dated 7.1.1997. In this revised version the layout of figures 1 and 4 has been
changed, the locations of sampling have been pointed out and the views of the
objects have been clarified.

Paint coatings from MV Estonia Visor Bottom Lock taken from:

- the Forepeak deck starboard lug (Royal Institute of Technology, KTH
sample nr 4543) and

- the Visor lug (Royal Institute of Technology, KTH sample nr 4511)

The samples are presented in figures 1-5.

Paint sample taken from top face

Figure 1. Visor lug, KTH sample nr 4511, view from starboard.
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Figure 2. Visor lug, KTH sample nr 4511, bottom view.

Paint sample from top face

Figure 3. Visor lug, KTH sample nr 4511, view [rom port.

Paint sample 1

Paint sample 4

Figure 4. Forepeak deck starboard lug, KTH sample nr 4543, view {rom
starboard.
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Performance of the task

Research results

Paint sample 2

Paint sample 3 Paint sample 5

Figure 5. Forepeak deck starboard lug, KTH sample nr 4543, view from above
aft port.

Samples of paint coatings were taken at VTT from the surface of the Forepeak
deck starboard lug and from the Visor lug. From the paint coatings cross
section samples were prepared.

The cross sections were investigated by using stereomicroscope and Scanning
Electron Microscope (SEM). The image of the cross section was prepared
using the backscatter electron - technique (BSE). The BSE-image gives
information of the composition of the sample: elements with small atomic
weight show darker in the image and the higher the atomic weight, the lighter
the appearance.

Analysis of the cross section was performed by using Energy Dispersive
Spectrometry (EDS). The EDS-equipment was connected to the Scanning
Electron Microscope. EDS gives qualitative and semi-quantitative analysis of
the clements.

Forepeak deck starboard lug (KTH 454

The paint system consisted of several paint layers. Many of the layers were
discontinuous. The shade of the partly flaked top paint of the coating system
was blue. The underlying paint layer was of a slightly lighter shade of blue.
White and red paint spots (splashes) were found on the surface. The white and
red paint spots on the surface as well as cross sections of four pieces of paint
sample from the Forepeak deck starboard lug were analysed.
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- Forepeak deck starboard lug, paint sample 2

Seven paint layers were found. The BSE-image of the cross section of the
sample is given in figure 7 and the corresponding EDS-analyses of the paint
layers are given in Appendix 2 in figures A2-1 to A2-7. According to the
appearance and the results of the EDS-analysis the layers 4 and 5 seem to be
identical.

T _; '.. &1 '
R0 microns

»*

Lock, sample 2

Figure 7. Forepeak deck starboard lug, paint sample 2, cross section. The
layers and the analysis spots are numbered from 1 to 7.

Shades of the layers: 1-light brown; 2-white (discontinuous), 3-grey; 4- blue;
5-blue: 6-white (discontinuous); 7-blue. Black crevice between layers 4 and 5.
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- Forepeak deck starboard lug, paint sample 3

Five paint layers were found. The BSE-image of the cross section of the sample
is given in figure 8 and the corresponding EDS-analyses of the paint layers are
given in Appendix 3.

i .
100 microns

Lock, sample 3

¥

Figure 8. Forepeak deck starboard lug, paint sample 3, cross section. The
layers and the analysis spots are numbered from 1 to 5.

Shades of the layers: 1-white (discontinuous), 2-grey; 3- blue; 4-blue; 5- blue.
Black crevice between the layers 3 and 4 as well as between layers 4 and 5.
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- Forepeak deck starboard lug, paint sample 4

Four paint layers were found. The BSE-image of the cross section of the
sample is given in figure 9 and the corresponding EDS-analyses of the paint
layers are given in Appendix 4.

-

L e

7 i
N

100 microns.

Figure 9. Forepeak deck starboard lug, paint sample 4, cross section. The
layers and the analysis spots are numbered from 1 to 4.

Shades of the layers: 1-light brown, 2-grey; 3-medium blue; 4-blue. Black
crevice between layers 3 and 4.

- Forepeak deck starboard lug, paint sample 5

Paint sample 5 was analysed for the white and red paint spots found on the paint
surface. The results of the EDS-analyses are given in Appendix 5.
Stereomicroscope pictures of the paint splashes are presented in Appendix 6.
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Visor lug (KTH 4511)

The BSE-image of the cross section of the paint system is given in figure 10.
The layers found are marked from 1 to 9. Number 1 is the rust layer.

The paint system consisted of a multilayer coating with a very poorly adherent
white top coat consisting of two layers (7 and 8 in Fig. 10).

The coating system under this loose paint layer had a red top coat (5 in Fig.
10). This red coating was built of two layers, some white paint (6 in Fig. 10)
was seen here and there between these two red layers.

Some of the underlying layers where seen only here and there, for instance layer
nr 9 was found only sporadically.

The EDS-analyses of the layers are given in Appendix 7.
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Figure 13. Side view from starboard of Atlantic lock visor lug after removal from visor. Ring
insert in eye denotes the approximate apparent position of the eye in its original shape.
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Figure 14. Top view of Atlantic lock visor lug after removal from visor. Lug aft end bent to
starboard, bending of stem is very small and practically undetectable.

Photographs of the visor lug — as removed from the visor — are shown in Figures 13 and 14
from the side and from top” respectively. Also here we may note deviation of the visor
bottorn plate stiffener dimensions from those marked on the drawing.

6.2.1.1 Visor lug material

The steel grade of the authentic visor lug was investigated by Brinell hardness number
measurement using a 30kN (3000kp) indenting load and a 10 mm steel ball indenter. Three
measurements gave HBS 10/3000 = 131, 136 and 137. This transforms into an ultimate tensile
strength of around 450 MPa. It may be concluded that the steel grade is thus ordinary ship-
building mild steel.

6.2.1.2 Visor lug deformations and maximum estimated load

In the following, the eye end is called the aft or stern end and the stem of the lug is located
toward the bow end as the lug was in the ship. In the side view, a ring insert at about lug mid
thickness is shown in the lug eye illustrating the apparent original position of the eye. At the
upper pole of the eye the ring insert leans upon undamaged surface of the hole. The indication
for this is that here we may discern machining marks from hole cutting potentially dating back
to lug manufacture. In the long direction of the lug the original nominal diameter of the eye of
85 mm has elongated to the present deformed state of the Iug such that at midthickness the
hole is practically 95 mm “long”. The transverse vertical diameter of the eye has reduced to
about 83 mm. An analog transverse (vertical) contraction of the eye could be observed in
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The cross sections subjected to tensile stress are together 95 x 60 - 10 x 30= 5100 mm®.
Taking that these could determine the ultimate strength a breaking loading capacity of 2650
kN or nearly 300 tons would be obtained. At design load the tensile stress would be 1 MN/
5100 mm” = 195 MPa, which is more than the used permitted design stress for high strength
steel. The shear stress would be 1 MN/6622 mm” = 151 MPa, which would be more than the
shear yield strength for high strength steel and exceed a moderate permitted design stresses for
both high strength (90MPa) and mild (70MPa) steel. The calculated lower bound shear
fracture load would be 1.65 MN for mild steel grade A 42 and 1.89 MN for high strength Fe
52, the latter also being slightly lower than the test result of 2.04 MN obtained at the
Technical University of Hamburg.

6.2.3 Authentic Atlantic lock visor lug of MV Diana Il

The visor lug and locking bolt of the former MV Diana Il were recovered from the ship for
purposes of comparing measurements with the ESTONIA-lug. This was necessitated because
of earlier observations of this locking mechanism to have significant play (reported to be on
the order of 30 mm by Turbotechnic after the January 1993 accident) after the MV Diana II
had experienced heavy weather and damage to its visor locking devices in early 1993. It
became of interest to find if the locking bolt was unbent or worn and if the visor lug had
stretched and/or bent. Photographs of the lug and the bolt are shown in Figures 18 and 19.

Figure 18. The Atlantic lock visor lug from the MV DIANA II. Part of the added plating
surrounding the lug tip has been removed for measurement purposes.

The material of the visor lug of MV DIANA II was identified to be most probably mild steel.
Brinell hardness was measured using 30kN (3000kp) load and a 10 mm steel ball indenter
producing a 5.20/5.25 mm dent yielding HBS 10/3000 = 131/128, which corresponds with
UTS = 430 MPa. The material is of similar strength as the MV ESTONIA lug.




Figure 19. The Atlantic locking bolt from MV DIANA II. View from the upper aft sector.

The outer length of the lug is 305 mm, which is 5 mm more than the designed length. A ring
insert measuring the designed eye diameter of 85 mm has been positioned into the lug eye.
The ring demonstrates that the 5 mm increase in length appears to be due to stretching the aft
or stern end of the lug. This is supported by noting the pear-shape of the eye, the stern end
being close to the bolt diameter in close similarity with the eye of the MV ESTONIA lug.
Significant wear is evident at the upper bow sector of the eye. Corresponding wear is evident
on the bolt.

It is meaningful to note that the fore peak lugs of the MV DIANA II Atlantic lock have been
more robust than those of MV ESTONIA, why it can be understood that the two ships can
have met the same magnitude of bow forces as evidenced by equal magnitudes of lug
lengthening, without the Atlantic lock having failed on DIANA II, however.

6.2.4 Full size mock-up tests performed by the Technical University of
Hamburg

Of some interest is also to note the fullsize Atlantic lock mock-up test series performed by the
Technical University of Hamburg on specimens manufactured by the Meyer Werft. The mock-
ups had been manufactured of high strength steel (St 52) deviating from actual construction
materials of the authentic lock found onboard of MV ESTONIA. The visor lug material of
MV ESTONIA was identified only after the mock-up tests to be mild steel. Varying lug to
bushing weldment lengths in the forepeak lug structure were applied. Because of unexpected
breaking of the authentic sized visor lug in the initial test with "full” length weldments in the
fore peak mock-up (3, numbers in order of strength of the mock-ups) leaving the forepeak




mock-up intact, an extra test (4) was performed using an “oversized” visor lug. Two tests (1
and 2) were performed later, one with intermittent weldments (2) and one with no weldments
(1) in the forepeak lug assembly.

The test mock-ups that failed in the forepeak lugs and numbered here as 1, 2 and 4 had either
no weldments as test 1, intermittent — nominally 3 mm — weldments, as test 2, and test 4 that
had continuous, nominally 3mm weldments between the forepeak deck lugs and the
boltholding bushings. Test 3 also had continuous, nominally 3mm weldments, but the failure
occurred in the mating visor lug.

The mock-ups failed at 100 tons (1), 142 tons (2), and about 200 tons (3) and (4) by fracture
of the forepeak structures in the tests numbered 1, 2 and 4 as listed whereas test no 3 failed in
the pulling visor” lug. Test 4 had an oversized "visor” lug. The conclusion is that about 200
tons seems to be the absolute theoretical maximum value of strength of the fore peak part of
the Atlantic lock configuration as designed, if weldments were sufficient by "a” and
continuous and had the lock been manufactured of high strength steel. Failure of the
pulling/mating lug occurred by combined shear/tensile fracture of the tip of the lug and the
failure load corresponds with simple shear failure criterion of 0.55 of the ultimate tensile
strength being reached on both sides of the pulling bolt. 0.55 is slightly less than the
theoretical for plane strain shear of 0.57 (or V3/3) indicating only slight deviation from simple
theoretical and highest possible.

100 tons is the breaking capacity of the forepeak lug assembly if no weldments at all are
made. While the minimum cross section of each lug was 36 X 15X 2 mm? = 1080 mm’, giving
about 520 x 1080 mm? = 57 tons for the capacity of each lug. The combined capacity of the
system of three lugs is on the order of 1.8x the individual capacity. Information from spot
checks of the weldment size was obtained indicating a = 3.9 mm. The hardness was HV10 =
330. Taking these values for the fillet weldment dimension and hardness and the weldments
are obtained to break in direct tension at about 0.72 of their ultimate tensile strength on the
normal projected cross section, which may be taken to suggest a simple ordinary flow stress
criterion of a moderately tough weldment. The lug rims were assumed to be at a fraction of
1/1.8 of vield when the weldments break at the maximum capacity of the assembly. The
weaker starboard side of the Atlantic locking may be taken to provide half of the loading
capacity of the lock. This yields that the lug rims provide about 0.5 MN to the total loading
capacity of the bottom lock and the rest will be provided by the weldments up to about 1.8
MN. which in turn is the maximum estimated capacity of the recovered authentic visor lug.
Taking that the bottom assembly had broken at about 1.5 MN, the weldments can have had an
average thickness of 3.5 mm had they been continuous. This is reasonable as the observed
weldment dimensions have been on this order.

6.2.5 Model tests and load estimates of Atlantic lock visor lug

Five model test pieces were manufactured of the visor lug. All model lugs were double ended,
meaning that they consisted of two lugs each lying "stem to stem”. Two were in Fe 52 steel
like the design intent of the authentic and three were made of extruded aluminium (AIS11Mg).
The steel model lugs were one in full scale and one in 1/3-scale (linear) and the aluminium
lugs were in 1/6 scale. The two larger model lugs are shown with the authentic lugs in Figure
20.
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Figure 20. Full size and 1/3 scale model lugs together with authentic MV ESTONIA and
VIV DIANA [ Atlantic lock visor lugs.

I'he tests were:

Centric full size Fe-52 tensile test: The full size mock-up lug (both ends) was pulled to
a total of 7.5 mm permanent elongation of each eye. The tensile eye elongation - load
curve is shown in Figure 21. At final elongation of 7.8 mm for each hole the load was
| .92 MN. In the range of deformation of interest for interpreting the authentic lug
load, i.e. around 6mm eye elongation the curve is nearly linear according to
load/tons = 172 + 8.5%(X-5) for Fe 52-grade steel, X being the permanent
elongation in mm. A correcting term approximated by (50/350)*172 = 24 tons may
be subtracted to obtain the number for A-grade steel (St42).

Fccentric full size Fe-52 tensile test: One end of the full size lug was subjected to
loading by a bolt acting as a lever. The load was applied at one end of the bolt pulling
along the length of the lug. The pulling force was applied in two phases, 350 kN and
115 kN at 0,2m and 0,6 m distance respectively to the lug, both excerting a maximum
bending moment of 77 kNm plus a pulling stress of around 200 N/mm”2 on the side
lieaments of the eye. The side bending thus achieved was 10 mm within the eye of the
lug. Significant bending of the lug stem also occurred in addition to this. The position of
the eye midplane transverse to the lug was subsequently found to have been unaffected
by the bending at a distance of around 6 mm from the lug midthickness.
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Bottom lock visor lug mock-up test, Fe 52-steel

[=——Saries1
= Series2

Load, MN

Figure 21. Load- eye elongation curve of full size Atlantic lock visor lug model of St 52 high
strength steel.

- Eccentric 1/3-scale Fe-52 tensile test with bolt end support: This test was undertaken
such that the bolt ends on one side of the lug were pulled with a supporting bracket
inserted between bolt ends on the opposite side of the test lug to prevent them from
taking support from the lug eye corners at the stem. The test was done because the
deformation analysis of the authentic lock lug had indicated that some bending had
evidently been combined with phase I pulling and it was unclear, whether such a
combination of bending could reduce the pulling force needed to cause a certain
nominal extension of the lug. It was confirmed that the lug deforms to closely resemble
but slightly exceed the bending effect estimated for end of phase I of the authentic lug.
The load required to stretch the lug midthickness location is not affected by this mode of
applying the load.

—  Two eccentric 1/6-scale Aluminium tensile tests using pivoting C-clevises for bolt
attachment: Two tests were made. The purposes were to find the effect of the
magnitude of eccentricity of pulling on the type of deformation that could be obtained.
The magnitudes of eccentricity were ¢ > 5 mm and 5 > e > 0, i.e. the line of force being
either outside of the lug dimensions or inside. In the first case the pulling started with
the centre-line of the lug being 30 mm from the line of pulling. In the second test this
distance was around 2 mm. The lug ends twisted in both cases, but only in the second
case did the concave side of the lug stretch to a length larger than the original length of
the lug. Bending was much less than for the case of the larger eccentricity and full
contact between the bolt and the lug eye was obtained as in the authentic visor lug. Only
eye hole corner contact with the bolt was obtained in the test with large eccentricity. A
pear shape of the full thickness of the eye was only obtained in the test with small
eccentricity. This test also supports the conclusion that the authentic lug was at some
time pulled in a phase I-fashion with a force keeping the bolt in contact with the full
thickness of the aft end of the lug.
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6.3 Side locks

6.3.1 Fractures

Detailed observations of fracture morphologies were made on the side lock remnants on the
visor on both sides. The corresponding locations of the visor are shown in Figures 22 and 23.

Fioure 22. Side lock region on port side as found on visor after the casualty.

The general breaking mechanism had been by fracture of the horizontal stringer under the lug.
vertical stiffener edge corner and tear (along the lug weld edge) of aft plating onto which the
locking Jug eye plate had been attached by welding. Apparently the lug to bulkhead-weldment
had been stronger than the rest of the structure, judging from the fact that nothing of the lug
related material had been left on the visor. The holes left in the visor aft bulkhead measured
300 mm * &5 mm, the foot print of the lug only being 380 mm * 60 mm. The width of the

weldment along the plating outside of the lug plate footprint has thus been on the order of 12
to 13 mm.
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Fioure 23. Starboard side lock site of the MV ESTONIA visor.

The strength estimation of the side locks presented a particular problem for numeric or
analvtic methods, because of their complex structure consisting of plate, stringer and
stiffeners. Numerical modelling was done in a parallel project using finite shell elements and
elastoplastic material constitutive laws for stress-strain interdependence, analytic calculations
were done using “primitive” linear stress distribution assumptions. The static indeterminacy
of the side-lock assembly called for an adjustment factor in the analytic calculation for
structure member compliance differences. This factor was found by analysis of experimental
data. Numerical modelling results were interpreted as such.

[he testing program evolved into a series of tests because of new needs that uncovered
consecutively after each test. Subsequent tests incorporating improved similarities with the
authentic visor structures were then done. Four side lock mock-up tests were made altogether,
the last of them corresponding best with the actual visor structure.




6.3.2 Material investigations related to visor side locks of MV Estonia

Photographs of the holes left in the visor at the sites of the side locks are shown in figures 22
and 23. The holes in the aft bulkhead measure 390 mm by 85 mm. Fracture had occurred by
shear and tear through the bulkhead plate on both sides. The horizontal stringer fractures are
different on port and starboard but the vertical stiffeners seem to have failed by shear and tear
through the stiffener edge corners.

Basic mechanical material properties were determined by standard types of tensile tests for the
bulkhead and horizontal stringer plates. Tests were done in the direction of the plating and one
through thickness tensile test was performed to find out if the aft visor plate is weakened by
lamellar tearing. The tests show that the plates are standard A-type high quality ship-building
steel (Bulkhead: YS 306/311 MPa, UTS 454 MPa, A5 39%, RA 68%; Horizontal stringer YS
332/336 MPa, UTS 476 MPa, A5 33%, RA 58%). Through thickness strength is not reduced
by bulkhead plate lamellarity (YS 335MPa, UTS 474 MPa). Chemical analyses were taken
from the vertical stiffener, showing it to be good quality killed weldable structural steel plate
(C 0.13, Mn 1.00, Si 0.19, P 0.025, S 0.027, Cu 0.01, Al 0.035 /%). The materials are thus of
high quality as also evidenced by the ductile fracture morphologies.

From material investigations and fracture morphologies it may be summarised that side
locking strength is not reduced by material or welding related factors on starboard, as fractures
occur through the plates as shear and mixed shear and tear. On port side on the other hand
attention is drawn by the horizontal stringer fracture, half of which is shear through the plate
itself but the other half being a weldment related failure since the stringer plate edge can be
seen. The lower corner of this edge has been sheared off but the upper surface of the plate
seems almost untouched by welding and the corner of the edge is preserved.

An apparent small size of the fillet weld bead on the lower side has been well fused to the
plate but failure occurred by the corner of the edge having torn off. The total width of the
sheared fracture is on the order of the thickness of the plate. Having fractured due to almost
simple shear, the weak half of the horizontal stringer to bulkhead joint has contributed to the
strength of this joint by one half of its tensile strength. The other half being of full strength, a
total of about 75% of the horizontal stringer strength has been assumed to contribute to the
port side lock holding strength

The rest has apparently withheld as much force as was possible geometrically and
materialwise, noting that the materials have good ductility and are therefore not sensitive to
the sharp notches of the weldments in monotonically increasing load. Based on mock-up tests
and strength calculations, the strength of the side locks has been estimated to be up to 1.59
MN for starboard and up to 1.19 MN for port using an assumption of load action at 38 to the
aft plating plane of the visor and 3 mm width for the vertical stiffener weldment respectively.
The height of the mating lug has then been taken as 214 mm from the eye centre to the visor
aft plate midthickness. If the load had acted parallel to the aft plating, the readings would have
been up to 1.35 and 1.02 MN for failure at the stringer at stb and port respectively. Only 1.2
MN would be relevant for starboard as the failure point would actually move to the bottom
end of the lug as the shear limit strength of the aft plating would be reached first. The defected
stringer would remain the critical location for port.

In order to check if lack of fusion can be suspected, a transverse cut sample was prepared by
polishing and etching. It is shown in Figure 24, and displays apparent weakness of fusion on
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the upper side. The weld on the lower side was apparently too slim. Together they were unable
to move the failure into the stringer plate.

Figure 24. Etched section through the horizontal stringer aft edge on port at the side lock
displaying about 4 mm shear width on the low side (shear through edge corner) and 4mm
shear width along plate surface on the top side.

The vertical stiffener was assumed to be welded using a 3mm weldment projected width for
the tensile cross section. In the yard-designed condition, i.e. without vertical stiffener, the load
readings were estimated to be 1.10 MN for port and 1.45 MN for starboard at 38 degrees to
the bulkhead and 0.96 MN and 1.29MN for port and starboard respectively with load parallel
with the aft plating. In all calculations above the spring constant ratio of the aft plating and the
stringer-stiffener structural elements has been taken to be equal to 0.315 as found by test 4/2
and being slightly less than the theoretical 0.36 for plane strain shear/plane strain tension (1-
vA2)/(2(1+V)), v=0.285. For other ratios the load capacity estimates would be different and up
to geometry/judgement. The theoretical shear/tension spring ratio would be a good guess
slightly raising the capacity estimates and a categoric neglect of a ratio - taking the value as 1,
would act to lower the calculated capacity a little because of the aft plating getting to be
critical. Shear failure would be contemplated for aft plating failure and tensile failure would
prevail for the stringer stiffener elements. If tensile failure were assumed for the aft plating
then a close to double capacity would be obtained - obviously seriously in error compared to
the strength against the relevant transverse loading mode. Of some interest is to note that a
calculated capacity of 312 tons with load in the lug plane and at 38 degrees to the aft plating is
obtained for the two added vertical stiffeners to work at their full capacity, i.e. that they should
have been welded through and positioned both under the mating locking lugs. The mating lug
joints should then have been welded to the same nominal weldment dimensions as the
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stiffeners, i.e. with at least 20 mm penetrating weldments. The mock-up tests and estimation
methods are elaborated below.

6.3.3 Side lock mock-up tests

The implemented mock-up test program for the side locks consisted of four tests altogether. A
box measuring about 2000 * 600 * 200 mm was built such that side locking lug models were
attached asymmetrically to the large faces of the box - simulating the visor aft plating. The
lugs were positioned so that the load line of the assembly allowed pulling at 38° to the large
face simulating tearing of the lug due either to visor opening or force couple reaction due to
sideways loading causing the yawing moment. Tilting forward around the stempost would
also cause the same local loading. A general view of the assumed load system of the visor and
adopted asymmetric test arrangement is shown in Figure 25 (Other load directions were
included in the calculations as explained below). A drawing of the last test mock-up is shown
in Figure 26 and a picture of the test piece 4/2 in Figure 27.

Y

Wave load

opening moment arm

Figure 25. Antisymmetric structural arrangement and load . system assumed for the side
locking mock-up tests.

The four different tests differed from each other in the details of the stringer and stiffener
arrangements. The fourth test mock-up box was further modified from the three first boxes by
building the long side of the box to resemble the inner edge of the visor plating. The changes
in structural arrangements from one test to the next had a very marked effect on the levels of
failure loads, and it is summarised that only the fourth test result is relevant from the point of
view of actual failure load reading.

The structural arrangements and failure details of the fourth test resembled the starboard side
lock of the visor best of all tests. The second mock-up is also relevant in displaying the failure
load level and stress value for only the aft plating of the visor after failure of the horizontal
stringer but without vertical stiffeners, i.e. in yard "designed” condition. This failure occurred
when the theoretical ultimate shear strength of the plate was reached at the point of maximum
tensile resistance of the mock-up after holding by the horizontal stringer had been lost. This
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Fioure 27. Side lock test mock-up 4/2 after testing.

test also suggested that stiffness differences between the aft plating and the stiffeners may be
\ssessed assuming plane strain - or out of plane shear - to dominate the stiffness of the
hulkhead and plane strain tension to dominate for the stiffeners. The side lock site is statically
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indeterminate and analytical strength modelling should therefore include such a stiffness ratio
or spring constant effect for obtaining a realistic failure condition estimate and loading

capacity number.

6.3.4 Strength calculations of side locks

For purposes of sensitivity analysis for structural and material deviations between the mock-
ups and the actual structures a strength calculation macro of the side locks was programmed
into EXCEL-worksheet assuming the linearized stress distributions (mechanically equivalent
to real or the primary stress) around the bending neutral axis and linear stress-displacement
interdependence. The geometry of the assembly and equations used are shown in Figure 28.
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Vmm*4 = second moment of area
A/mm*2 = cross section
W/mmA*3 = area moment or section modulus

Figure 28. Configuration of side locks, structural details and equations used for strength
sensitivity assessment.

The load capacities for starboard and port were thus possible to estimate. The procedure is the
traditional, i.e. by seeking the neutral axis (NA) of bending (by setting the section moduli
[mm’] equal on both sides of NA) after which the moment arm for inclined pull is found asf.

Values for the breaking stresses of the various elements were as follows according to tensile
testing of aft plating material:

1.15*%476 MPa = 547 MPa
0.57*%476 MPa = 274 MPa

Horizontal stringer and vertical stringer weldment in tension:

Aft plating in shear:
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The effect of various directions of load action can be and was estimated. A load parallel to the
visor aft plating was calculated, which would comply with a scenario of visor being raised
without an opening movement as well as a load working through NA, i.e. a load with no
bending effect. The former would correspond with e.g. an elastically "soft” direction of
loading of the Atlantic lock and would include tension in the hinges. The pull only mode
perpendicularly to the visor aft plating does not seem to be feasible but shear only parallel to
the aft plating may be realistic. Supported by these test results, primarily test 4/2 (second
loading of fourth mock-up after repair of its first irrelevant failure at 1.7MN) failing at
1.8MN, the estimated strength levels for the lock at starboard and port are given in Table 2.
Plate dimension and material differences between mock-up and actual visor have been
accounted for. The numbers represent those obtained for a 3 mm thickness of the broken
vertical stiffener weldment.

Table 2. Side lock strength estimates for load acting in the plane of the lug.

Port Starboard
Load acting at 38° 1.19 MN 1.59 MN
Load acting at 0° 1.02 MN 135/1.22 MN
Load acting through NA(angle) 1.86 MN (62°) 2.43 MN (62°)

6.3.5 Side-lock mountings from MV Diana I

A side lock base left over from the bow modification for MV Mare Balticum was recovered
for metallurgical survey of the remaining damages on the side locks of the January 1993
incident. Also the repair was observed, Figure 29.

The observation yielded remaining cracking in the original plating in several locations, one of
them can be seen in the bulkhead plate starting at the toe of the fillet weldment of the vertical
backing stiffener, Figure 29. Strengthening plate pieces had been added as part of the repair
action, but the repair piece fit and welding quality of the repair appears poor. A strength
estimate cannot be given.

6.4 Lifting cylinder lower platforms

Lifting cylinder lower platforms were torn from deck B, part of it accompanying the torn
units. The principal strength element in this assembly is plate B and its circumference of the
twin lug. It was found that on port slightly more than half of this circumference had cracked in
a ductile manner displaying evidence also of fatigue. Part of older fatigue cracking was clearly
evidenced by semielliptic black fracture surfaces, Figure 30.

The originally sharp-edged black colouring smoothed out as storage time elapsed, as shown in
Figure 31. The black stain was quite evidently hydraulic oil and dirt.

Some of the rest of the remaining ligament was also due to fatigue and ductile tearing.
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Fieure 29. Metallurgical horizontal section through side locking lug, aft bulkhead, vertical
stiffener and repair pieces of side lock site in MV DIANA I1.

Figure 30. Port side lifting cylinder lower lug as recovered with visor.
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Fieure 31 . Port lifting cylinder lower platform as seen from bow centre. Position tilted 120
degrees bow up. Bow end of lower port extreme stringer weld repaired. Centre stringer bent
with broken fillet weld, nearest (centremost in ship) fillet weld missing.
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Figure 32. Deck B Charpy-V impact toughness values.

The extreme port side stringer under deck B had been weld repaired as evidenced in Figure
31. The centremost stringer had been welded with only one fillet weld - the other one missing.
Twin fillets had been applied to all other stringers under port and starboard lifting cylinder
lower lugs.
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The remaining section had fractured by cleavage - a mechanism typical of cold brittleness.
Deck B plate was also found by Charpy-V impact testing to have a tendency for cold
brittleness, even at room temperature as indicated by impact toughness shown in Figure 32.
The reduction of strength due to this possible source of weakness has not been assessed
accurately, however.

The load to tear the lug platform from deck B may be estimated based on ultimate shear
strength and the fraction of section left ahead of the fatigue cracked part of the plate. Taking
that the platform perifery measures about 560+240+560+240 mm and the plate thickness is 20
mm, the total uncracked cross section = 0.032x10° mm?” . Assuming an ultimate shear strength
of 250 N/mm?, the tearing strength without fatigue could have been 8 MN, excluding a
supporting effect of the underlying stringers. With half of the section cracked, only half of this
capacity was left on port, and somewhat more on starboard. Because of possible brittleness in
deck B plate it could have been somewhat weaker, leaving a probable range of 4 to 2 MN.

7 Summary and Conclusions

Bow load division onto visor attachments and the strength of individual visor attachments of
MV ESTONIA have been assessed.

In the assessment of local load levels at the individual visor attachments a three-dimensional
“space frame” idealization was used to simplify the geometrical configuration of bow load
action centre and its location with respect to the five primary attachments of the visor, these
being the two hinges and three locks. Acting load information was taken from basin model
test results obtained elsewhere (SSPA-Gothenburg) as theoretically further elucidated in this
work concerning interrelationships of moment and force components. Due to the actual three-
dimensional arrangement of visor attachments - in particular the far aft removed hinge points
in relation to the longitudinal positions of the visor lockings, severe bow load accumulation
onto the lockings was observed. In oblique head waves from port of the bow the wave
encountering side lock was deduced to take most of the load of all locks - possibly twice the
load taken by the bottom lock.

All strength assessments of individual lockings are upper bound numbers and the marginal
possibility of fatigue induced further weakness has not been assessed except for the hinges,
where cracking reported to the Commission has been accounted for. From the appearance of
the fractures of authentic attachments the upper bound solutions are relevant.

Using full size model testing and direct observations on authentic fractures the port side lock
was found to be only a little stronger than the design load assigned to each lock. It was
apparently the weakest of all - partly weakened by welding related deficiency at its primary
structural weldment within the visor and seems to have possibly broken or lost its holding
rigidity first in the sea conditions prevailing during the accident night.

The strength assessment of the bottom lock was based upon analysis of the deformed visor
lug. Using the result obtained the apparent weldment size of the broken fore peak deck
assembly was calculated. The result - an average fillet weldment size of about 3.5 mm -
conforms with direct observations on the authentic lock recovered from the wreck, which has
been investigated elsewhere.
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Materials used to build the authentic visor lockings have been identified complementing
identification performed elsewhere. No indications of high strength steel of the St52 - type has
been found in the structural elements checked either by hardness testing or by tensile tests
(hardness tests of the b-lock bolt from the near-sister ship MV DIANA 1T indicate the bolt
material to be of higher strength). All plate materials investigated as related to the primary
five visor attachments have displayed high quality and ductility. Only the lifting cylinder
bottom attachments -deck B - were found to display signs of cold brittleness, but the effect of
it has not been quantified. Being a secondary attachment from the point of view of possibly
retarding the sequence of the accident, further work was not performed on this element.
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The design of a ship is the final outcome of considerations and compromises in many
different areas. Laws of nature, traditions/know-how, material & equipment, rules &
regulations, ambient conditions etc. These are tools and/or limitations for the physical ship
design. Software aspects i.e. atmosphere in the shipping industry when the ship is ordered is
another important factor. The Owners purpose, vision, perspective etc. etc. are more
dominating factors for the final result than the actual design and construction process. It
should not be forgotten that the process is run by humans.

Hopefully it will be easier to understand the case of M/S Estonia when knowing the
background to the Baltic Phenomenon from which M/S Estonia emanates.
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The initiation

In the autumn 1957 the sea captain Gunnar Eklund returned home to Aland from sea service
for vacation. Mr. Eklund got however unhealthy and the verdict of the doctors involved was
that he must not go back to sea again. On the Aland island there are few alternatives to earn
living than from the sea. At the hospital there was plenty of time for Mr. Eklund to find

solutions on how he should fulfill his economical obligations to his family. He realised that
car traffic had increased a lot and the way around the Baltic Sea between population centres

in Sweden and Finland was very long,

The concept of the liner services between Sweden and Finland remained at this time about the
same as in the beginning of the century. The ships had got a few private car positions on deck
and the cars were hoisted onboard.
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