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ABSTRACT

wified natural gas is transpovted in ships at 111 K and near atmospheric
ssure. In general a contaimment system has three components: a liquid
sht shell designed to serve as the primary barrier separating the cargo

m the ship hull, a secondary bavrier designed to contain for a short

e any leakage from the primavy barrier, and an insulation system designed

to keep cargo boil-off and inner hull temperatures at acceptable levels.

he forces imposed on a containment system ave examined. Techniques used
i assess the fatigue and fracture rvesistance of primary and secondaxry
bappiers ave discussed. Where possible the discussion is illustrated by
«ference to the authors' practical experience of the design and evaluation
such systems.

t.  INTRODUCTION

fryogenic liquification will reduce 600 m?® of natural gas to about 1 m® of
tiquid. At atmospheric pressure, liquified natural gas (LNG) has a boiling
point of about 111 K and a specific gravity of about 0.45.

LNG is transported in ships with the liquid at slightly above atmospheric
pressure. The low cargo density and requirement for separate water ballast
containment leads to a relatively deep ship hull with low draft and high
freeboard. Table 1 lists typical dimensions of some of the ships built to
Conch specifications over the last fifteen years. It will be noticed that
ships currently under construction have a cargo capacity five times that of
the world's first commercial LNG tankers, Methane Princess and Methane
frogress, which delivered their first cargoes in October, 1964 [1].

Various cargo containment systems have been developed or proposed to utilize
the relatively deep ship hull [2]. The main requirements of any design of
cargo containment system are to minimize loss of gas by heat ingress and to
keep the steel structure of the ship at an acceptable temperature. In
general a containment system has three components. A liquid tight shell
designed to serve as the primary barrier separating the cargo from the ship
hull. A secondary barrier designed to contain for a short time, e.g.,
fifteen days, any envisioned leakage of liquid cargo through the primary
barrier. An insulation system designed to keep the cargo boil-off and
inner hull temperature at acceptable levels. In some cases the secondary
bharrier is an integral part of the insulation system; in others it may only
he a drip tray under the primary barrier with splash shields at the sides.
* Department of Mechanical Engineering, University of Waterloo, Waterloo,
Ontario, Canada
** Conch LNG, Moorestown, New Jersey, U. 5. A,

123


User
Rettangolo


D. J. Burns, R. J. Pick and T. Brown

Fracture 1977, Volume 1
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ary: E the need for a failure analysis . bar
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2. PRIMARY BARRIER CLASSIFICATIONS

All classificati R S .
desirnss‘lflCdeon secieties recognize three basic tank (primary barrier:
-S1g [3].  Their general characteristics are: o e

2.1 Independent Tanks

These ar e sometimes ¢ >d self-suppe rting 15 ~S 3 5
. S0m mes calle 21 -5 ppPo ing ox free-standij ng tanks They
i selves suff icient struc ural strengt E i : L“ t -)()- 1:
) ST 1B % o strength to withs tand t : 5
ve lA n theﬂ—l S T ‘f - . ng ¢ STar i} loads
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UnPOSD‘ l» \OH the I t 1€ rgo 1 g interaction ith he 'hlp hull .

B, 5 itribute to the st ructural s 2N 2t th sSn . 1
generall do not Col 2 SEYr ral stre 1 th of the shi P ¢
can be further classifi S gravi ty re 2 1 S I- IV(‘.J l‘\ Zd.lll\sl o

L] b sified as gravi or pressur 3 i :

. 0e i . ! S gre 3 ssure tanks 85 it .2 ¢ %
Primarily prismatic in she 8 T ix 4 ‘ 2 e

= i 1 sha pe an loads are ¢ Led end i s
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are carried l)}’ membrane stre : ‘ : ’ " G
steels are t he materi als 7 a 2 & fo 2D d anks
e 1 > aterials 1OTMe J..l}f used for il]db}, endent tanks

These are i =3 o ic lini i
be&rfﬂ;x?nggigt?gtd1:+g 1+nxngs Whlch are supported completely by a load
varian£ én th;se ﬁog\lnglzu;;zgt}s supported by the ship's structure. A
Fae o b 1-self-: -INg gravity tanks is the semi-membran
the %oad—égqﬁ?ga Qeflgﬂ‘Fhe @etall.c.llgxng is not completely supportes by
s a qig11§ju{atlon in Ehag it is free of supports at the corners
iron_qilh ta n.esJ’>teels (ALSI 304 and 316} and a 36 percent nickel-.v
alloy (Invar) have been used for membrane tanks.

2.3 Integral Tanks
Theseé are poney: ris ie g
huljt a;;egéggidllziprlsmatlc in shape and form an integral part of the
. “rerore, they are subjected to the same jac
1 = ; : d t e same loads as the adjacent
e Sszggiuxe%}}A ngm?er of companies are working on the sowcalied wet
huli '%hé %oam:; %?G é§ contained by layvers of foamed plastic on the inner
1. cd plastic acts as a tank and ins i Thi i B
e S EOE : : insulation. This te
already been used for carrying liquid propane at 2335 K. chnique
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E ki lassi i1cation e
; X >
11 f t nd regl L‘l().Y bodies recognize

these three i ses of cad
ce basic classes of cargo tank, they often differ in their require

ments f ati P .
g ;tsogczgi_fgtjgue and fracture analysis of a particular class of tank
L +tsoassocirated secondary barrier A detai ' i * thes e
i - g rrier. etailed revi f these dif
ences a t W : >view of these differ-
cont;inggnthe many kfptulb which must be considered when de%i)n{no LNG ’
‘ t systems [1 - 3] is beyond the s * thi g
- G L 51 s ') ¢ scope of this paper - s
general principles will be discussed. g paper, but some
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L. FAILURE ANALYSIS OF THE PRIMARY BARRIER

.1 Fatigue Analysis

fhe primary barrier design is dictated by the cargo and shiploads imposed
unloading and loading and operation at sea. Of particu-

; it during cargo

importance are the loads induced by the encountered waves. These loads
cunlly vary in an irregular fashion with an average period of 5 - 10 seconds.

se cyclic loads are dependent on ship heading, route and weather changes
during voyages and from season to season.

" a fatigue analysis of the primary barrier is required the load spectrum
is usually the largest load spectrum the ship will experience during

wave encounters (20 years approximately) on the North Atlantic, Figure 1.

e cumulative effect of this spectrum on fatigue of the primary barrier

is then often obtained from the Miner-Palmgren rule where

where, nj is number of stress cycles at each stress level during the life
sf the ship; Ni is the number of cycles to failure for that stress level on
the endurance (Wohler) curve, Figure 1; Cy is a coefficient determined by
the classification society dependent on the test procedures and data used
to generate the endurance curve.

An approach to this cumulative damage analysis, recommended by some classi-
fication socleties, is to replace the load spectrum (load-frequency curve

in Figure 1) by ecight fatigue loads (i = 1 to 8). These alternating loads
£ Py, are calculated from
o
P = 1.{,.-._.._.“_.1__ P (;1)

the number of cycles at that load is given by
i -
ny; = 0.9 x 10 (2)

and the Miner-Palmgren rule is written as

where P, is the load at a probability level of 107%; N; is the number of
cycles to failure for wave induced fatigue load + P;; Ng is also included

as the number of cycles to failure for the fatigue load due to loading/

>

unloading.

The basis of equations (1) and (2) is illustrated in Figure 1. Consider
two load levels Py and Pp. There will be n, cycles of load exceeding P,
and np, cycles exceeding Py. Therefore there will be n, - np cycles of load
at levels greater than P, and less than Py. For this example
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Ny =mn, - = 10% - 10° = 0.9 x 10*

and the effect of using equation (1) tends to give

Aoy o

Py =
! 16 B

[3%]

3. o . . "
2 Patlgue Analysis of Conch Ocean Membrane

The applicati i
descrgged préi?osflth?Z aE?roach_to the.Conch Ocean membrane tank has besn
The membrane rénkoiz » 5], Only a brief description will be given here.
Ship, Pythagofe [2] ?n ;pproveq version of that used in the first membr&
it barrier“~’~;0m ined with a modified version of the insulation/
Ehiip, Mesha prigﬁzszmazzenezgqtﬁePfirst commercial self-supporting tan
of a right angle corner o they &::iyiogress [1]. Figure 2 shows a sect i
>sign.

A number of laye .
This core is faenq or h piyota es fogether, forn the core of the insula
to hardwood grounds l;’ plywood to make insulation panels which are bonde.
The spaces Betne %1 ixed to the double hull in a rectangular pattern 3
continuity is enewr Je grounds are packed with mineral wool. Insulatién
chloride wodges o e b?tween the panels by means of expanded polyvinyl
covered with piQWéggp??bsed and bonded to the panels. These wedges aie
of balsa which s E%abs.. th plywood assembly is covered by a facing
fitted the membfane © ?ﬁidpizwgzze Ssembay AeLi2t surface onto which L3
the LNG if there should be a Sergojzb;ggé)igCégea;eibissgndary barrier for

The thin stai a o
The She;thd:;iZ;s;i%eTl membrane is an assembly of corrugated sheets
in two Perﬁendicul;icdﬁaptw?ld?d together, have wave-shaped corrugatiénq
other and at theifkint;rettl?nbi one wave is slightly smaller than the
as a knot. FEach set er?eCthns.they‘fOTm a complex expansion joint known
and therefore to one 0% corrugations is parallel to one of shipls axes
along the junction ofo the tank axes. Along the edges of the tank (i.e
are joined by aﬁgle bizzzstxztra}lf)‘the corrugations on adjacent walls
corner knot, Figure é; % ! a corrugation which includes a special

Along the edges of

Y a tank the balsa faci i
e o > acing pads are replac
stainleié?zge:?to the p%ywood facing of the insulationppZ;ZTﬁby g?rgXOOd
g o B memgngle Pieces are bolted to these hardwood blbéks gThe
Sl Wi o tania?: zgsftj afe welded to these rigid angle«piéées so
. 0y < L 4 5 @ i 3
Insniatten o o0 ship Struct“;s‘edge loads are transferred through the

When a tank i i
is ¢ - < .

of the restrain;oZiegﬁetZSlgal Sgresses are induced in the membrane becau:s

bearing insulation, ges and the thermal gradient across the load-

At sea the wave s

the tanks. ZzngO;;ggoproduces two type§ of cyclic mechanical stress in

celarad T FriSto e ~E p?oduces a cyclic pressure spectrum which can be

sEa Sthtey oo the‘r s gylng the probability of occurrence of various )

EHTic Proveizes whigiu}tlng bow acgelerations of the ship [3]. These

to the knots have the 2pply a combination of cyclic bending and pressure
e most serious effect on those knots near the edgesr;f
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the tank which straddle the junction between the stainless-steel angle
and hardwood facing on the pads. Hull bending produces a cyclic elonga-
ti1on and contraction spectrum in the membrane which can be estimated by
; method similar to that used for the pressure spectra [3].

fests on components (knots) of the membrane were used to determine the

ral shape of the Wohler curve, Figure 1, and possible modes of failure.
cyclic pressure tests on pilot size tanks were used to show the effects
ties and necessary tolerances on fatigue life.

©

of construction irrvegular

imch pilot scale tank contained full-size components of membrane and insu-
ftation. FEach tank contained 44 knots. It was necessary to terminate these
tank tests before many of these knots had failed.

used to analyse this data [5] since conventional statistical techniques
These likelihood

Likelihood analysis was

cannot handle such a severely truncated distribution.
sstimates were then used to fix the position of the Wohler curve for a

cumulative damage analysis similar to that described above.

4.3 Fracture Mechanics Analysis
ihe above safe~life analysis does not distinguish between fatigue crack
In some cases separate studies are made of

wnitiation and propagation.
‘atigue crack propagation from part-through thickness defects cut in cri-

tical areas of the primary barrier [6 ~ 8]. Such studies are used to
demonstrate that small defects, missed by the construction quality control,
will grow very slowly and will not reach a critical size before growing
through the wall. A study of the subsequent growth of the through-thick-
ness defect allows one to calculate leakage rates [9] and assess the time
(size) margin between first detection of the leak and the crack becoming

a critical size.

The reliability and extent of a fracture mechanics analysis of this type

is one of the factors considered by the classification societies and regu-
latory bodies when specifying the extent of the liquid-tight secondary
barrier for a particular type of tank. For example, the United States
Coast Guard (USCG) recommendations for some types of independent tanks are:

1) Use analytical tools such as three-dimensional finite element or
finite difference analysis and photoelastic analysis to determine the maxi-
. paying particular attention to support attach-~

n

mum stress field pattex

ments and tolerance lin .
2) Subject the material to a fracture mechanics analysis in order to

determine the critical crack size and the crack propagation rate with a

given maximum stress, either at an assumed level or as computed above.

Also determine the fracture mechanics properties (either from tables for

well-documented materials or determined experimentally for lesser researched

al being used in the design.

ze that will allow the passage of suf-

Using the minimum flaw size

materials) for the mate

3) Determine the minimum flaw s
ficient gas to be sensed by the gas detectors.
that will alleow the passage of sufficient gas to be sensed by the gas detec-
tors, determine the length to which this crack will grow during the greatest

of the following:
(a) two weeks,
(b) the time required to unleoad the cargo in an emergency,
including the time to remove the cargo contained between the
primary and secondary barriers,
the anticipated average vessel running time between cargo

(<)
toading and discharge points.
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4) Compare the crack length after growth with the critical crack
length. If the critical crack length is larger than the crack length aftes
growth (designs approved to date have had ratios of approximately 10:1)
then the design is acceptable.

Perhaps the best known application of this approach is the work of Det Nor
Veritas [6] and Alcoa [9] on the spherical tanks of the Moss-Rosenberg
design. These tanks consist of a spherical shell supported in the ship by
a cylindrical skirt welded to an equatorial ring on the sphere. This ring
is machined from thick 5083-0 plate. To demonstrate the leak before failu:
behaviour of these tanks Kelsey et al [9] Fatigued surface flawed plates
1050 mm wide, 1500 mm long and 135 mm thick. A transverse groove cut on
one side of two of these plates was used with longitudinal (axial) and side
loading to simulate the actual loading in an equatorial ring. In &
a starter notch, 3 mm deep by 50 mm long was cut at the base of the trans.
verse groove, where the plate thickness had been reduced to 83 mm.
starter notch was precracked to 22.1 mm deep by 63.9 mm long before applyin
a stress spectrum simulating six months of ship operation.
creased the depth by 1 mm and the length by 2 mm. To grow the defect throy
the thickness if was necessary to apply cyclic loads far beyond those ex-
pected in service. At penetration the crack Length on the groove (starting:
side was 308 mm, i.e., about three times the plate thickness at the bottom
of the groove.

This only in-

After measuring leakage rates through this crack it was extended by fatigue
to a length of 565.7 mm on the initiation side and 498.5 mm on the penetra-
tion side. It was then cooled to 203 K and fractured by static loading.
This and other specimens failed by slow ductile tearing at net section frac.
ture stress/yield stress ratios of 1.2 to 1.4. Since the fracture toughnes:
of this material tends to increase with decrease in temperature this test
gives a good indication of the fracture toughness available at service tem-
perature.

Tenge et al [6] have used 5085.0 data, the Paris f igue crack propagation
equation and three dimensional finite element analysis to compute the growth
of semi-elliptical surface cracks under the action of the expected sca
spectrum.  Figure 3 summarizes some of their calculations for periods ex-
ceeding the lifetime of ship and Figure 4 illustrates for a 71 mm plate
the crack length at penetration for varyving ratios of bending (Aoh) to axiad
(Aca) stress.

b. FALLURE ANALYSIS OF THE SECONDARY BARRIER

The classification of the primary barrier dictates the extent of the secon-
dary barrier. The secondary barrier specification is dictated by the thermai
amd ship loads imposed on it during normal service operations and the requirs
went that it be capable of containing the cargo for a short period of time

in the event of a significant leak from the primary barrier. The USCG
tequirements shown earlier indicate how the timescale for this Maccident”
cin be set.

Since the secondary barrier is subjected to dynamic loads during normal
aperation it is usually necessary to assess its fatigue behaviour during
the expected ship life and the effects of an accident at sometime during
the ship life. As well as demonstrating that it can contain the cargo
during the accident period it is desirably to demonstrate that the accident
has no effect on the subsequent performance of the secondary barrier during
normal operation.
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i 51 £ ind 1t tank

ainder of this paper will describe one design of lndengfiiECb(of
. 4 “ ; . 3 ~ s 1 o > ~m e o
E?Tiu‘s some aspects of the evaluation of the tdtlgucipt;A h31<a/
.lJ;nZar& barrier. The 5083-0 aluminum alloy tank d?(f: ; fhe‘contain_
wgig/foaﬁ insulation and secondary barrlerdaae ﬁvolvgzoélzcs.[]] i
’ ¢ incess 4 cthane 55 [

stems us P Methane Princess and Met g

o systems used for the : » SesE te Loy
{1l iniulation/secondary barrier of the Conch Ocean Me

4.1  Free Standing Tank

i eneral shape of the
5 f o G ship and the general >hdpb»~ :
ig shows the layout of an LNG ! 3¢ : ' .
:;:Brg zlbgllov prismatic, free-standing tank which will h?Liltrod
o et ” ) : N ; — ary barrier.
L;ld already ;ined with the insulation and secondary barr
i lres: !

< i ke« g argo tank is

Fipure 6 shows details of one of the c??go.zntgfét ig;g&iié%nal centerline
AL o . 1 . ents by a ligquid-tig = v
y tdie into two compartments . A . T subdivided
fuﬁiﬁvijkd IL addition, each liquid-tight compartment 15 E?rthfins}o;m
f% a irqﬁqvcrse wen-liquid-taght, swash bulkhead. Ih?ﬁ’ l?hg }orward,and
?;1 mid;hlpﬁ taéks are divided into four equal quaqrgntﬁéi)urc . .are o
l;; tank% which taper to follow the shape of tTe 53;%;tri§11 wiéh rEnpEek
af S, | i " N s metrice o i

S s - e ¢ angles, but these are only ¢ c * )
divided into four quadrangles, bu : iy ition of the cargo
. . s snter > the tank. The positi 5
T mgitudinal centerline of ; i i ceys. fitted
o ;h?nlzﬁi insulated hold is maintained transversely hy»r9%l~t;{2;line
:”mthelz top ’za.)icl‘ bottom of the tank in way "t. th&? longltud;n;rcz to ti\é 1:1mk
Sikihea& “and longitudinally by fore and aft P%tCh kex:"iné againqt tank
}up in w;v of the transverse bulkhead. Addutiﬁnaé ??:igi e ;he AT
ol TS P ¢ ship is provided by the fricti -1 ok
wovement relative to the s ds (island panels). These
. 2 alsa-plywood pads (island p¢ . ¢

’ :tom and the supporting balsa-ply ) : itudinal
iop Pézt?ncut;d atong the centerline bulkhead, the b91t0W1%0?¥1£2§l2nd
P%dz di“féf @hich there ave as many as eight in the midships tanks) s
yirders (c¢ ich ther 15 many as ; .

the forward and aft bulkheads, Figures 6 and 7.

g1 i E raring structure in the tank consists Qt the deepvh?r}—
e ?rlﬁéf{ éiﬁgetczginih:T;gp and bottom longitudinal g%{der%i .5 Prfn;;
;gzzgl“izgi«tvbe” structure composed of'rhe ex;rud?q.stL{TT2§35P:;E123
onjunctior ith the shell plating provides Fhe'neunbsar) Sk . ,l'tin o
hon)un&tl?n W:'i static pressure loading existing on the shell p ating °
transfgr ?h? 1iﬁfoltﬁéxi elements (horizontal ring girdgrs and longlpudlni
e prlnC&pa} the e } 1kheads, vertical extruded stiffenofs are G@Ployeg
T o et e feners do in transferring

girders). s ‘tical o e
Snd act in the same manner as the transverse sti
¢ ct in ot

the hydrostatic loading.

5 studies of e fatigue crack
A tioned earlier, there have been numerous studies [ﬁt }:‘}.xe_ ::t é}icmi nt‘
As mentioned e 3 3 : e oF the fatigue
i and frac e chaviour of this material. :

pation and fracture be : rlals 1 i R o

progf%cues used to analyse this tank have been described p¥GVJO;1b1i£hcg
> 1 28 Sed < o % : o : et ;
;ig de;ign for a particular element or region of thL.tdnL ;? izar.
‘ . 4 o 3 i J itions articular:

by considering a combination of loading conditions, in par E

< S—
a) static cargo fluid pressure plus gas overpxcssurcé
: o . « iy 9 P A e
b) dynamic cavgo fluid pr ssure‘plus gas ovnrp{c5aan, o the worst
‘) 6§<r111 longitudinal ship deformation corresponding €
c o5 g B Longitud,
i S i nt
vt ogging or sagging moment, o W
expm’ﬁ;dlh'jé!) léform'at’iun (‘;f the ship's bottom (Lougxtu%nml and tra )
(¢ G ae & L D % Bed N ’ o g
i g cofferdams, i.e., over each cargo h 3
‘ring between coftferdams, % ) . ! ) - ovase
OCCUIZA) I::Thc rmal gradients during cool-down, warm-up and ballast V’ozmg,ﬂ,m
N cherme T A . ; e
é\ flooding of the cargo hold producing an external pressure
b 3 g of t

tank bottom,
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g) static fluid pressu 8
B E ssure plus gas overpress 51 i
1oads}?u11¥§ the hydrostatic testing of thepﬁaziure £0 simulate the desiy
1) self-wei : i as i d with t}
I -weight loading associated with the ;ank Lifvi i £1i
-acement of the cargo tank in the ship ) Shne for Final,

4.2 Bals: reth: i
L.z Balsa/Polyurethane Foam Insulation and Secondary Barrier

As mentioned v i 5 .
balsa iglaig fi;f;oufly the cargo tank is supported on a series of pl £
of the h01d; }%h;q% d}ringedwfn longitudinal rows and around tAe egiYYOWL
phery to timber ;;iupjﬁtls,.bLgure 7, are epoxy bonded around the?r S}'
inner hull.PIate‘Es Aniiérw§16h themselves are studded and bonded/fo Eﬁllh
between the bottam of ! strength epoxy matrix is used to £ill | %
bottom of the panel, timber grounds and SheE hd;il the void

As shown in Fj
in Figure ‘he a 3
Lo1ang anmi i:;uffiléguw;:;as befween the longitudinal rows of so callesd
- (& & & d I o £ N - - b &
ang Ehe gy e £11let a polyurethane foam. These isl: 5
polyurethane foam are the secondary barrier on the Ki;?dhgiggls
T b m.

Around the perimeter of each we 1]

s Lhe perd of eac .wallﬁand bilge area a series of ply 55

Figues s anstgd tg)forv ?}ctur% trames for each side or bilgé &z??d/bal ;

oF abun 1om nm. to(fyT;etha§e foam 1s sprayed in layers, to a thjcﬁnes%

Site ot S0 > 1 ‘rl” Lhese bul§a/p1yw00d picture frames Th‘. ;
secondary barrier and insulation for these arsa; e somer

Additional i iati J
150 mm f16r§§§UI?;{on ?f~the”bott0m and sides of the hold is obtained wi
Fibrous Plﬂ@“.mit”b% mats. The tank top insulation consists of %éo ith
RRASS mats secured at their edges to the hold top iPt pl; lmm
¥ & e panels.

<

When the £ i) B the ) 2L3 COMPress more anc the te
2 cargo tank is illed is )
YeTature gy 2 . - R € island panels compre 5 .
Perature gradient Lhrough these panels induces thermal ‘l;lu.v "
ols X e85 & &5 esses,

The fibreglass .

surface of 2;; ?gzxeig Fhe cargo tank and polyurethane foam keeps the top
of solid carhén d;opid dbupt it K, i.e., approximately the tempéruturéq
temperature gradie Xide. The foam is stressed statically because of the

of ¢ gradient through it and because of t} b} srause o the
£ the hull. t the still water bending

At sea the i
E € wave motion on the hull |3 P
Stresses in the seoc ’ -e ud] I3, 11, 12] produces a variety of :
tion aey c0n£rﬁci?aond%r¥ barrier. Hull bending produces a Cyc 'icoilcyc‘li
shear on fhe(i;lflgn ?t the secondary barrier. Ship roll prﬁduéég a Ongd
il pre;gﬁrevd?n Panels supporting the tanks. Figure 9 *ﬁaw*rtlx =y
> LCHSU S 10 i i ; I N . .
of thone pour bﬁlizrépuslon within a tank for a typical ship mo:jm:6 ti??:
of thes S studied to determine B ‘essive and s 0ad ‘
acting on sach veoid pancy > the compressive and shear loads

After discharging . N
at 111 Kraxslgizﬁ WObt,OF 1ts cargo the ship returns with the tanks still
construction the btigéﬂ 1§’t§e ballast space. bDepending upon the :hi '
down to the inner ;;i?sg tanks may extend up to the deck overflow 31)25 and
on the hylt i-mhme1&:1},(:]iz)tt‘.om. During this ballast voyage thé‘wuvé éotig:d

e SRHGE L1C pressures in the ballas agde I ik Stk
and cyclic ballas F e ballast tanks Phese s X

¥ - ballast pressures uare S 1 ER 1iese static
the inner hull Wiating, transmitted to the secondary barrier throu

The effects
tects of these various loadi
1 2L E t: s loadings on tl 20T i
Sfmeats s v gs “he secondary barrier h:
s assectg £¥ :iglgitglement analyses and by staticyand futiygzvipzzigg
: e fatigu >Sts wi ; i 110 i e
mental geotin: gue tests will be discussed to illustrate the exper
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1.3 Ballast Pressure Fatigue Test

figure 10 shows the detailed design of the fatigue panel and its relation-
ship to one bay in the inner hull bottom. Figure 11 shows a general view
4f the test panel bolted and clamped to the base of the test rig. The
inper hull plates and intermediate stiffemers, Figure 10, deflect under the
tion of the ballast pressure. Since the foam has a very low modulus com-
pared to the steel hull the neutral axis for bending is near the centre of
the inner hull plate. Therefore, therc is a very significant magnification
of strains at the top (cold) surface of the foam. Since the ballast pres-
sure is cyclic it was necessary to caleulate the ballast pressure spectrum
and investigate its effect on the integrity of the secondary barrier.

The length of the test panel was determined by the spacing of the ship's
tongitudinal girders, since the island panels are installed in the line

of the girders, Figures § and 10. The test panel is slightly longer than
the spacing of the longitudinal girders to allow clamping of the balsa pads.
these clamps, which have strain-gauged bolts, Figure 11, simulate the pres-
sure of the tank and cargo acting on the balsa pads.

the width of the test panel was determined by the requirements that each
balsa pad include a full-size plywood scab joint, Figure 7; that the inner
hull plate and intermediate plate stiffeners be full-size, and that the
area of the test panel see full biaxial thermal restraint. A finite
ysis was used to investigate the effect of free edges on the

in a slab of foam bonded to full thickness inner hull

central
clement ana
thermal stre
plate.

s8¢e¢8

it was concluded that the test panel should be 2050 mm wide to correspond
to the expected lines of inflexion of a bay in the inner hull bottom,
Figure 10. To simulate these lines of inflexion (equivalent to simply
supported edges) the side plates of the test panel were thin relative to
the inner hull plate and the intermediate stiffeners were not tied directly

into these side plates.

Refore Kaiser Aluminum and Chemical Corporations foamed the first of these test
panels it was strain-gauged, inside and outside, and fitted with deflection
gauges so that the etffect of internal pressure could be compared to the
deflection patterns predicted by finite element and classical stress analyses
tstimated deflection patterns had beer used previously as the input for a
finite element analysis of the effect of ballast pressure on the foam.

The ballast pressure loads applied to these test panels were derived from
:s Register of Shipping, London, for
sed on 20 yvears service in the

acceleration spectra computed by Llo
a 130,000 m® LNG ship. These spectra were b:
North Atlantic with the ship sailing into a head sea and in ballast for

50% of its voyages. The ballast pressure fatigue spectrum shown schematically
in Figure 12a was developed for a particular case; i.e., plating on the
bottom edge of the forward transverse bulkhead of the forward hold of the
three ships currently under construction at Avondale Shipyards.

1t should be noted that the abcissa of Figure 12a shows the number of cycles
exceeding a particular dynamic pressure pj. This spectrum is converted into
blocks of fatigue loading as shown in Figure l2Za. It can be seen that there
will be nj; - n2 cycles where the dynanic pressure is greater than p; and less
than p,. To be conservative one assunes that all of these cycles will occur
at the higher pressure, i.e., pa. This approach gives a block spectrum for

20 years of:
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n; - np cycles at + p, plus static ballast,
n,; - ng cycles at + py plus static ballast,

ns - Ny cycles at + p, plus static ballast,
ending with

ny - Ny cycles at & pigi -

Obviously, the factor of safety on pressure depends on the choice of
P2..-5 Pi+1. _The factor of safety on life can be ohfuino& by &?;1?  g
51wple extension of the pressure spectrum beyond twent? Qear% 67 Rbr >
ating with a variable factor on life. In either case, it is~1‘f')¥10per~
divide the twenty year block shown above into smaller)bléckg ;:ﬂiijéég Eﬁc

uncertainties introduced by using an ordered rather than a real distributiss
el L ST RE%SES

£ e ) ety
z} thetpre%suxcs pl? P2 was Pi+1 within the chosen cycle block. In most ot
these ?sts eleven levels of pressure were applied in each small block and
it required two months to test to the equivalent of 40 years at sea. (

& years J Sea.,

Part of the pressure spectrum shown in Figure 12a was eliminated, i.e
pressurgs below + p;. This was jU$tifjudvusjnq the cnngx'ﬁctiwn,v]'g.’
schematically in Figurg 12b.  This approach is an adaptstion é}(o;;UZn
§gsted’sgme years ago for aircraft components [13]. The sﬁn]l speéiﬁzg—
.Goo?mdn boundary, AB, was reduced on the ordinate to allow fc I'{“ "
1nev1table differences in fatigue strength between small ?p;cgzznz]ind
are s e P 5 3 Thie <« v E~g o . i - ‘
h;x%efsﬁzt PAELIS:,}lh}> aO*mfl%ed ta“lurg boundary, CA, was then reduced
by a factor o three on the ordinate to give the operating boundary DA
rhe tqgtor of three allows for scatter in fatigue strength and h'{ "
in detfining the stress distribution in the punél. o - e

Z?g:ed?rlgln%dthe test spectrum, dynamic pressures which fell below the
:mentioned operating boundary were eliminated. In most of these ballast
O G y ted - amic e S o b g p
pressure tests the dynamic pressures (stresses) not included in the Fa;igu
spectrum were a factor of six below the esti an fati mit of
: E Cosi e estimated me: Cati 1imi
e = ed mean fatigue limit of

Tﬁe ballast pressure spectrum described above was applied with t! 5
of tbe teﬁ? panel insulated and the top surface uooind”withvéol'se'?ldes
T;zil$?‘1or33t pan:ls whichbhad been fatigued in this maﬁncr.Fo; t;irggziva
» £ 40 years at sea or applying cyclic bendi A1 vier 5 T .
to evaluate the response of {hel¥ogm %oﬁi;lQZC?;Sgéngilédj Yziifais?’¥sed
tank, a% some time during the service life. In thc;e écé;dvné é?ﬁd?::g:l
top ;u1§aue gf‘tﬁ? panfl was cpoled w;th liquid nitrogen in plnstic'bavs\e
zsrz}io ??le?§de$h(7l K)lor in ?lumlnum trays suspended above the Fogm
face f . e panel was then subjected cyclic adi T &
cases this gycljc loading corresponded té sailigg ;i:llgiéozgin§v>o£? zomz
i?irW?Nth ?;Eh §%yg? 1eqk1ng from the nluminum tank onto the 5e;oada;;( ?
ha 1Lr: e Usgb requirements for certain types of primary barrier
in ;he introduction of this paper, serve to explain why cyclic(léfz" —
equivalent to one month at sea, is a conservative nppruaéh.to thigkéggﬁlem

4.4 Shear Fatigue of Model Island Panels

é?e ?b1TCt ff thise test; was to investigate the effect on island panels
cyelic shear due to ship roll The interacti of . i
F epell Aear e Lo L. ) nteraction of the inner hull, is
panels and cargo tank 1s such that the island panels will normally F;ciéland
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Lotween shear deflection rather than load limits. 1If a panel cracks some
{ond will be shed to adjacent panels and their shear deflection will in-

crease slightly.

‘he compressive load and shear deflection of each island panel was obtained

iy finite element analysi of transverse sections of the tank and its sup-

ports with the tank subjected to pressure distributions similar to that
hown in Figure 9.

figure 13 shows the test rig designed to apply compression and eyelic
shear to model island panels. These panels, K, were tested in pairs.
Through the thickness these panels were full-size, which ensured that
realistic (preferential) crushing occurred in tests where the panels were
snbjected to compres

ive overload.

to facilitate assembly, the wooden grounds and model pavel are mounted on
4 sub-plate, A., using the mastic and adhesive discussed earlier. The
sub-plate, A., bol to the floating face-plate B of a pressure box, G
The two pressure boo are connected by tie-rods, D, which pass through

clearance holes in the sub-plates and model panels.

fydraulic jacks on the four tie rods are connected to a common pressure
source. If hydraulic pressure 1s applied to these jacks or directly

inside the pressure boxes, C, the floating faceplates press the model panels
against the sides of the cryogenic tank, E. The hollow cryogenic tank is
machined from a solid slab of 5083-0 Al alloy and is fed from the top with

2 continuous supply of liquid nitrogen.

train-gauged load

The cryogenic tank 1is connected through a clevis and
cell, I, to a servo-controlled hydraulic ram, G. This ram pushes and

pulls the cryogenic tank to apply shear deflections to the model panels.
The floating faceplates hang from the top crossbeam of the test rig. Back-
lash is minimized by tensioning the bolts, H, conmecting the faceplates

to the bottom crossbeam. Four spacer bars, J, were used to eliminate
undesirable rotations of the faceplates.

The block loading spectrum for these tests was derived, using the procedure
described in the previous section, from the roll spectrum for a 130,000 m?
LNG tanker (supplied by Lloyds Register of Shipping, London) and finite
element analyses of transverse sections of the containment system. All tests
were run to at least the equivalent of 40 years of sailing in the North
Atlantic.

ome of the factors affecting the design
and failure analysis of containment systems for the marine transportation
of LNG. As with aircraft structures it is frequently necessary to test
large sections of structure to obtain realistic load distributions (par-
ticularly thermal) and an appreciation of the possible modes of fatilure.

A general stavement of rules (existing and proposed) governing the design,
construction and operation of self propelied vessels carrying bulk liqui-
fied gases has recently been published by the U. 5. Department of Trans-

portation [15].

This completes the discussion of
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figure 1 Load Spectrum and Wohlex
Table 1 Expansion Joint
N o o Ground —_ |
Methane ethane 21 Paso
L Name Pioneer Princess Gadania Avondale —Membrane
Fibreglass —___ | s
-
Length (m) 103.2 189.3 259 284 4-— Hardwood Key
(Overall) . Salsa Pad
Beam (m) 15.2 24.8 35 42.8 ggri:r Piece A —S-S. Corner =
(Molded) of Insulation
Depth (m) o
(Molded) 12.5 178 n.a 28.7 ] N = 7\
Draft (m) 7.2 7.9 9.5 11 ) .\'Q\i
Cargo Tank Ejzg‘n'swn e ;
Design Free Standing ' e Conch Ocean Free Standing 5 [ / L‘%&gl 1
Type Prismatic " T Membrane Prismatic Fibreglass ————1 yf&l w 1‘
Material Aluminum " 5 Stainless Steel Aluminum 5083 j e
Standard
5 . lywood--
Gapacity 5123 27,400 75,000 125,000 3 mm Ply J Panel
(m?) 12 mm Plywood
Insutation balsa balsa balsa balsa/polyure-
thane foam (PUF)
Secondary Ty o lywoed 1ywood plywood/PUF Sy S
w‘f_‘f_”” plywoo plywoo plywoo M‘J___m;‘i:.«m Figure 2 Conch Ocean Membrane System
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