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A B S T R A C T

T h e  thesis provides a critica l review  o f  the occurrence  and sizes o f defects in  welded  

jo in ts  in  steel structures, and  reviews the m ethods o f n on-destru ctive  evaluation. In 

particu lar a detailed statistical analysis o f the weld defect data base obtained from  the 

H u tto n  tension leg p la tfo rm  has been undertaken. Su itable spatial and defect size

distributions both  fo r  su rface-b reak ing  and em bedded defects have been established 

and  com pared  w ith d istributions obtained from  other structures. Specia l attention has

been focussed on  exp la in ing  variations in  defect sizes u nder the in fluence o f a

n um ber o f  factors such as the position  o f  the w elded jo in t in  the structure, the 

position  o f  the defect in  the w eld, the type o f  defect, the type o f  w elded jo in t, the 

w elding process, etc. A nalys is has been undertaken o f defect depth  (or width), 

length , aspect ratio and in  som e cases defect orientation . C orre la tion s  between defect 

depth  (or width) and length have also been exam ined. Su itab le analyses were also 

undertaken to determ ine defect rates, the occurrence o f  m ultip le  defects, the

p rop ortion  o f welds found  defective and the frequency  o f  occu rren ce  o f  various defect 

types. In each case the contribution  from  various w elding and location  param eters

has been established.

A lso  inc luded  in  this thesis is an appraisal o f  the re liab ility  o f various n on-destructive  

testing techniques. C u rre n t detection  m odels and  uncertainties in  sizing are critica lly  

review ed and  new  generalised m odels are proposed fo r  use in  u p -d a tin g  defect size 

and occu rren ce  distributions. T h re e  new  generalised m odels o f  sigm oidal shape have 

been proposed w hich  have the capab ility  o f  accom m odating  a large num ber o f  

variables such as defect length , defect depth , defect w idth , defect area, plate

thickness, record ing  leve l, etc. T h e  three m odels are based on  the b inom ia l 

distribution  and the m ethods o f estim ating the param eters are based on  m axim um  

like lih ood  estim ation, fo r  w hich  the g o o d n e ss-o f-fit  statistic (deviance) is com plete ly  

determ ined. T hese  m odels have been app lied  and com pared  w ith existing m odels 

cu rrently  in  use, by using data derived from  pressure vessel re liab ility  program m es. 

S izing  errors using m agnetic partic le  inspection  have been assessed using data from  

su rface-b reak ing  fatigue cracks in tubular jo ints typ ical o f o ffshore structures. It is 

anticipated that the results from  the w ork w ill be o f  value in  frature m echanics  

form u lations, w ill serve as p rio r in form ation  on  Bayesian quality  con tro l schem es for  

fu ture  inspections and fin a lly  w ill assist in  the im provem ent o f  the perform ance o f  

various N D E  techniques currently  in use in the offshore industry.



8

A C K N O W L E D G E M E N T S

O n  co m p letion  o f  this w ork I w ould like to express m y D E E P E S T  G R A T I T U D E  

equa lly  to  Professor A .  A tch in so n , Professor S ir  D .  C o x  and M rs . J .  Snell fo r  their 

constructive com m ents and  advice on  the statistical analysis o f  data.

M y  thanks go also to M r .  M . J .  B aker w ho provided  sufficient funds fo r  the m ajor 

part o f  m y  studies. I am  also grateful to h im  fo r com m ents and advice throughout 

the en tire  w ork. H is  rem arks on  reading the first draft o f  the thesis are deeply

appreciated .

I w ould also like to thank C o n o co  U .K .  fo r  fund ing  part o f  the research and for 

the ir perm ission  to m ake the data available fo r  this study.

M y  thanks go also to M rs . S . W rig h t fo r an exceptional typ ing w ork.

F o r  the past few  years I have enjoyed the co m pan y  o f  m any friends w hom  I wish to 

thank. E sp ec ia lly  I w ould like to m ention  M r .  W e n d y  A riten an g  w ith w hom  I had 

useful discussions over the past years.



9

NOTATION

A s  fa r as possible, w here referenced relationships are quoted, the author's original 

notation  has been retained. M a n y  variables are therefore defined  loca lly  in  the text 

to avo id  confusion. T h e  global notation used in  this w ork is as fo llow s:

a defect length in  the d irection  o f  welding

E[] expected value o f  the random  variable in brackets

D n deviance statistic with n  degrees o f  freedom

fx ( x ) probab ility  density function  o f  random  variable X  at x

cum ulative distribution function  o f  random  variable evaluated at x

g i co effic ien t o f skewness

co effic ien t o f  kurtosis

Gn natural logarithm

P[] probab ility  o f  the event in  brackets

p d n (x ) probab ility  o f detecting a defect o f dim ension  x

p n d (x ) probab ility  o f not detecting a defect o f  dim ension  x

r corre lation  coeffic ient

r .m .s root m ean square value

S E standard error

*n student's t distribution with n  degrees o f  freedom

z defect depth

a scale param eter o f W e ib u ll distribution

(3 shape param eter o f W e ib u ll d istribution

y location  param eter o f  W e ib u ll d istribution

€ defect aspect ratio  taken as the ratio o f defect length to defect depth  or  

defect w idth

V- m ean o f n orm a l distribution

a 2 variance o f  norm al distribution

Xn ch i-sq u are  statistic with n  degrees o f freedom

N(/X,<72) n orm al d istribution  with param eters /x and a 2

A(/x,cr2) lognorm al distribution with param eters /x and a 2
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4 G  O verh ead  W e ld in g  Position
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C H A P T E R  1 

I N T R O D U C T I O N

1.1 G e n e ra l R em arks

T h e  presence o f  both  su rface-break ing  and em bedded defects in  the welds o f  offshore  

structures m ay  lead to fatigue crack ing  and eventual fracture. K n ow ledge o f the 

spatial and defect size d istributions fo r  defects o f d ifferent types and  sizes and in 

d ifferen t positions in  the weld are o f  im portance  in  determ in ing the probab ility  of 

fa ilure  during  the required design life  o f  the structure. T h u s  the risk o f fa ilure  o f a 

w elded structure by fatigue and fracture depends to a large extent on  the num ber, 

size and type o f  weld defects w hich  rem ain  in  the structure fo llow ing  fabrication . 

O th e r  factors, such as the lifetim e distributions o f  stress range, peak stresses, residual 

stresses, m ateria l toughness, e tc ., are also im portant but w ill n ot be discussed here.

T h e  im portant regions o f w elded structures are generally  subjected to  som e fo rm  o f 

n on-destru ctive  evaluation  ( N D E )  im m ediate ly  fo llow in g  fabrication  and , depending  on  

the specification  and design criteria , a ll o r som e o f  the weld defects that are found  

are repaired  before the structure enters service. H ow ever, because N D E  techniques 

and N D E  operators are not 100% reliab le , som e defects escape detection  and rem ain  

in  the structure. T h e re fo re  o f equal considerable interest is the effect o f  various 

standards o f  n on-destru ctive  evaluation on  the fin a l defect rates. K now ledge o f  likely  

defect occu rren ce  fo r  d ifferent types o f  welded jo ints and w elding processes provides 

som e o f  the in form ation  necessary to determ ine optim al strategies fo r  N D E  during  

fabrication .

T h e  need fo r  a rational procedure fo r the assessment o f  weld defects occurs with 

m an y types o f structures but was very apparent during  the fabrication  o f  the C o n o co  

H u tto n  T e n s io n  L e g  P la tform  ( T L P )  (see F ig . 1 .1), when w eld defects o f  an 

unacceptable size w ere discovered at a late stage in  the fin a l assem bly o f  the Low er  

H u ll fro m  its p re -fa b rica te d  com ponents. P art o f  this thesis describes the work  

undertaken and the results obtained from  the assessment o f defect data relating  to the 

welds in  the Lo w e r H u ll o f  the H u tto n  T L P ,  fo r  use in  p robabilistic  fracture  

m echanics analysis. T h e  rem ainder o f  this w ork concentrates on  the re liab ility  o f  

n on-destru ctive  exam ination  procedures, m ain ly  u ltrasonic testing ( U T )  and m agnetic 

partic le  inspection  (M PI). B o th  parts are im portant in  the revision  o f N D E  

procedures fo r  future structures.



Fig 1.1 The Hut ton Tension Leg P la t fo rm
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1 .2  O v e rv ie w  o f  W e ld  D e fe c t Assessm ent

T h e  sign ificance o f  defects in  welds depends on  the function  that the weld w ill 

p erfo rm  and is governed by  a num ber o f  param eters such as shape, size, type and 

their d istribution  and orientation  w ith in  the weld. T h e  actual sizes o f  defects are a 

fu nctio n  o f  the in teraction  o f a large num ber o f variables such as w elding process, 

w elding p rocedu re , w elding position , perform ance  o f ind iv idual w elders, etc. M a n y  of  

these quantities cannot be contro lled  to the desired extent and consequently exact 

pred ictions o f defect sizes cannot be m ade. T hese  uncertainties thus suggest a 

statistical approach  to the expected sizes o f  defects.

T h e  occu rren ce  o f defects in  welds has received particular attention over the recent 

years in  both  the offshore and nuclear industries. B o th  the size and spatial

distributions o f  defects are o f  p rim ary  im portance in  understanding the question o f  

structural in tegrity. T h is  is so because to be able to understand the question o f  

structural in tegrity it is necessary to understand the factors w h ich  affect the 

occurrence  and sizes o f defects. These  m ay inc lude  the type o f  w elded jo in t,

fabricator, w elding process, w elding position, w elding procedure, ind iv idua l welders, 

length o f  the weld etc. T h e  relative contributions from  m any o f  these factors are 

very often  unknow n. E v e n  w hen they are know n, they often  cannot be contro lled  as 

desired and their nature is som etim es too com plicated  to approach  in  a determ in istic 

way. A  probabilistic  approach  to the treatm ent o f  defect occu rren ce  and sizing is 

therefore suggested.

E q u a lly  im portant is the re liab ility  o f non-destru ctive  exam ination  devices. T h is  is 

assessed by the probability  o f  co rrectly  detecting and sizing defects. T h e  better an  

N D E  dev ice  is, the h igher w ill be the probab ility  that it w ill co rrectly  detect defects 

and m easure their sizes. T o  be able to estim ate the num ber o f  defects present in  a 

structure on e  m ust be able to m odel these detection  and sizing uncerta inties, and  

subsequently account fo r  undetected defects and in correct m easurem ents. T h e  

probab ility  d istributions o f m easured sizes are then adjusted accord in g  to the 

ca libration  error and in  turn weighted by the detection m odel to account fo r  the 

possibility  o f  m issing existing defects.

A lth ou g h  the spatial d istribution o f  defects in  a structure entering serv ice is im portant 

from  the quality  contro l po in t o f  view , the defect sizes are o f  im portance  in 

determ in ing  the probability  o f  fa ilure  during the required design life  o f  the structure. 

T h e  m ethodology  o f  undertaking an integrity analysis o f  a cracked  structural 

com pon en t includes:
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(1) fracture  m echanics to determ ine the critica l state o f  a cracked com pon en t

(2) fatigue crack  growth using fracture m echanics to determ ine the crack size at 

any tim e

(3) ran dom  loading analysis to provide the in pu t cyc lic  loading  o r  extrem e loading

(4) statistical m odelling  o f  each o f  the in pu t variables fro m  past experience and

data

(5) e ffic ie n t and accurate re liab ility  analysis to determ ine the p robab ility  o f  failure.

W h e n  app ly in g  re liab ility  theory to assess the sign ificance o f  w eld defects, one has to

undertake at least the fo llow ing  tasks:

(a) to understand the concept o f re liab ility  theory  fo r  p ractica l and theoretical

prob lem s

(b) to understand the physical phenom ena o f fatigue and fracture

(c) to identify  basic statistical variables in  the fa ilure  function

(d) to determ ine defect rates in  welds depending on  fabricator, type o f  welded

jo in t, w elding process, w elding procedure , w elding position  and  where possible 

in d iv idu a l welder

(e) to determ ine the occurrence o f  m ultip le  defects in  welds under the above

conditions

(f) to p erfo rm  an analysis on  the relative frequency  o f d ifferen t defect types

(g) to  analyse the dim ensions (length, depth , orientation  and position) o f  defects

and  to  f it  p robab ility  distributions to these data

(h) to assess the re liab ility  o f  ind iv idual N D E  operators and  the re liab ility  o f  N D E  

techniques in  general

(i) to  ap p ly  the techniques o f probabilistic fracture m echanics in  o rder to assess

the sign ificance o f  d ifferent sizes o f  defects in  term s o f  the p robab ility  o f  

fa ilu re  by fatigue and fracture fo r  welds with d ifferent geom etries. O n e  way o f
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perfo rm in g  such an  analysis would be to  m ake use o f  the Paris La w  with 

appropria te  threshold effects in order to govern the growth o f  defects from  

the ir in itia l size. T h is  cou ld  be follow ed by  the app lication , fo r  exam ple, o f  

the C E G B  R 6  procedure to assess the critica lity  o f  the enlarged defect to 

ran dom  peak stress [1].

1 .3  R e lia b ility  M e th o d o lo g y  as A p p lie d  to F ractu re  M e ch an ics  

G e n e ra l

A  general review  o f structural re liab ility  theory is beyond the scope o f  the present 

w ork, and the reader w ho is unfam ilia r with this fie ld  is referred to the general 

literature -  fo r exam ple see T h o ft-C h ris te n se n  and B aker [2] or M adsen  et al [3]. 

Statistical re liab ility  theory is not considered in  depth  in this thesis, but the data 

analysis that has been undertaken provides im portant in form ation  fo r  later reliab ility  

studies. F o r  this reason, the fo llow ing  in form ation  on re liab lity  m ethodology  as 

app lied  to fracture m echanics is included. T h e  rem ainder o f this section is based on  

notes p repared  by M r .  M . J .  B aker fo r  a short course given in  1985.

In p r in c ip le , i f  the re liab ility  prob lem  is set up  in  term s o f  random  variables then it 

is possible to define  a safety m argin  M  w hich  is a determ in istic fu nction  o f the 

n orm al (design) input param eters X  such that

M -  g ( X )  ^ 0 1 . 3 . 1

corresponds to the unsafe state against w hich the structure is being designed. T h e

re liab ility  o f  the com pon en t is then defined as

p s -  1 -  p f  -  1 -  P (M  ^ 0) 1 . 3 . 2

where P f  is the fa ilure  p robab ility  in  a specified reference period .

T h e  assessment o f  the com pon en t re liab ility  then consists o f  three steps:

-  selecting a suitable fo rm  for the safety m arg in  equation g(X)  

selecting suitable p robab ility  distributions fo r the input param eters X

-  evaluating the probab ility  P(g(X) ^ 0)

F o r  m an y  re liab ility  problem s, including  those discussed here, the last step can be 

undertaken easily using so -ca lled  first order re liab ility  m ethods [2] and  w ill not be
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discussed in  detail here. In p rin c ip le , the m ethod  works by  m app ing  the (n-1)

d im ensional surface defined by setting g(X) = 0 in to  an n -d im en s io n a l unit standard 

n orm a l space (i.e. one in  w hich  the variables are a ll n orm ally  d istributed with zero  

m ean  and  unit standard deviation). T h e  closest distance from  the orig in  to this new  

surface is term ed the re liab ility  index /3 w hich is related to Pf by

Pf * $(-£) 1.3.3

w here 4> is the standard n orm a l d istribution fu nction .

Fu rth erm o re , the coordinates o f  the closest p o in t when m apped back to the space o f  

the orig ina l variables give the values o f the variables most like ly  to be associated with 

fa ilure  o f  the structure (this statement is on ly  approxim ate for n o n -n o rm a l variables). 

T h e  values are often referred to as the ’design values' o f the variables and the point 

is referred  to as the 'design po in t'.

T h e  coord inates o f  the closest po in t in  a standard norm al space also a llow  a set o f 

sensitivity factors a  to be defined w hich  ind icate the relative im portance  o f  each o f  

the variables with regard to their in fluence on  the probability  o f  fa ilure . T h e  

sensitivity factors are such that

n

y  o !  -  i  1 . 3 . 4
i-, ‘

and w ith low  aj ind icating  low  sensitivity.

T h e  S - N  A p p ro ach

T h e  m ost co m m on ly  used m odel fo r fatigue behaviour u nder constant am plitude  

loading  is the linear logarithm ic m odel

NjS™ -  K 1.3.5

where N j is the num ber o f  cycles to fa ilure , Sj is the range o f  app lied  stress and m  

and K  are selected constants. H e n ce , fa ilure  can  be assumed to occu r when the 

n um ber o f  cycles n  is such that the dam age D  defined  by

D - nŜ /K 1.3.6

exceeds unity. Fu rth erm ore , using M in e r 's  ru le  it is also assumed that the damage 

D ,  due to one cycle o f  stress range Sj is given by

D - Ŝ /K i r 1.3.7
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and the total dam age is

D

1 '
. K .

N

2  si-i
m

1 . 3 . 8

F o r  n orm a l design purposes, m  and K  are chosen to give a curve w hich  is a 

conservative low er bound on  the relevant test data or a selected num ber o f standard 

deviations below  the m ean curve. H ow ever, fo r  the purposes o f  re liab ility  assessment, 

m  and K  need to be considered as random  variables to a llow  fo r  the large scatter in  

the n um ber o f  cycles to fa ilure  experienced in  p ractice; and a m odel uncertainty  

needs to be in troduced  in to  equation 1.3 .8  to a llow  fo r the fact that the M in e r's  rule  

sum m ation  is subject to uncerta inty.

T h e  safety m argin  M  (equation 1.3 .1) m ay now  be expressed as

M , -  N -  N 0 1 . 3 . 9

w here N  is the num ber o f  cycles o f  stress to cause fa ilure  and N 0 is the required  

n um ber to ach ieve a g iven design life , o r  as

M 2 -  ( a c t u a l  l i f e )  -  ( r e q u i r e d  l i f e )  -  L a  -  L r  1 . 3 . 1 0

T h e  re liab ility  is thus

P s -  1 -  P ( M 1 ^ 0) -  1 -  P ( M 2 ^ 0) 1 . 3 . 1 1

Prov ided  that M  can  be expressed in  a suitable fo rm , the techniques o f first order  

re liab ility  analysis can  be used to evaluate P s .

F o r  exam ple , as shown by  W irsch in g  [4], M an n e rs  [5] and  others, fo r offshore  

structures where the lo n g -te rm  distribution o f wave height can  be assumed to have a 

tw o -p aram etr  W e ib u ll d istribution

F H (h ) -  1 -  e x p ( - ( h / c ) 0!) 1 . 3 . 1 2

and w hen the stress spectrum  is n arrow -ban ded  and the structure is dynam ica lly  

insensitive so that the stress range is closely related to wave height by

S -  bH 1 . 3 . 1 3

w here b  is a constant, then from  equation 1 .3 .7  the dam age caused by one cycle o f  

ran dom  wave height H  is given by

D , -  ( b H ) m/ K  1 . 3 . 1 4

and the expected dam age per cycle is

E [ D J  -  / °°(bh )m/I<: f H ( h ) d h  o
-  ( b c ) m/ K  T (1  + m/ cl) 1 . 3 . 1 5
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If n  is the num ber o f  stress cycles per year and X m  is the m odel uncerta in ty  in  the 

operation  o f M in e r 's  ru le , the actual life  w ill be

L a ----------------------------------  1 . 3 . 1 6

n ( b c ) m T ( 1  + m/a)

and  the safety m argin  is

M ------------------------------------- L r  1 . 3 . 1 7

n ( b c ) m r (1 + m/a)

It should be noted that equation 1.3 .15  gives the expected dam age per cycle. 

H ow e ve r, because there are a large num ber o f cycles per year, the scatter in the 

am ount o f dam age from  cyc le  to cycle does not affect the annual dam age rate which  

can  be obtained by m ultip ly ing  the expected dam age per cycle  by  the num ber o f  

cycles per year. T h e  uncerta in ty  in the safety m argin  M  results fro m  uncertainties in  

the param eters X m , K  and m . In other w ords, the expected dam age per cycle  given  

by  equation 1.3.15 is a cond itiona l expectation .

N o  restrictions are p laced  on  the distributions o f  X m , K  and m ; but i f  it is assumed  

that they are lognorm al, then a new safety m argin  M '  m ay be defined  as

M ' ----------------------------------------  1 . 3 . 1 8

L" (be)m T(1 + m /ot)

w here M '  is also a lo gnorm al variable so that

P s -  1 - P ( M ' ^ 1) -  1 -  P ( f in  M ’ £  0 )  1 . 3 . 1 9

A n a ly tica l solutions can  also be obtained fo r  certain  other lo n g -te rm  distributions o f  

wave height.

In the case o f  dynam ica lly  sensitive offshore structures, som e o f  the above  

assum ptions do  not ap p ly  and it is necessary to resort to spectral analysis o f the  

structure's response to wave loading -  see [6].

C ra c k  G row th

Assum ing the crack  grow th from  a surface defect in  a weld toe is governed by linear  

elastic fracture m echanics, the Paris law  gives
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d a

-------  C ( A K ) m 1 . 3 . 2 0

dN

where

da

—  i s  t h e  r a t e  o f  c r a c k  g r o w th  

dN

a i s  t h e  c u r r e n t  c r a c k  o r  d e f e c t  s i z e

A K  i s  t h e  r a n g e  o f  s t r e s s  i n t e n s i t y  f a c t o r  a t  t h e  c r a c k  t i p  

C  a n d  m a r e  c r a c k  g r o w th  p a r a m e t e r s .

In norm al fracture m echanics calculations C  and m  are taken to  be constants but in  

a re liab ility  analysis they need to be treated as uncertain  quantities.

T h e  range o f  stress facto r, A K , is related to the norm alised stress intensity factor, Y ,  

by

A K  -  Y A c t /  x a  1 . 3 . 2 1

w here Ao- is the range o f  applied  stress.

E q u a tion  3 .1 .20  m ay therefore be re -w ritte n  as

d aua t--- -
------- C ( Y A o V  r a  )
dN

m

F o r  the special cond itions where

(i) the stress range Acr is constant

(ii) Y  is independent o f  a

Eq u ation  3 .1 .22  gives

°N N

-m /2  . 
a  d a CYm(A(T)mT m /2d n

Qf,

Y ie ld in g , fo r  m  *  2

2-m

or

o*/2- ) / 2 -  a0(2-m)/2 + —  ( ^ ( A O V ^ N
2

2-m  «i2/(2-m )

a0(2-m)/2 + ---
2

1 . 3 . 2 2

1 . 3 . 2 3

1 . 3 . 2 4

1 . 3 . 2 5
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and

w here ck q is the in itia l crack size

ajsj is the crack size after N  cycles o f  app lied  stress.

H ow e ve r, in  m ost situations neither o f  the above special cond itions is m et. T h e

w elded jo ints are subjected to a num ber o f  w idely d iffering  stress ranges, but m ore  

seriously, the norm alised stress intensity facto r varies considerably  w ith crack size. 

H e n ce  Y  m ust be expressed as

w ith the result that c*n  cannot be obtained in  closed fo rm . H o w e ve r, fo r  each given  

w eld geom etry and jo in t type, Y (a)  m ay be obtained fo r  a range o f  norm alised crack

w eld region -  see [8].

A  further constraint is that crack  growth does not occu r, and hence equation 3.1.20  

does not app ly , be low  a threshold value o f A K , A K tj1. F o r  exam ple  the threshold  

effect can be m odelled  by a variable h igh  pass filter F  such that equaiton 3.1 .20  

becom es

Y - Y(a) 1 . 3 . 2 6

sizes a / b  (where b  is the plate thickness) by  detailed fin ite  e lem ent m odelling  o f the

w ith

d a

---  FC(YA<7
dN

1 . 3 . 2 7

F  -  0 f o r  A K  ^ A K t h

( A K -A K t h )

f o r  A K t h  £  A K  4  A K U 1 . 3 . 2 8

(A K u - A K t h )

F  -  1 f o r  A K U ^ A K

a n d  w i t h  A K t ^ — 50 N/mm3/ 2

a n d  A K U n o r m a l l y  d i s t r i b u t e d  w i t h  a m ean o f  90  N/mm3/ 2 .

F o r  n um erical ca lcu lations, an iterative a lgorithm  is used -  see [7].
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1 .4  O v e rv ie w  o f  D a ta  Analysis and  Statistical Prob lem s

F o r  the benefit o f  readers not fam iliar with statistical m ethodology  the follow ing  

section  covering  various aspects o f  statistical data analysis is included  here. M o re  

detailed in form ation  is given in  later chapters.

T h e  first step in  a statistical analysis is to exam ine the data fo r  errors. C h ecks o f 

data quality  are  o f  p rim ary  im portance especially w hen dealing  w ith a large data 

base. Such  checks usually involve:

(1) V isua l o r  com puterised inspection  o f  the data to ch eck  fo r  values w hich  are 

inconsistent with the ranges like ly  to occur for the various variables.

(2) E x a m in a tio n  o f  frequency distributions o f  the m ajor variables to look  for  

inconsistent observations.

(3) Scatter plots are a good way to d isplay unusual cases or outliers, fo r  exam ple

to show  w hether or not the length o f a defect is h igher than the actual linear

length o f  the weld. A  scatter p lo t o f  these two variables w ill show  if  the data 

cod ing  is m istakenly reversed fo r  som e cases.

(4) V e ry  o ften  the data recorded are not com plete  and som e values m ay  be

m issing. T h e se  m issing values are usually le ft b lank  o r  coded  by  a special

code. T h is  is im portant because m issing values and unusually  extrem e values 

that appear to be incorrect should be treated appropria te ly  and  not entered as 

real values in  any analysis.

(5) E x a m in a tio n  o f the m ethods that have been used fo r co llecting  the data to 

discover w hether or not certain  sources give rise to biases in  the m easurem ents.

T h e  raw  m ateria l o f  a ll statistical investigations consists o f ind iv idual observations, and  

these have to be sum m arized and screened in  som e w ay before any  use can  be m ade  

o f  them . It is understood that the a im  o f statistical m ethods goes beyond the sim ple  

presentation o f  data to include the draw ing o f  in ferences fro m  them . H ow ever these 

two aspects -  description  and in ference -  cannot be separated.

It is im portant to distinguish between the two types o f  observation , that is qualitative  

and quantitative; the form er being those w hich  are not characterized  by a num erical 

quantity. T h e  p rob lem  is sum m arizing qualitative data is re lative ly  s im ple . T h e  m ain  

a im  is to co un t the num bers o f observations in the various categories o f  com bination
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o f  categories and probably  express them  as row , co lum ns or overa ll percentages. 

T h is  cross tabulation, as it is usually term ed, helps in  p re lim inary  tests o f  whether 

rows are independent o f co lum ns. M u ltiw ay  frequency  tables with appropriate  

percentages usually provide useful in form ation  p rio r to fo rm a l fit o f  lo g - lin e a r  m odels. 

A  particu larly  im portant type o f  qualitative observation is that in  w hich  a certain  

attribute is e ither absent or present. Such  data are usually ca lled  b inary  data.

T h e  prob lem s o f  sum m arizing quantitative data in  w hich  the observations are 

n um erica l quantities are usually not straightforw ard. It is useful to subdivide such 

observations in to  discrete and continuous m easurem ents. A  useful in itia l step o f  

sum m arizing  a large co llection  o f  quantitative data is the form ation  o f  a frequency

distribution . T h a t  is a table show ing the num ber o f observations, o r frequency, at 

various values o r  ranges o f  values o f  the variable. F requ en cy  distributions can be 

illustrated visually  by m eans o f histogram s. M o st frequency distributions m et in

practice  have one peak and are described as un im odal. Nevertheless, occasionally

distributions w ith m ore than one m ode can be fou nd , like the distribution o f  casual 

blood  pressure in  a large popu la tion , w hich  is usually b im oda l. A n o th e r characteristic 

o f  som e interest is the sym m etry or lack o f sym m etry o f  the distribution , i.e . the 

skewness o f  the distribution . T w o  other characteristics o f a distribution are the 

lo cation  and the degree o f  variation o f  observations about the centre o f  the 

distribution . It is often  im portant to give in  a single figure som e ind ication  o f the

general level o f  a series o f m easurem ents, i.e . the m ean  o r  average o f  the variable.

O th e r  m easures o f  location  are the m ode and m edian  w hich  are usually less

im portant than the m ean. E q u a lly  im portant fo r  descriptive purposes are the statistics

variance , range, m axim u m , m in im u m  and coeffic ien t o f  variation .

H istogram s and  descriptive statistics are even m ore im portant w hen grouping variables 

are in troduced. A  grouping variable can provide in form ation  about a variab le not

used as the p lo t axes. If fo r  exam ple defect depth  is d iv ided in to  groups o f  defect 

type, d ifferen t lettering can be used to represent cases fro m  each defect depth  group. 

W h e n  m eaurem ents o f  the subjects are p lotted, slag inclusion  defects, fo r  exam ple, 

m ay appear in  a separate area o f the p lo t with sign ificantly  d ifferen t descriptive

statistics, ind icating  that they should be analyzed separately in  later analyses.

T h e  group ing  in to  strata o r  subpopulations is im portant and deserves m ore  attention.

U nu su al data values that are m asked in  a total popu lation  m ay stand out when the

data are separated in to  groups o r  strata. P rin ting  histogram s side by  side fo r  each

group and descriptive statistics fo r  each group coup led  with p re lim inary  o n e -w a y  or
C

tw o -w ay  analysis o f  variance investigates the hom ogenuity  o f the various groups. 

F ro m  this one can  identify  extrem e outliers, obtain  an idea o f  the distribution o f  data
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w ith in  groups, and exam ine w hether the assum ption o f  n orm ality  is reasonable. L a ck  

o f constant variance over groups can also be observed and tested and m ay give an 

in d ication  that the in pu t data should be transform ed.

A fte r  screening and describ ing the data, one should be ready to m ake decisions 

regard ing transform ations. A l l  statistical m ethods are based u pon  certa in  assumptions, 

fo r  instance the form s o f  d istributions o r  o f  relationships betw een variables. In 

realistic situations these assum ptions are u n like ly  to be com plete ly  true . V e ry  often  

the orig ina l data w ill present som e elem ents w hich  are in com patib le  with the 

theoretical m odel. In such cases it is advisable to try  and lo ok  at the data in a

rather d ifferen t w ay, fo r  exam ple by using a d ifferen t scale o f  m easurem ent for one 

or m ore  variables and then use standard m ethods o f  analysis. T h e se  procedures are 

appropriate  at the very early  stages o f  dealing  with the data before  form al and  

detailed analyses are carried  out. T h is  is helped a great deal by  using sim ple  

descriptive tools like frequency distributions, histogram s, bivariate scatter p lots, m ean  

values etc.

Lo o k in g  at the data from  a d ifferen t angle im p lies  in  fact perform ing  som e kind o f 

transform ation  to the data. T h e re  are two general types o f  transform ations. L in ear  

transform ations involve the change o f orig in  and can be useful in  e ither perform ing  

arithm etic operations or in  he lp ing  the investigator to display the results in  a m ore  

read ily  understood and acceptable scale o f  m easurem ent. M o re  im portant however 

fro m  the statistical po in t o f view , are the n o n - lin e a r  transform ation. T h e re  are three 

m ain  reasons fo r  perform ing  such transform ations:

(1) to  stabilize the variance

(2) to linearize  relationships

(3) to m ake distributions m ore norm al

V a ria n ce-sta b iliz in g  transform ations are very im portant because m any o f  the available  

statistical m ethods re ly  on  the strong assum ption that the residual variance for various 

subgroups shoud be constant. If the variance o f  the observations is know n to be a 

sim ple  fu nction  o f  the m ean, then a suitable transform ation  such as, fo r  instance, 

taking the logarithm  o r the square root o f  the values w ill have the effect o f  

stabiliz ing  the variance.

L in e a riz in g  transform ations are usually encountered in  regression. F o r  exam ple, if  a 

regression line , say o f  y  on  x is n o n - lin e a r  a satisfactory solution m ay be to fit a 

cu rv ilinear function . T h e  prob lem  is particu larly  acute in  the case where the

dependent variable is a p roportion  w hich it is restricted between the values o f  0 and
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1 and w here changes in  any explanatory variab le at the extrem e ends are unlike ly  to 

produce  m uch  changes in  the p roportion . F u rth erm o re , the variance o f  an observed 

pro p o rtio n  depends on  the expected proportion  as well as on  the den om in ator o f the 

fraction . Several transform ations are used fo r  proportions. T h e se  include the

angu lar, p rob it, logit, com plem entary  lo g -lo g  transform ations.

A  s im ilar po int arises in  n orm aliz ing  transform ations. N o n -n o rm a l variation  can be 

in troduced  in to  a theoretical m odel but the required m ethods o f  analysis are often  

very  co m p lex . Nevertheless m any o f the standard m ethods o f  analysis are insensitive 

to n o n -n o rm a lity  and this particu lar p rob lem  is less severe than the other two. 

F u rth erm o re , it usually happens that the sam e transform ation  at the same tim e  

stabilizes the variance, produces linear relationships and provides m ore  nearly  norm al 

distributions.

R etu rn ing  now  to those types o f  analyses where the probab ility  e lem ent is m ore  

centra l; the objective  being to assess the uncerta in ty  in  the conclusions. W h e n  the 

sam ple has been draw n the question w hich  usually arises is what sort o f  inferences  

can be draw n about the popu lation  on  the basis o f  the sam ple. A  w idely used 

device fo r  this is the sign ificance test. O n e  m ight be interested in  a certain

hypothesis ca lled  the nu ll hypothesis H 0 w hich  specifies values o f  the param eters o f  

the popu lation . If H 0 specifies the m ean  and standard deviation  o f a norm al 

distribution  as jx0 and <r0 a test designed to detect departures o f  the popu lation  m ean  

fro m  Hq  could  reasonably be based on  the exam ination  o f  the sam ple m ean x .  

S im ila r ly  fo r  the standard deviation  a 0  w ith the sam ple standard deviation  s.

A s  an  exam ple, consider the prob lem  o f  testing H 0 that the param eters o f the  

n orm al d istribution are f t  = /x0 and <r =  a 0  using the m ean x o f  a sam ple size n . 

If H 0 is true the probab ility  is 0.05 that a value o f x w ill give

x - Mo

greater than 1.96 in  absolute value. If /x is n um erica lly  greater than 1.96 the  

d iffe ren ce  between /Xq  and  x is said to be sign ificant at the 5 %  leve l. S im ila rly , an  

even m ore  extrem e d ifferen ce  giving a value o f  /x n u m erica lly  greater than 2.58 is 

sign ificant at the \ %  level.

T h e  sign ificance test w hich  has been considered above is tw o-sided  in  the sense that 

su ffic ien tly  large departures o f  x from  /x0 in  e ither d irection  w ill be judged  

sign ificant. If fo r  any reason it was decided that interest lay  in  possible departures  

o f  /x fro m  /Xq  on ly  in  one d irection , say in  excess o f  /Xq , it w ould be reasonable to
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co un t as significant o n ly  those values o f x w h ich  d iffered sign ificantly  fro m  /Xq  in  that 

d irection . Such  a test is ca lled  on e-sided . T h e  critica l value fo r  a on e-s ided  test at 

level P  is therefore the same as that fo r  a tw o-sided  test at level 2P .

Suppose now  that one is interested in  som e com pon en t param eter 8  in  a m odel. T o

A  ran dom  sam ple is taken and the estim ate o f 0, 8  is found . T h e  result is a single 

n um ber and there is no  ind ication  o f how  like ly  it is that this n um ber 8  is close to 

8 ,  the unknow n true value. T h e  m ethod  o f  confidence intervals is an attem pt to 

overcom e this p rob lem  with po int estim ators. H e re  one constructs an interval whose 

endpoints are statistics o f a random  sam ple, and hence random  variables, and gives a 

statem ent o f the like lih ood  that the true value o f  the param eter lies in  this interval.

W ith  the same assum ptions as before, that is x is the m ean o f a random  sam ple size 

n , one m ight wish to construct a con fiden ce  interval fo r the popu lation  m ean, /x, 

(with a  unknow n) w ithout concentrating  on  a single possible value /xQ . If we suppose 

that the distribution o f x is n orm al, the p robab ility  is 0.95 that x -  /x lies between

T h is  statem ent, w h ich  is true with p robab ility  0.95, asserts that /x lies in a certain  

in terval ca lled  the 95% confidence in terval. T h e  ends o f  this in terva l, w hich are 

ca lled  the 95% confiden ce  lim its, are sym m etrica l about x  and , since a  and n are 

kn o w n , can  be calcu lated from  the sam ple data.

N o  attem pt w ill be m ade to cover here the fu ll theory o f  con fiden ce  interval and  

sign ificance test but it should be pointed out that there is a close form a l relation  

betw een confidence  intervals and sign ificance tests. H ow ever, one th ing  w hich  is very  

im portant to h igh light, is to recognize the d ifference between practica l and statistical 

sign ificance. Ju st because two experim enta l conclusions produce  m ean  responses that 

are statistically d ifferen t, there is no assurance that this d iffe ren ce  is large enough to 

have any practica l value.

F o r  exam ple, an engineer m ay determ ine that the repair process o f  a structural 

co m pon en t by a new  procedure m ay produce  a m ean im provem en t in  tim e spent o f

0 .5  h/m. T h is  is a statistically s ign ificant result. H ow ever, i f  the additional cost o f  

the new  repair procedure is £1000 then 0.5 h/m difference is p robab ly  too sm all to 

be o f  any practica l value.

estim ate the param eter 6  an estim ator 8  is determ ined accord ing  to  som e criterion.

O r  an equivalent statem ent by rearranging:
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Statistical procedures are usually based on  a probabilistic m odel fo r  the data and the 

m odel form u lation  is an essential issue. V e ry  often  the system atic relation between a 

response variable Y j  and  the i^1 observation and an exp lanatory  variable xj is such  

that E [Y j]  = g(xj ; 0) where g is a know n function  and /3 a vector o f  unknow n  

param eters. In som e situations the distribution o f  Y j  m ay be defined  by  the m ean, 

as fo r  instance in  Poisson, b inom ia l and exponential distributions. In other situations 

it m ight be possible to express each Y j in  term s o f  a set o f  independent, identically  

distributed random  varibles e l f  c 2, . . . ,  en ° f  zero  m ean -

W hatever the fo rm  o f  the m odel, m ethods o f  exam in ing its adequacy o f  fit are o f  

p rim ary  im portance. W ith  large am ounts o f  data, graph ica l analyses, sum m ary

statistics an inspection  o f  suitable tables w ill usually lead to investigation o f  the 

adequacy o f the proposed m odel. Residuals, i.e . the differences between the observed  

and the fitted transform s adjusted to have approxim ately  u n it variance are the m ajor  

tools in  assessing the adequacy o f the proposed m odel. T h e se  can be plotted  against 

regressor variables and against the fitted values. Fu rth er the d istribution  o f  residuals 

m ay indicate the presence o f outliers whose inclusion  o r  exclusion  from  the analyses 

w ill need further consideration .
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1.5  La yo u t o f  T h e s is

T h e  w ork in  this thesis is d iv ided into five  m ajor chapters.

C h a p te r  2 contains an overall review  on  various m ethods o f  non-destructive

evaluation , nam ely u ltrasonic testing and m agnetic particle  inspection . Problem s o f  

detection and sizing o f  weld defects are discussed in  depth.

C h a p te r  3 contains a detailed description o f  the H u tto n  T L P  defect data base and the 

various fabrication  and location  param eters w hich  have been used in  the analysis o f  

data.

In C h a pte r 4, a detailed analysis o f  the occurrence  o f defects in  the welds o f  the 

Lo w e r H u ll o f  the T L P  is included. T h is  com prises a separate investigation o f  defect 

occurrence fo r  both  surface-break ing  defects and em bedded defects. F o r  each

category detailed analyses are included fo r  defect rates, defined at the percentage o f  

w eld length found  defective, frequency o f  occurrence o f various defect types, m ultip le  

defect occurrence and b in ary  analysis.

C h a p te r 5 contains criteria  fo r choosing particu lar d istributions in  m odelling  defect

sizes and investigates the variations o f  sizes in  both su rface-break ing  and em bedded  

defects. Special attention is focussed on  exp la in ing  variations o f  defect sizes under 

the in fluence o f  a num ber o f factors such as w elding process, w elding procedure, 

fabricator, type o f  w elded jo in t, defect type and overall g lobal and defect location . 

T h e  results are com pared  with p robab ility  distributions o f  defect sizes in  other 

offshore and nuclear structures.

C h a p te r  6 introduces the use o f b inary  regression functions in  m odellin g  uncertainties  

in  defect detection . Published data fro m  several nation a l and international

program m es set up  to determ ine the re liab ility  o f  N D E  procedures fo r  the detection  

o f  weld defects are review ed. Fu n ction s cu rrently  used in  industry to m odel the 

probab ility  on  n o n -d e te ctio n  are critica lly  exam ined and new  generalised m odels are 

proposed. T h e  proposed m odels can  be used to update the defect occurrence and  

defect size d istributions obtained form  raw  data. F u rth erm ore , sizing  errors using  

m agnetic partic le  inspeciton  are assessed using data from  su rface-b reak ing  fatigue  

cracks in tubular jo in ts typ ical o f  offshore structures.

F in a lly , C h a p te r 7 contains a b rie f sum m ary o f  som e o f the m ain  conclusions reached  

in  the present study.
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C H A P T E R  2

R E V I E W  O F  M E T H O D S  O F  N O N - D E S T R U C T I V E  E X A M I N A T I O N  F O R  W E L D S  

2.1 G e n e ra l

N o n -d e stru ctiv e  exam ination  techniques have been in  use extensively fo r  a long tim e  

to assure the safety o f  structures. H ow ever, one can never be certain  that any

n on-destru ctive  exam ination  system w ill successfully detect and size a ll defects in  the 

specim en  exam ined. W h e n  a part is subjected to inspection  it is exposed to some 

k ind  o f  agent such as u ltrasound, gam m a or X -ra d ia t io n , a m agnetic fie ld  or liquid  

penetrant. D efects  are then detected and sized by interpreting the response from  the 

app lied  agent. A p a rt  fro m  the elem ent o f  hum an uncerta inty  w ith respect to the  

app lica tio n  o f  the agent and the correct in terpretation  o f the response, there are a 

n um ber o f  factors w hich  m ay in fluence the perform an ce  o f  the N D E  system. These  

in c lu de , the length o f  tim e taken to m ake the inspection, loca l and access geom etry, 

m ateria l and defect characteristics, m ateria l thickness, defect d im ensions, defect 

orientation  relative to the external surface and others associated w ith the particu lar  

inspection  technique in  use.

T h e re  are m any d ifferen t types o f N D E  systems w hich are in  use today but the six 

m ajo r systems are:

1. U ltrason ic  testing ( U T )

2. R ad iograph ic  testing (R T )

3. T im e  o f  flight testing ( T O F )

4. M agn etic  partic le  inspection (M PI)

5. E d d y  current testing ( E T )

6. L iq u id  penetrant testing (PT)

O f  these, two m ajo r types o f  N D E  techniques w ill be exam ined, n am ely  ultrasonic  

testing and m agnetic partic le  inspection, w hich  are suitable fo r  the detection o f  

em bedded and surface breaking defects respectively. D eta ils  o f  the other N D E  

m ethods are gien by  G essop  [9] together w ith a sum m ary o f  recent developm ents and  

app lications.

2 .2  U ltraso n ic  T estin g  ( U T )

A m o n g  various U T  techniques the pu lse -ech o  m ethod is the m ost co m m on ly  used 

N D E  tool in  the detecting and sizing o f  through vo lum e defects. T h is  technique is
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A  p ie zo -e le c tr ic  transducer converts e lectrica l pulses in to  u ltrasonic pulses w hich are 

directed  in to  the surface under inspection. A  co up lant is required betw een the face  

o f  the p robe  and the surface to perm it transm ission o f  the accoustic energy from  the 

transducer to the m ateria l under test. T h e  in c iden t pulse is reflected from  defects 

and the back face o f  the specim en and returns to the test set (probe) where it is 

converted in to  an e lectrica l signal. T h e  deflection  o f the spot on  the receiver 

(cathode ray  tube) shows the instant o f  the pulse launch . T h e  spot m oves steadily 

across the screen as the pulse travels through the w ork p iece . T h e  sequence is 

repeated m any tim es per second to produce a continuous display on  the screen. T h e  

rece iver is calibrated accord in g  to the speed o f  sound in  the m ateria l to give the 

distance to the flaw . T h e  h orizontal position on  the screen indicates the tim e o f the 

return  and consequently the distance to the reflecting  surface. T h e  echo signal from  

the back  w all indicates the thickness.

T h e  determ ination  o f  defect type is based on  the inspector's  experience in  

in terpreting  typ ical signal perm utations o f  a succession o f echo  signals o f varying  

height and range and in  visualising the nature o f  surfaces w hich  give rise to them .

F o r  sizing  defects, the u ltrasonic pulses form  a divergent beam  w ith  its m axim um  

intensity at the centre and decreasing to the boundaries. T h e  p robe  is m oved away 

fro m  the m axim um  signal position  until the signal falls to a lo w  va lue , generally  1/10 

o f  the m axim u m  height. T h e  top  and bottom  edges o f the defect are located in  

turn  and the defect sizes are  p lotted.

In o rder to cover the range o f  possible defect orientations, u ltrasonic beam s are  

generated using angle probes (usually 0,45 and 60 degrees). S ince  ultrasonic waves 

do not in teract with objects having dim ensions less than the wavelength o f  the 

ultrasonic wave, very h igh  frequencies are required to detect sm all d iscontinuities, 

usually in  the range 1 - 6  M H z .

Ideally, any  defect in  a w eld should be detected and sized co rrectly , but there are  

m an y  reasons w hy defects are sized incorrectly , m issed altogether o r  falsely recorded. 

T h e se  prob lem s are discussed in R efs [10 -  21] and include:

-  Lam ination s in  the base m ateria l can  cause dispersion and distortion  o f  the 

sound beam s.

extensively discussed in the book by Krautkramer et al [10] and here only its main
features will be given.
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-  C o ld  shunts betw een ind iv idual weld beads having curved contours cause 

scattering o f  the sound beam .

-  M eta llu rg ica l d iscontinu ities such as cladd ing  cause dispersion o f  the ultrasound  

beam .

-  P lan ar and vo lum etric defects have d ifferences in th e ir reflecting  properties 

w hich  are governed by the angles o f  inc idence  and reflection .

-  R o u gh  surfaces can  m ateria lly  reduce the sensitivity o f the m ethod  and sudden 

changes in  m etal sections can produce m isleading im ages.

-  D efects  under com pressive loading can produce reduction  in  the am plitude o f  

the reflected u ltrasonic signal.

O th e r  factors affecting  the detectability o f flaws include :

-  P robe  m isalignm ents and/or loss o f  coup ling .

-  Shape o f the re flecto r and its orientation  relative to the sound beam .

-  A ccess to the appropria te  part o f the weld surface.

-  D e fe c t orientation  relative to the inspection  surface.

2 .3  M a g n etic  Partic le  Inspection (M PI)

M a g n etic  particle  inspection  is used fo r  detecting the presence o f  discontinuities in  

ferrom agnetic m eta llic  m aterials such as iron  and m agnetic m eta llic  alloys o f steel. 

T h e  m ethod  can detect d iscontinuities w hich  are open  o r  slightly  be low  the surface o f  

the m ateria l. D e te ction  o f  the latter depends on  their orientation , size, shape and  

distance below  the surface.

T h e  prin cip les  o f  its operation  are based on  the properties o f  m agnetic fields, the 

details o f  w h ich  w ill not be discussed here, see [22, 23]. T h e  m ain  features o f the 

m ethod  involve the establishm ent o f  a suitable m agnetic fie ld  w ith in  the surface, the 

app lica tio n  o f  m agnetic particles to the surface under test and fin a lly  exam ination  o f  

the w ork p iece fo r  accum ulations o f  the m agnetic particles.

T h e  generation o f  the m agnetic fie ld  is usually done by e ither the use o f  high  

cu rrent flo w  from  prods (typically up to 1000A) at a potentia l o f  6 V  o r  less ( D C  

cu rrent is generally  p referred  fo r  use in  detecting subsurface defects) o r  the use o f an 

A C  e lectrom agnetic yoke. W hen  the current flows through the surface a m agnetic
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f ie ld  is generated in  a d irection  perpend icu lar to the cu rrent flo w  and invisible  

distortion  in  the lines o f  the m agnetic fie ld  occu r due to the presence o f  

discontinu ities. W h e n  a m agnetic m edium  (dry pow der o r  liqu id  suspension) is

app lied  to the surface the particles accum ulate around the area o f  the leakage flux  

and m ake the flaws visib le. A  study o f  the various patterns is required to enable  

p ro p e r identification  o f  the defects. T h e  process is repeated to reveal cracks o f all 

orientations.

A  n um ber o f  lim itations are associated w ith the m ethod and m isleading indications are 

often  produced. Sudden changes in  physical dim ensions such as sharp corners,

changes in  the m agnetic properties o f the surface, n o n -u n ifo rm ity  o f  the m etal such 

as m agnetic to n o n -m ag n etic  welds and the presence o f  d irt on  the testing surface

usually give the same ind ication  as defects. Fu rth erm ore , n o  defect indications are

produced  at a ll if ,  fo r  exam ple, d ry  pow der (which is suitable fo r  subsurface flaws 

and rough  surfaces) is used as the detecting m edium  and the test surface is not first 

dried . D eta ils  o f  the current m agnetizing source ( A C ,  D C  etc.), types o f agents and  

pow der used are well docum ented in  [22].

W ith  regard to the sizing o f flaws, M P I  provides visual in fo rm ation  on  the defect 

length on ly  and no in form ation  on  depth . Prov ided  the defect d im ensions are o f  

su ffic ien t size, m easurem ents can be m ade using u ltrasonic m ethods. In cases where  

the nature o f  ind ications are such that u ltrasonic exam ination  is not possible, 

exp loratory  grinding is required to rem ove the flaw  and assess its depth [24]. Such  

excavation  usually tends to over-estim ate both  defect length and depth .

2 .4  R e lia b ility  o f  N o n -D e stru c tiv e  Eva lu a tio n

It is clear fro m  the preceeding sections that non-destru ctive  exam ination  devices are 

n o t ideal and their perform an ce  depends upon  several factors m an y  o f  w hich cannot 

be contro lled  to the extent w hich  is desired. Because o f  th is, certain  defects m ay  

rem ain  in  the structure undetected and others w hich  are successfully detected m ay be 

sized in correctly . In statistical term s, these departures from  ideal perform ance  lead to 

errors in  both  the defect occurrence distributions and  the defect size distributions 

when sam ple data fro m  particu lar structures are analysed. U n less  allowances are 

m ade fo r such effects, this cou ld  lead to either 'critica l defects' being left in  the 

structure with serious consequences, o r  to unnecessary repairs; both resulting in  

fin anc ia l losses.

Probab ilistic  m odels fo r defect detection and sizing are investigated in  section 6 where  

a review  o f  published in form ation  from  several national and international program m es
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on  detection  probabilities and sizing errors is carried  out. In add ition , a num ber o f  

functions w hich  are cu rrently  used to define 'fa ilure  to detect' probabilities are  

critica lly  review ed and  new  generalised m odels are proposed fo r  use in  updating  

defect size and occurrence  distributions.
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C H A P T E R  3

D E S C R I P T I O N  O F  V A R I O U S  P A R A M E T E R S  U S E D  IN  T H E  A N A L Y S I S

T h e  need fo r  a rational procedure fo r  the assessment o f  weld defects occurs with 

m an y types o f  structures but was very apparent during  the fabrication  o f  the H utton  

T L P  when weld defects o f  an unacceptable size were discovered at a late stage in the 

fin a l assem bly o f  the Low e r H u ll fro m  its p re -fab rica te d  com ponents. T h is  discovery  

led to what was term ed phase III N D E ,  an extensive reinspection  o f  a large 

p rop ortion  o f  a ll welds in  the low er h u ll. It m ust be em phasized that this com prised  

an add itional re inspection  o f the low er hull and was carried  out independently  o f  the 

n on-destru ctive  exam ination  o f welds w hich  follow ed im m ediate ly  after fabrication . 

T h e  p rin c ip a l testing techniques used w ere ultrasonic testing ( U T )  and m agnetic  

partic le  inspection  (M PI). A p p ro x im ate ly  30km  o f weld were reinspectd by ultrasonic  

testing and about 76km  by m agnetic partic le  inspection , a total o f  121,270 U T  and  

M P I  exam inations.

A  detailed statistical analysis o f  the phase III N D E  data has been undertaken to see 

w hether detailed in form ation  could  be gained about the occurrence  o f  the defects and  

their relationships to the various w elding param eters. D u rin g  the phase III N D E ,

data from  both  u ltrasonic and the m agnetic particle  investigations were transferred to  

a co m pu ter data base com prising  29 useful fie lds o f  data fo r  each  inspection  record. 

In a ll the data base contained approxim ate ly  30 m illio n  characters o f  useful 

in fo rm ation , but before it cou ld  be used it was necesary to undertake as m an y  checks  

on  the records as possible to establish the va lid ity  o f the in form ation  and to elim inate  

som e o f  the inevitab le errors in  record ing  and transcrib ing the data. Som e o f  the

param eters cou ld  be independently  checked  since they were recorded  in  two d ifferent 

ways; fo r  instance, the w elding process was encoded  d irectly  as S M A W , G M A W

e tc ., but cou ld  also be derived fro m  the w elding procedure w hich  was encoded

separately. O th e r  param eters cou ld  not be checked d irectly  and  these were subjected  

to range checks to h igh light gross abnorm alities.

T h e  checking  o f  the data base had to be undertaken by  co m pu ter because o f  the vast 

am ount o f  in form ation  availab le , but even this was not straightforw ard because o f  

anom alies w h ich  had been in troduced at various stages in  the creation  o f  the data

base. T h e  m ost serious defic iency  found  was that a not insign ificant p roportion  o f  

som e data Helds were b lank because the co rrect in form ation  was not available at the 

tim e the data base was created. T h e se  m issing data m ade the analysis m ore  d ifficu lt 

since m issing in form ation  o f a n o n -ra n d o m  nature cou ld  have in troduced bias in to  the 

results.
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A n  in d ication  o f  the like ly  accuracy  o f  the data base can be obtained from  the 

param eter identify ing  the weld type jo in t w hich  was found  to be b lan k  in  24 out o f  

a total o f  144,761 records and  to contain  m eaningless characters in  a further 15 

records. C o m b in in g  these two sets gives a low er bound on the erro r rate o f  0.027%  

w hich  is considered to be satisfactory. T h e  actual e rro r rate depends, o f  course, on  

the num ber o f  valid  characters incorrectly  and inadvertently  substituted fo r correct 

characters during  the creation  o f  the data base.

T h e  fo llow ing  sections contain  a description  o f the various w elding and fabrication  

param eters w hich  have been used in  the statistical analysis o f the weld defect data 

base.

3.1 D escrip tio n  o f  the Structure

T h e  Lo w e r H u ll o f  the C o n o c o  H u tton  Ten sion  L e g  P la tform  ( T L P )  was designed as 

a ce llu lar structure p rovid ing  the buoyancy w hich  supports the H u tto n  p la tfo rm  and 

m aintains its tethers in  tension. T h e  p latform  deck is supported on  six stiffened  

cy lin drica l co lum ns connected at their bases by  rectangular pontoons (see F ig . 3 .1 .1). 

Individual buoyancy  tanks are form ed in the co lum ns and pontoons by cross-sectional 

w atertight bulkheads.

F ig . 3.1.1:  P lan  o f  the T L P  Lo w e r H u ll
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T h e  low er h u ll is m ade up o f 14 sections: the centre nodes N 5  and N 6 ; the eight

pon toon  sections; the co m e r  nodes N1 and N 4 ; and the co rn er nodes N 2  and N 3. 

T h ese  w ere fabricated in  eight d ifferen t yards a ll o f  w hich are know n to have used a 

co m m on  set o f  w elding procedures. Fabrica tio n  details o f the various sub-assem blies  

are n ot g iven in  this thesis but can be found  in  [25] (Volum es I -  V I , relating to 

nodes 1 - 6  respeectively).

3.2 Weld Joint Type

A  w elded jo in t is considered to consist o f  a ll the parts involved in  the w elding and 

includes the w eld m etal, the heat a ffected zone and the unaffected base m etal.

A  welded jo in t is m ade by fusing the steel plates o r  sections a long the line  o f  the 

jo in t. T h e  m etal m elted from  each m em ber o f the jo in t, together with additional 

weld m eta l, unites in  a poo l o f  m olten  m etal w hich  bridges the in terface . A s  the 

pool cools m olten  m etal at the fusion boundary solid ifies, fo rm ing  a solid  bond with 

the parent m etal. W h e n  solid ification  is com plete , there is a contin u ity  o f  m etal 

through the jo in t.

T h e  types o f  w elded jo ints w hich have been considered in the analysis are: tee butt

weld (T ) , p late butt weld (B), cru cifo rm  jo in t (X) and fille t w eld (F). T h e  four  

jo in ts are illustrated in  F ig . 3.2.1 below .

Cruciform (X)

■- ^

Straight Plate Butt (B) Fillet (F)

F ig . 3 .2 .1 : T yp es  o f  W elded  Jo in t
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3.3 Defect Type

D iscontinu ities  are usually understood as interruptions o f  the norm al physical structure 

o f  a w eld but not a ll such in terruptions a ffect the function  that the weld w ill 

p erfo rm . T h e  sign ificance o f  discontinuities depends upon  a num ber o f factors such 

as size, shape, orientation  and location  w ithin the w eld. T h is  leads to the defin ition  

o f  'defect' w hich  originates from  discontinuities whose properties and characteristics  

are like ly  to dam age the perform an ce  and usefulness o f  the part in  w hich it

occurs.

T h is  section cannot cover all defects that m ay be fou nd  in  a w elded jo in t. T h e re  

are m any references w hich  describe the various defects, see fo r  exam ple  [26, 27],

and discuss their causes and m ethods o f  prevention  [28]. Som e typ ical defect types

are exam ined here, m ain ly  n o n -fu s io n  (N F ) , slag (SL), crack  (C R ) , incom plete

penetration  (IP), porosity (P O ) and linear ind ication  (LI). T h e  typ ical locations o f  

som e o f  these defects is illustrated in  F ig . 3 .3 .1 .

N o n -F u s io n  (N F)

L a c k  o f  fusion  or n o n -fu s io n , as it is frequently  term ed, describes the fa ilure  o f  

ad jacent surfaces o f the w eld m etal and the parent m eta l to  fuse together, so 

producin g  a d iscontinu ity betw een them . T h is  type o f defect m ay be caused by  

in correct preheating, im p rop er to rch , im proper e lectrode and/or m etal m anipu lation  

and fa ilure  to rem ove slag o r  oth er m aterial from  the surface with w hich  the 

deposited m etal must fuse.

Lock  of penetration

F ig . 3 .3 .1 : V a riou s  Categories o f  D e fe c t T yp e s
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O verlaps  and co ld  laps are n o n -fu s io n  type defects w hich occu r in  regions near the 

w eld toe. O verlap s  usually fo rm  when low  hydrogen type electrodes are used since 

they tend to produce weld profiles m ore convex than with other types o f electrodes. 

W h e n  G a s  M e ta l A r c  W e ld in g  ( G M A W )  is used at a h igh production  rate, welding  

arcs in  the spray transfer m ode travelling  at a h igh  speed are used and this 

procedure tends to p roduce co ld  laps. It is generally  very  d ifficu lt to distinguish 

these defects from  toe cracks in  the visual inspection  and m agnetic partic le  inspections  

and fo r  this reason m any overlaps and co ld  laps in  the present study, were orig inally  

m isjudged to be toe cracks.

Slag Inclusions (SL)

T hese  are n o n -m e ta llic  solids produced by the w elding process and entrapped in  the 

weld deposit o r between the weld m etal and base m etal. S lag inclusions m ay be 

fo rm ed  by contam ination  o f the weld m etal by the atm osphere o r  in com plete  rem oval 

o f  the slag from  each weld run in  m u lti- la y e r welds.

C ra ck  (C R )

T h is  is a general term  used to describe defects o f  various types (e.g. so lid ification , 

reheat, hydrogen induced  cracking) and can o ccu r at any p lace in the w eld and is 

caused by im p rop er use o f  the heat source and by stresses being bu ilt up  during the 

coo ling  process.

Incom plete Penetration  (IP)

T h is  describes the fa ilure  o f  the weld m etal to penetrate and fill the roo t o f  the 

weld. M o s t frequently  this type o f  defect arises because o f  im p ro p er groove design 

fo r  the w elding process used. It is a fu nction  o f  e lectrode m an ipu lation  and arc 

current o r  inadequate preparation  o f  the jo in t surfaces.

Porosity  (P O )

T h e se  types o f  defects are caused by gas entrapm ent in  the w eld m etal and they are 

usually spherical in  shape but can  be elongated to produce p ip in g  o r  w orm holes. 

Porosity  m ay co m e from  gases released by  the co o ling  w eldm ent since the ir solubility  

in  the weld m etal reduces as its tem perature drops. H ydrogen  is the m ost com m on  

gas and is supplied by the gas atm osphere surrounding the arc zone. Porosity  m ay  

result from  m oisture, pa in t, o il o r other contam inants on  the plate , water in  the area 

being w elded, from  dam p electrodes or rusty e lectrode wire.
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L in e a r  Indication  (LI)

T h e  N D E  operator cannot always distinguish between defects unless their 

characteristics are obvious. H e  w ill identify  the defect based on  its location  and his 

experience. Consequently , usually M P I  operators can give accurate defect 

classification  but w hen in  doubt m ay class the defect as a 'L in e a r  Ind ication '. Such  

defects were frequently reported during non-destru ctive  testing o f  the T L P  structure.

3 .4  W e ld in g  Process

W e ld in g  is used extensively fo r  jo in in g  m aterials together and there are num erous 

m ethods fo r  doing  so, including  arc w elding, gas w elding, laser beam  welding, 

soldering etc. T h e  data w hich  are analysed in  this thesis are know n to have resulted 

fro m  the use o f  three co m m on  w elding processes, shielded m etal arc welding  

( S M A W ) , gas m etal arc w elding ( G M A W )  and subm erged arc w elding (S A W ). F u ll 

account o f  these processes w ill not be given here but are described in  detail in  R ef.

[29]. A  very b r ie f description  is given below.

Sh ie lded  M e ta l A rc  W e ld in g  ( S M A W )

T h is  is one o f  the oldest and still the m ost w idely used arc w elding processes and is 

m anually  operated. It is also called m anual m etal arc ( M M  A )  and requires 

considerable skill to produce good quality  welds.

Coa lescence  is produced by  heating with an electric arc betw een a coated m etal rod  

ca lled  the electrode and the w ork. T h e  e lectrode consists o f  a steel core  wire 

n orm ally  ranging from  2 to 6m m  in  d iam eter and the flux  covering  it contains  

alloy ing  elem ents (e.g. m anganese and silicon). T h e  operating  characteristics o f the 

electrode are contro lled  by these a lloy ing  elem ents. A  variety o f  electrodes is 

availab le to suit d ifferent app lications. S M A W  electrodes are specified  in  [30]. T h e  

arc m elts the parent m etal and electrode. T h e  flu x  m elts w ith the co re  wire and  

flows over the surface o f  the poo l to fo rm  a slag w hich  m ust be rem oved after 

so lid ification .

A  draw back o f  this process is that very frequently  the w elder has to  stop and insert 

another e lectrode w hich  becom es a prob lem  on long  welds especially  when labour 

costs are h igh.
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G a s  M e ta l A r c  W e ld in g  ( G M A W )

T h is  process is also term ed as m etal active gas ( M A G )  and som etim es m etal inert gas 

(M IG ) , although the latter defin ition  is lim ited  to the use o f  pure  argon as a 

sh ield ing gas w hich  is not used fo r steel.

G M A W  is also m anually  operated. T h e  arc and weld m etal are shielded by a gas 

w hich  does not react w ith  m olten  steel. T h e  electrode is solid and no flux is 

required to shield the p oo l (the a lloy ing  elem ents are in  the electrode wire) but 

som etim es a f lu x -c o re d  electrode is used to p roduce a slag w hich  contro ls the weld 

p ro file . T h e  arc length is contro lled  by the pow er supply unit.

T h e  shield ing gases have the purpose o f protecting  the arc and weld zone from  air 

and p rovid ing  the desired arc characteristics. V ariou s  gases are used depending on  

the m etal reactivity  and nature o f the jo in t being welded. U su a lly  the shield ing gas 

is carbon  d iaxide or a m ixture  or argon and carbon  dioxide.

Less skill is required to m aster this process as com pared  with the S M A W  process but 

m ore skill is required to set up the correct w elding conditions. If the w elding is 

high ly  repetitive and the equipm ent is preset, a relatively shorter tim e is needed to 

tra in  a w elder. O v e ra ll tim es fo r  productiv ity  are better since there is no  need to 

change electrode.

Subm erged A r c  W e ld in g  (S A W )

Subm erged arc w eld ing is used in  both  autom atic and sem i-au tom atic  operations  

although the fo rm er is by far the m ore  co m m on . T h e  electrode is a bare wire

w hich  is m oved by  a m otor. T h e  w elding head is advanced a long the jo in t by a

tractor, gantry o r  boom . B o th  the current and voltage characteristics are preselected  

and are m aintained that way by fe e d -b a ck  systems w hich  vary  in  degree o f

com plex ity . T h e  flux  is in  the fo rm  o f  granules and is p laced  on  the surface o f the

jo in t. T h e  arc works below  the flux surface, m elting  a p rop ortion  o f  it to fo rm  a 

slag. F lu x  w hich  is not fused is co llected and used again fo r  the next weld. W eld  

pools are large and can on ly  be contro lled  in  the flat and h orizonta l positions.

C u rre n t values can be set at high values p rov id in g  substantial cost savings because o f  

high m etal deposition rates and low  labour costs. T h e  S A W  process is considered for  

use in  jobs w hich  require repetition, h igh percentage arc tim e possible and consistent 

w eld quality.
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3 .5  O r ig in a l W e ld in g  P rocedu re

T h e  term  w elding procedure  is used to describe the com plete  operation  o f  m aking a 

w eld. It covers ch o ice  o f  e lectrode, edge preparation , preheat, w elding param eters 

such  as voltage, current and travel speed, w elding position , n um ber o f  weld passes to 

f il l the groove and post-w e ld  treatm ents, fo r  exam ple grinding o r  heat treatm ent.

A  variety  o f  w elding procedures were used in  the structure u nder study. F o r  some

analysis purposes the m ost co m m on ly  used procedures have been grouped into four

m ajo r categories, nam ely  W 6 , W 8 , W 5  and W 3 , on  the basis o f  weld preparation  

and detail o f  back gouging. T hese  are illustrated in F igs. 3.5.1 to 3 .5 .4 .

T h e  grouping in to  these categories does not provide in form ation  on  the welding  

position  or w elding process w hich have been used fo r  w elding. E a c h  group, fo r  

exam ple  W 8 , com prises six d ifferent w elding procedures.

i.e . W 8 -1  invo lv ing  the S M A W  process in  the fla t position

W 8 - 2  invo lv ing  the S M A W  process in  the h orizontal position

W 8 -3  invo lv ing  the S M A W  process in  the vertical position

W 8 - 4  invo lv ing  the S M A W  process in  the overhead position

W 8 -5  invo lv ing  the G M A W  process in  the flat position  

W 8 - 6  in vo lv ing  the G M A W  process in  the horizontal position

S im ila r  rem arks ap p ly  fo r  the other groups.

A lth o u g h  the num ber o f  passes used fo r  w elding are d ifferent fo r  each  com ponent o f  

the group , the procedures used under the W 8  and W 5 grouping involve few er num ber  

o f  passes as com pared  w ith W 6  and W 3  respectively.

3 .6  O th e r  Param eters

Several o ther param eters w ere considered in  the statistical analysis o f  the data, the 

m ost co m m on  o f  w hich  are sum m arised below :

-  W e ld  L in e  Identification  N um ber.

T h is  was defined by contractors before fabrication .

V ariou s su b -b lo ck  identification  num bers are presented in  F igs. 3.6.1 to 3 .6 .3 .

-  Fabrica to r.

A l l  sections were fabricated in  eight d ifferent yards a ll o f  w h ich  are know n to
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Weld Preparation Detail of Back Gouge

F ig . 3 .5 .1 : W eld in g  P rocedures; G ro u p  W 6

Weld Preparation Detail of Back Gouge

Fig. 3.5.2: Welding Procedures; Group W8
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Weld Preparation Detail of Back Gouge

60° : 15°o°

F ig . 3 .5 .3 : W e ld in g  Procedures: G ro u p  W 3

Weld Preparation Detail of Back Gouge

F ig . 3 .5 .4 : W e ld in g  P rocedures; G ro u p  W S
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have used a co m m on  set o f w elding procedures.

F ab rica tio n  details o f the various sub-assem blies have been kept confidentia l for 

the purpose o f  this thesis.

Fatigue Z o n e .

T h e  low er h u ll structure was divided in to  a num ber o f  fatigue zones, A ,  B  and 

C  corresponding  to d ifferent levels o f  defect to lerance, A  being the most 

sensitive.

N D E  O p e ra to r.

G iv e n  a w eld was found  defective, this param eter describes the m ultip le  

occurrence  o f  defects on  a single weld.

D e fe c t Lo catio n .

T h is  describes the location  o f defect w ithin the welded jo in t. It specifies 

w hether the defect is em bedded (see F ig . 3.6 .4) or surface breaking, w hether it 

is a weld o r  toe defect and w hether it is in  a continuous o r  abutting m em ber.

N D E  T y p e .

It specifies w hether u ltrasonic testing or m agnetic partic le  inspection was 

undertaken.

W e ld  Len g th  Tested .

T h is  param eter gives in form ation  on  the am ount o f weld length that was 

inspected. It is m easured in  the d irection  o f  w elding. T h e  M P I  weld length is 

approxim ate ly  double the U T  fo r  the same weld num ber and type.

D e fe c t Len gth .

T h is  specifies the length o f  the defect m easured in  the d irection  o f  w elding. 

D e fe c t Position  from  D atu m .

It specifies the position o f the defect relative to the m easurem ent datum .
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Fig. 3.6.1: Sub-Block Identification for Nodes 1 and 4
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CL1-5

SH1A t e r - ' 5H1B
^ * 0 ’ SH1CSH1D

Fig. 3.6.2: Sub-Block Identification for Nodes 2 and 3
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TOP BLOCK

Fig. 3.6.3: Sub-Block Identification for Nodes 5 and 6
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Fig. 3.6.4: Types of Defect Zone
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C H A P T E R  4  

D E F E C T  O C C U R R E N C E

4.1 Statistical Theory

T h is  section gives an  outline o f  the theory  w h ich  has been used in  the analysis o f 

occu rren ce  o f defects in  the H u tton  T L P ,  as recorded  in  the weld defect data base.

D iffe ren ces  in  the proportions (e.g. num ber o f  defective welds/total num ber o f welds 

inspected) can  be analysed using the theory  o f  b inary data given in  section 4.1 .1 . 

H o w e ve r, classification o f the response (e.g. assessment o f the N D E  operator on  the 

b in ary  scale (e.g. defective weld and defect free weld) m ay som etim es not be 

su ffic ien t to exp lore  the com plete variab ility  in  the data (e.g. a m u ltip ly -de fective  

w eld is not equivalent to a weld with a single defect). In such a case an analysis 

w hich  takes account o f the ordered response (e.g. a weld inspected is found  to have 

0 defects, 1 defect, 2 defects, 3 defects, 4 defects, 5 o r  m ore  defects) is m ore  

in form ative . T h e  theory  o f perform ing  such analyses is g iven in  section 4 .1 .2 . A  

som ew hat sim ilar but less effective investigation can be undertaken by  the theory  

described in  section 4 .1 .3 . T h e  latter, how ever, is m ore suitable fo r  analysing the 

frequency  o f occurrence  o f various defect types. F o r  this type o f  data, the response 

is classified accord ing  to w hich  category it belongs (e.g. a weld inspected belonging to 

the cru c ifo rm  category m ay have a defect o f  the n o n -fu s io n  type).

4.1.1 Analysis o f B in a ry  D ata

W ith  this category o f data the response is m easured on a b in ary  scale, where the 

ran dom  variable Y  is defined as:

Y  =

' 1 i f  th e  r e s p o n s e  i s  p r e s e n t  ( e . g .  w e ld  i s  d e f e c t i v e )  

. 0 i f  t h e  r e s p o n s e  i s  a b s e n t  ( e . g .  w e ld  i s  d e f e c t  f r e e )

If there are n independent identica lly  d istributed random  variables ( i.i.d  r.v .)w ith  

x = P [ Y  = 1], then the r .v . R  denoting the num ber o f outcom es w ith the attribute  

present, out o f  n trials, has a b inom ia l d istribution

R - B ( n .x )  i . e .  P [ R - r ]  -  ( "  ) x r  ( l - x ) n ' r 0 , 1 ,  . . . , n

w i t h  E [R ]  — n x  a n d  V a r [ R ]  = n x ( l - x ) .
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Suppose we have k  i. i .d .  r .v . with Rp-B(nj,xj) fo r  i= l , . . . ,k  taken on  p explanatory  

variab les x ^ , . . . ^ ^ .  M a n y  m ethods o f  analysing such data exist, depending  on  the 

nature o f  the investigation. A  m ethod w hich  has been w idely used here is the one 

w h ich  m akes use o f the em p irica l logistic transform ation , fo r  w hich  a b rie f outline is 

given  below . F o r  fu rth er details see [31].

P

We w r i t e  Xj ~  fin [■ j—jrr] and assum e Xj *= ^  x i j ^ j
j = l

w here |3j are unknow n param eters and xjj are know n values (explanatory variables).

W e  lo o k  fo r  a transform ation  o f R j that has m ean  approxim ate ly  equal to Xj, i.e . we 

linearise the observed proportions. N otin g  that EfR^n^] = x j, we m ight consider a 

transform ation  to a new  ran dom  variable

Cn r ri i
Lnj-RjJ

T h is  is know n as the em p irica l logistic transform ation  with variance

V a r  [ Z  j ] «  --------- jr:--------71 n jx  j ( 1 - x j )
W e  take as an estim ate o f  Var[zj] to be

n 1 1+
R i ( n i _ R i ) R i n i " R i

T o  im p rove  the approxim ation  (zj is undefined if  R j = 0), we take the m odified  

transform ation

and as an  estim ate o f  variance

e s t ( V a r [ z ] ) (n + 1 ) (n+ 2)  

n ( R + l) ( n - R + 1 )

w hich  gives alm ost an unbiased estim ate o f Var[z].

In  a d d i t i o n ,  i t  c a n  be  n o t e d  t h a t  E [ z - X ]  — 0 ( l / n ) .

In this way:

(i) W e  transform  the frequency o f  success R j in  nj trials in to  a variab le zj which  

is approxim ately  n orm a lly  distributed with a know n m ean and  variance.

(ii) A n y  d ifferences and trends in  the proportions can be tested and confidence  

intervals can be calcu lated.

(iii) A  general factoria l prob lem  can be broken  dow n to a n um ber o f single degree 

o f  freedom  prob lem s and ind iv idual contrasts can  be constructed and com pared.
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(iv) Inspection o f  appropria te  sem i-n o rm a l p robability  plots can  ind icate  additional

sources o f  in fluence .

F u rth erm o re , d irect analysis in  term s o f  the p roportion  x  has the advantage o f m ore  

d irect in terpretation :

(a) T h e  p roportion  Pj = R^/nj is approxim ate ly  n orm ally  distributed w ith m ean xj 

and variance x i( l-x i)/ n j

(b) W h e n  the fundam ental assum ptions o f  analysis o f  variance are not v iolated, a 

least squares regression can be used with an average unbiased estim ate of 

variance as an effective  error m ean square.

F u rth e r  details on  b in ary  data with regression considerations are given in  section 6. 

N um erous practica l exam ples o f  such data analysis can  be found  in  [85].

Ca lcu la tio ns can  be undertaken using the two statistical packages [34, 35].

4 .1 .2  Analysis o f O rd ered  Categorica l D ata

C lass ification  o f the response on  a b inary  scale (defective and  defect free) m ay not 

always be sufficient to exp lore  the com plete  variab ility  in  the data. In such a case, 

it w ill be m ore in form ative  to expand the defect response in to  k  categories assumed 

to be ordered in  som e w ay: e.g. 1 defect, 2 defects, 3 defects, > 4 defects. Such

consideration  w ill exp lore  d ifferences, if  any, in  the distributions assumed to underlie  

the ordered continuum .

C o n s id e r two groups w ith k  ordered categories and corresponding probabilities x , j  and  

x 2j , j= l , . . .k .

D e fin e  the cum ulative probabilities:

T i j  = x i i  + ••• + x i j  = P[num ber in  group 1 ^ j]

7 2j = t 21 + ... + x 2j = P[num ber in  group 2 ^ j]

W e  want to test the n u ll hypothesis that the two distributions have the same shape

but d ifferent location  param eters.

i.e . H 0 : A  = 0 

H ,  : A  *  0
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w here fo r  the first group

fin  ---------  -  0 s j  -  -  1

fo r  the second group

A  c o n s t a n t  A  f o r  e v e r y  j

i . e . ---------  = e
7 , j  ^  V 2j

i y i j

A s  a p re lim inary  ch eck , the em p irica l logistic transform ation  is used on  the 

cum ulative  frequencies, and the corresponding  differences fo r  the two groups are 

checked  to see w hether they share the sam e sign and sim ilar m agnitude. A  rough  

estim ate on  the facto r exp(A) is then taken to be exp (unweighted average o f the 

differences).

A  m ore  refined  approach  w hich  provides a fo rm a l test on  the n u ll hypothesis is based 

on  a weighted average, where the corresponding  weights are chosen such that the 

variance o f exp(A) o r  A  is m in im ised. T h is  results in  a test on  a C h i-sq u a red  

co m pon en t w ith 1 degree o f  freedom . T h e  expected value and standard error o f the 

estim ate are easily obta ined  to enable one to construct co n fiden ce  intervals on  the 

param eter A .  F o r  details and derivations see [36] [37] [38].

4 .1 .3  Tests o f Independence in  r  x s F req u en cy  Tab les

C o n s id e r s popu lations each one having r  categories. L e t  Pjj be the probab ility  by  

w hich  a m em ber fro m  the j^1 popu lation  is selected at ran dom  and p laced  in  

category i;  fo r  i = l , . . . , r  and j = l , . . . , s .  T h is  m ay be term ed the biovariate  

response (R ,S) where P [R = i, S=j] = Pjj and

y  P .  . = 1 • • i J
i . J  J

W e  are interested in  fin d in g  whether d ifferences, if  any, exist betw een the distribution  

o f  R  at d ifferen t levels o f S. W e  take a sam ple from  each popu lation  and classify  

the units. L e t njj be the frequency fo r  the i^1 category in  the j^1 popu lation . 

D e n o te  the m arginal totals and overall total by:

r s

S im ila r ly  fo r the probabilities (except p ..  = 1)
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E stim atio n  o f the probabilities fro m  the data gives:

ni- . n-J
Pi -  , P . j  “

n . . n . .

W h e n  the probabilities are indepedent, the expected frequencies fo r  each ce ll is

n . . P i j  -  n . . ( P i . ) ( P . j )

T h e  test fo r  independence is the test fo r:

H o : P i  j  “  ( P i . X P . j )  a g a in s t  

H i : HA *  H 0

b y  the statistic:

( o b s e r v e d - e x p e c t e d ) 2 

( e x p e c t e d )

w h ich  is a ch i-sq u ared  distribution on  ( r - l) ( s - l)  degrees o f  freedom . F o r  detailed  

description  see [39]. A lternative ly  the lik e lih o o d -ra tio  ch i-squ are  statistic

rni in . .1 w
L 2 -  2 1 1 ni j  Cn

1 J * * -  2
i j

1  1  n i j fin ( n i j )
i j

2  n i  C n ( n j  ) -

-  J  n  j f i n ( n  j )  + n  Gn( n
j

m ay b e  u s e d

4.2 Defect Characteristics

A s  it was po inted  out at the in troductory  chapter o f  this w ork, the p rin c ip a l testing 

techniques used w ere u ltrasonic testing ( U T )  and m agnetic partic le  inspection  (M PI).

A p p ro x im ate ly  30 km  o f  weld were inspected by  u ltrasonic testing and about 76 km

by m agnetic partic le  inspection , a total o f  121, 270 U T  and M P I  exam inations.

T h e  su rface-b reak ing  defects w hich  are analysed in  this w ork were detected by

m agnetic partic le  inspection  in accordance with A S M E  section V  using A C  

electrom agnetic yoke equipm ent with a lifting  pow er o f  4.5 kgr. S iz ing  was

subsequently p erfo rm ed  by excavating or where appropriate  by  ultrasonics.
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T h e  em bedded defects w ere detected and sized by m anual u ltrasonics. T h e  probes  

had operating  frequencies ranging betw een 2 to 5 M H z  and  scanning was done at 

angles 0*, 45*, 60* and 70* with m axim um  6 d B  drop .

T h e  total am ount o f  weld tested was defined as the length o f  the tested surface. 

T h e  M P I  w eld length is approxim ate ly  double the U T  fo r the sam e w eld num ber and  

type.

4.3 Description of the Analysis

T h e  analysis o f the data was far fro m  straightforw ard, since there were both  a large 

num ber o f  N D E  records and a large num ber o f  possible param eters to be 

investigated. A s  with any  statistical analysis, it was necessary to p roceed  in  a 

sequential fash ion , exp loring  possible sources o f  in flu en ce  at a general level and then  

return ing to exam ine the m ore im portant param eters in  detail. O n e  fin d in g  fro m  the 

analysis is that whereas som e param eters were fou nd  to be im portant fo r  one  

fabricator they were less im portant fo r  others, even fo r  otherw ise hom ogeneous sets 

o f data. T h is  is surprising since the low er hu ll was fabricated  to a co m m on

specification  throughout. S ix  particu lar fabrication  yards are referred to in  the 

present study as A a , B b , C c ,  D d ,  E e  and F f .

In this study, the incidence o f defects has been reported  both  in  term s o f defect rate 

defined  as the ratio  o f the linear length o f  weld contain ing  defects to the total length  

o f  w eld inspected; and in  term s o f  the occurrence o f  m u ltip le  defects, that is the 

num ber o f  N D E  records reporting  n one , one, two and  u p  to five o r  m ore defects. 

In add ition , tables have been prepared  showing in  the finest detail the num ber o f  

inspected welds and those found  defective (possessing e ither 1 o r  m ore  defects); also, 

in  the cases o f  defective welds, the defect type category w h ich  has been assigned to 

them  on  detection . T h is  detailed analysis in  term s o f defect rates, defective and  

defect free w elds, m ultip le  defects and defect types is presented in  part o f a n ine  

volum e report (see [40] and [25] V o lu m es I to V I  relating  to N odes 1 to 6 

respectively) w h ich  has been prepared fo r  this purpose. H erea fte r  selective analyses 

on  defect occu rren ce  w ill be presented. Sum m aries o f  the raw  data processed, the 

defect data analysed and the factors o f  in fluence exam ined  are given in  tables 4.3.1  

to 4 .3 .3 . T h e  h ierarch ica l nature o f the defect data classification  is illustrated in  F ig .

4 .3 .1 .
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• Position in Lower Hull
• Length of weld examined

• Weld Type:
-  Cruciform (X)
-  Tee Butt (T)
-  Plate Butt (P)
-  Fillet (F)

• Type of NDE: MPI, UT
• Fabrication yard
• Amount of original NOE specified

• Original welding process
• Original welding procedure

Table 4.3.1
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FOR EACH WELD:

• Number of defects
• Length of defect(s) in direction of welding 

FOR EACH DEFECT:

• Type of defect -  incomplete penetration
-  non— fusion, cold lap
-  slag inclusion
-  crack
-  linear indication

• Position of defect in weld body
• Depth, size and orientation of defect

Table 4.3.2
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• Global location in structure: node, pontoon, etc.

• Detailed location in structure: sub— block

• Fabrication yard

• Type of welded joint

• Amount and type of NDE specified

• Welding process

• Welding procedure

• Welding position

Table 4.3.3



HUTTON TLP -  LOWER HULL

NODES

SUB-BLOCK LOCATION/FABRICATION YARD

0% 50%

------1
-̂ TSoifc--------------------------------^ TYPE OF NDE

Fig. 4.3.1(a): Nature of Defect Data Classification



Fig. 4.3.1 (bV. Nature of Defect Data C lass ification
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T h e  overa ll incidence o f  w eld defects is o f interest since it indicates the general 

standard o f  w orkm anship fo r  the contract. H ow e ve r, as is discussed below , these 

global averages are o f  lim ited  value since they m ask other trends.

4.4.1 D e fe c t Rates

T h e  overa ll defect rates fo r  em bedded defects found  by u ltrsonic inspection  ( U T )  are 

show n in  table 4.4 .1.1 fo r  each o f the six nodes (see fig . 3 .1 .1).

4.4 Overall Two-way Analysis based on Global Location and Weld Joint Type

W e l d  J o i n t  T y p e

L e n g t h  o f  W e l d  I n s p e c t e d  a n d  P e r c e n t a g e  D e f e c t  R a t e

G l o b a l  L o c a t i o n  -  N ode

1 2 3 4 5 6

C r u c i f o r m  (m) 2 1 5 2 . 0 2 5 5 2 . 2 2 3 9 3 . 7 2 0 9 7 . 2 7 5 9 . 8 8 3 7 . 4

(%) 1 4 . 0 1 5 . 6 1 4 . 0 1 2 . 4 1 4 . 9 1 0 . 2

T e e  B u t t  (m) 1 8 8 8 . 7 1 6 8 6 . 7 1 5 8 7 . 7 2 0 1 7 . 4 9 2 6 . 0 8 8 1 . 0
(94) 1 4 . 5 2 4 . 7 2 7 . 7 1 1 . 4 1 4 . 1 1 3 . 7

P l a t e  B u t t  (m) 1 6 4 9 . 0 1 5 2 7 . 9 1 3 2 7 . 3 1 5 2 8 . 7 8 6 1 . 5 8 1 5 . 5

W 1 . 4 4 . 0 3 . 7 3 . 6 0 . 7 0 . 4

T a b le  4.4.1.1 : O v e ra ll defect rates fo r  em bedded defects fou nd  by U T

It can  be seen that fo r  tee butts and cruciform s the defect rate was rather h igh , and  

varied  betw een 10% and 25% . T h e  highest defect rate occurred  fo r  tee butt welds 

in  N o d e  3 and  was 27.7% ; that is, fo r  this category 27.7%  o f the total weld length  

inspected was found  to contain  defects o f  one type o r  another. T h e  lowest defect 

rates w ere fo r  straight p late butt welds, where the overa ll rate varied betwen 0.4%  

and 4 .0% .

S im ila r  trends are shown in  table 4 .4 .1 .2  fo r  su rface-b reak ing  defects found  by  

m agnetic partic le  inspection.



Cruciforms 

Tee Butts 

b I Plate Butts

Percentage

- 40

Fig. 4.4.1.1: Overall Defect Rates found by UT



Percentage

Cruciforms
- 2.0

Tee Butts 

Plate Butts

1.5
1.0

NJ

Fig. 4.4.1.2: Overall Defect Rates found by MPI
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W e l d  J o i n t  T y p e

L e n g t h  o f  W e l d  I n s p e c t e d  a n d  P e r c e n t a g e  D e f e c t  R a t e

G l o b a l  L o c a t i o n  -  N ode

1 2 3 4 5 6

C r u c i f o r m  (m) 3 9 5 0 . 0 4 5 1 8 . 0 4 0 1 3 . 7 3 9 6 2 . 1 1 2 7 1 . 1 1 2 9 2 . 1

w 0 . 4 9 1 . 3 6 0 . 4 5 0 . 2 3 0 . 1 7 0 . 2 7

T e e  B u t t  (m) 5 2 1 5 . 2 4 8 5 2 . 5 4 3 6 3 . 3 4 9 3 1 . 6 1 5 4 4 . 3 1 4 6 5 . 4

(%) 0 . 1 3 0 . 5 1 0 . 3 3 0 . 0 8 0 . 3 6 0 . 2 5

P l a t e  B u t t  (m) 4 1 4 0 . 7 3 4 9 3 . 6 3 3 5 6 . 5 3 8 1 2 . 9 9 6 0 . 2 9 5 0 . 5

(%> 0 . 1 2 0 . 1 8 0 . 2 7 0 . 0 6 0 . 0 3 0 . 0 1

F i l l e t  (m) 5 8 1 2 . 7 3 5 2 9 . 2 2 9 0 . 4 5 5 6 3 . 2 1 2 1 4 . 4 1 5 2 6 . 3

<%) 0 . 0 6 0 . 1 8 0 . 2 7 0 . 0 6 0 . 0 3 0 . 0 1

T a b le  4 .4 .1 .2  : O v e ra ll defect rates fo r  surface defects fou nd  by  M P I

In this case the defect rates were m uch  low er, varying fro m  0.08%  to 1.36%  for 

cru c ifo rm  and tee butt welds, and betw een 0.01%  and 0.27%  fo r  plate butts and  

fille t welds.

A lth o u g h  tables 4.4 .1.1  and 4 .4 .1 .2  show  som e d ifferences betw een nodes, these 

differences are the result o f o ther param eters such as the am oun t o f N D E  follow ing  

fab rica tion , w elding process, welding position , fabricator, w eld ing procedure as 

discussed in  section 4 .5 .

T h e  overa ll defect rates given in  T ab les  4 .4 .1.1 and 4 .4 .1 .2  are presented graphically  

in  F igures 4.4.1.1 and 4 .4 .1 .2 .

4 .4 .2  M u lt ip le  D efects

T ab les  4 .4 .2.1 to 4 .4 .2 .1 2  show the num ber o f  defective welds, fo r  each type o f  

w elded jo in t and lo ca tion , possessing 1, 2, 3, 4 , 5 and m ore  than  6 defects (6+). 

R o w  percentages fo r  the frequency counts are also displayed. T h e se  row  percentages 

in  the fo rm  o f  three d im ensional histogram s are given in  figures 4 .4 .2.1 to 4 .4 .2 .6 . 

O bservation  o f  row  percentages across each w eld type under U T ,  shows system atically  

h igher proportions fo r  defective welds having > k  defects (k= 2 ,...,6 )  fo r tee butts as 

com pared  w ith the cruciform s. F o rm a l statistical tests in  co m parin g  the associated 

distributions are now  perform ed.

L e t  j denote the possible num ber o f defects in  a defective w eld. If two sets o f such
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welds are availab le , one being tee butts (T) and  the other cru ciform s (X), let 0 be 

defined  as:

0 — fin

( P ( T  h a s  < i  d e f e c t s ) ) / ( l - P ( T  h a s  < i  d e f e c t s ) )  

. ( P ( X  h a s  < i  d e f e c t s ) ) / ( l - P ( X  h a s  < i  d e f e c t s ) )

R earrang ing  the above relationship  gives:

A  -  e x p ( 0 )

( P ( T  h a s  < i  d e f e c t s ) ) / ( l - P ( T  h a s  < i

( P ( X  h a s  < i  d e f e c t s ) ) / ( l - P ( X  h a s  < i  

w here, as before, i takes values from  1 to j - 1 .

d e f e c t s ) )'

d e f e c t s ) )

A  fo rm a l test can be perform ed  to ch eck  w hether the cum ulative  proportions are

indeed related with the above equation, i.e . to test the hypothesis H 0 : 0=0 (or A=1) 

against the alternative hypothesis H ,  : 0*0 (or A * l) .  In the case o f  H 1 being true, 

a rough  estim ate o f 0 can  be calculated using an unw eighted average o f  the logistic 

transform ation  calcu lated fo r  each value o f i (see section 4 .1 .2). A  better estimate 

can  be fou nd  by a suitable ch o ice  o f weights calculated fro m  the data, such as to 

m in im ise the erro r o f  estim ating 0 .  T h e  resulting ch i-squ are  statistic (x?) on  1

degree o f  freedom  can  be checked  against the 5 %  tabulated level (3.84) to check  the 

va lid ity  o f the test. A  standard error can  be attached to the estim ate 8  and suitable

co n fiden ce  intervals can be constructed. T h e  results can be interpreted  m ore clearly

if  they are expressed in  term s o f A=exp(0) know n as the ratio  o f cum ulative  

probabilities, o r  the ratio  o f odds.

A s  an  exam ple  consider the data given in  table 4 .4 .2 .1 . A p p lica tio n  o f  the logistic

transform ation  yields d ifferences 0.454, 0.726, 0 .941. H e n ce  a rough estim ate o f 8  is 

1/3(0.454 + 0.726 + 0.941) = 0.707. U s in g  weights calculated fro m  the data gives 

0=0.473, w ith a standard error o f 0.134. T h e  corresponding ratio  o f odds is

A=exp(0)= l .605. C o n fid e n ce  intervals fo r  0 are 0.473 ± 0.134. T h e  result is based 

on a ch i-sq u are  statistic o f 13.47 w hich  com pared  w ith 3.84 suggests support o f the 

alternative hypothesis H r  H e n ce  the fo llow ing  conclusion  can  be deduced: G iv e n  a

weld is defective, the p robability  o f it being m u ltip ly  defective is h igher fo r  tee butts 

than fo r  cruciform s. A lternative ly , it can be stated that the odds o f  a weld being  

m u ltip ly  defective are 1.6 tim es as large fo r  tee butts as for cruciform s.

T h is  test has been carried  out fo r  a ll nodes and  the results are show n below  in  table 

4.4 .2 .13 .
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L o c a t  i o n
U n w e i g h t e d

e
W e i g h t e d

e
C o n f i d e n c e  

L e v e 1s

C u m u la t  iv e  

R a t  i o  A - e x p ( 0 )

c h i - s q u a r e

N o d e  1 0 . 7 0 7 0 . 4 7 3 0 . 4 7 3 ± 0 . 1 3 4 1 . 6 0 5 1 2 . 4 7

N o d e  2 0 . 0 7 4 0 . 0 4 0 0 . 0 4 0 ± 0 .1 0 5 1 . 0 4 1 0 . 1 5

N o d e  3 0 . 2 0 3 0 . 0 7 4 0 . 0 7 4 + 0 . 1 2 3 1 . 0 7 7 0 . 3 7

N o d e  4 0 . 9 1 0 0 . 4 3 5 0 . 4 3 5 + 0 . 1 5 6 1 . 5 5 7 . 8 2

N o d e  5 0 . 4 1 2 0 . 2 7 3 0 . 2 7 3 ± 0 .1 8 6 1 . 3 1 2 . 1 5

N o d e  6 1 . 7 5 6 1 . 6 4 9 1 . 6 4 9 ± 0 . 2 1 8 5 . 2 0 5 7 . 1 4

T a b le  4 .4 .2 .1 3  : Com parisons o f U T  defects in  tee butts and cru ciform s on  the

m ultip le  scale
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W e l d  J o i n t  

T y p e

D e f e c t  N um ber

1 D e f 2 D e f 3 D e f 4 D e f 5 D e f 6+ D e f T o t a l

X 68 8 118 21 7 0 5 839

T 40 8 98 23 6 3 11 54 9

B 74 16 2 0 0 1 93

F 23 1 0 0 1 0 25

T o t a l 1193 233 46 13 4 17 1506

T a b le  4.4.2.1 : M u lt ip le  defects detected by  U T  in  N o d e  1

W e l d  J o i n t  

T y p e

D e f e c t  N um ber

1 D e f 2 D e f 3 D e f 4 D e f 5 D e f 6+ D e f T o t a l

X 8 2 . 0 1 4 . 1 2 . 5 0 . 8 0 . 0 0 . 6 1 0 0 . 0

T 7 4 . 3 1 7 . 9 4 . 2 1 . 1 0 . 5 2 . 0 1 0 0 . 0

B 7 9 . 6 1 7 . 2 2 . 2 0 . 0 0 . 0 1 . 1 1 0 0 . 0

F 9 2 . 0 4 . 0 0 . 0 0 . 0 4 . 0 0 . 0 1 0 0 . 0

T o t a l 7 9 . 2 1 5 . 5 3 . 1 0 . 9 0 . 3 1 . 1 1 0 0 . 0

Table 4.4.2.2 : Row percentages for defects detected by UT in Node 1
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W e l d  J o i n t  

T y p e

D e f e c t  N um ber

1 D e f 2 D e f 3 D e f 4 D e f 5 D e f 6+ D e f T o t a l

X 945 183 60 37 21 23 1269

T 53 9 105 34 23 14 15 730

B 148 41 12 8 1 2 212

F 21 0 0 0 0 0 21

T o t a l 1653 329 106 68 36 40 2 2 3 2

T a b le  4 .4 .2 .3  : M u lt ip le  defects detected by  U T  in  N o d e  2

W e l d  J o i n t  

T y p e

D e f e c t  N um ber

1 D e f 2 D e f 3 D e f 4 D e f 5 D e f 6+ D e f T o t a l

X 7 4 . 5 1 4 . 4 4 . 7 2 . 9 1 . 7 1 . 8 1 0 0 . 0

T 7 3 . 8 1 4 . 4 4 . 7 3 . 2 1 . 9 2 . 1 1 0 0 . 0

B 6 9 . 8 1 9 . 3 5 . 7 3 . 8 0 . 5 0 . 9 1 0 0 . 0

F 1 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 1 0 0 . 0

T o t a l 7 4 . 1 1 4 . 7 4 . 7 3 . 0 1 . 6 1 . 8 1 0 0 . 0

Table 4.4.2.4 : Row percentages for defects detected by UT in Node 2
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W e l d  J o i n t  

T y p e

D e f e c t  N um ber

1 D e f 2 D e f 3 D e f 4 D e f 5 D e f 6+ D e f T o t a l

X 74 0 136 31 16 7 7 937

T 52 0 95 22 12 9 9 667

B 126 48 17 5 2 0 198

F 11 1 0 0 0 0 12

T o t a l 1397 280 70 33 18 16 1814

T a b le  4 .4 .2 .5  : M u ltip le  defects detected b y  U T  in  N o d e  3

W e l d  J o i n t  

T y p e

D e f e c t  N um ber

1 D e f 2 D e f 3 D e f 4 D e f 5 D e f 6+ D e f T o t a l

X 7 9 . 0 1 4 . 5 3 . 3 1 . 7 0 . 7 0 . 7 1 0 0 . 0

T 7 8 . 0 1 4 . 2 3 . 3 1 . 8 1 . 3 1 . 3 1 0 0 . 0

B 6 3 . 6 2 4 . 2 8 . 6 2 . 5 1 . 0 0 . 0 1 0 0 . 0

F 9 1 . 7 8 . 3 0 . 0 0 . 0 0 . 0 0 . 0 1 0 0 . 0

T o t a l 7 7 . 0 1 5 . 4 3 . 9 1 . 8 1 . 0 0 . 9 1 0 0 . 0

Table 4.4.2.6 : Row percentages for defects detected by UT in Node 3
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W e l d  J o i n t  

T y p e

D e f e c t  N um ber

1 D e f 2 D e f 3 D e f 4 D e f 5 D e f 6+ D e f T o t a l

X 615 90 18 4 3 2 732

T 34 2 60 14 10 6 7 439

B 158 33 5 2 0 1 199

F 6 2 0 0 0 0 8

T o t a l 1121 185 37 16 9 10 1378

T a b le  4 .4 .2 .7  : M u lt ip le  defects detected by  U T  in  N o d e  4

W e l d  J o i n t  

T y p e

D e f e c t  N um ber

1 D e f 2 D e f 3 D e f 4 D e f 5 D e f 6+ D e f T o t a l

X 8 4 . 0 1 2 . 3 2 . 5 0 . 5 0 . 4 0 . 3 1 0 0 . 0

T 7 7 . 9 1 3 . 7 3 . 2 2 . 3 1 . 4 1 . 6 1 0 0 . 0

B 7 9 . 4 1 6 . 6 2 . 5 1 . 0 0 . 0 0 . 5 1 0 0 . 0

F 7 5 . 0 2 5 . 0 0 . 0 0 . 0 0 . 0 0 . 0 1 0 0 . 0

T o t a l 8 1 . 3 1 3 . 4 2 . 7 1 . 2 0 . 7 0 . 7 1 0 0 . 0

Table 4.4.2.8 : Row percentages for defects detected by UT in Node 4
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W e l d  J o i n t  

T y p e

D e f e c t  N u m ber

1 D e f 2 D e f 3 D e f 4 D e f 5 D e f 6+ D e f T o t a l

X 282 51 15 7 2 0 357

T 215 46 15 6 5 2 28 9

6 32 4 0 0 0 0 36

F 0 0 0 0 0 0 0

T o t a l 529 101 30 13 7 2 682

T a b le  4 .4 .2 .9  : M u lt ip le  defects detected by U T  in  N o d e  5

W e l d  J o i n t  

T y p e

D e f e c t  N um ber

1 D e f 2 D e f 3 D e f 4 D e f 5 D e f 6+ D e f T o t a l

X 7 9 . 0 1 4 . 3 4 . 2 2 . 0 0 . 6 0 . 0 1 0 0 . 0

T 7 4 . 4 1 5 . 9 5 . 2 2 . 1 1 . 7 0 . 7 1 0 0 . 0

B 8 8 . 9 1 1 . 1 0 . 0 0 . 0 0 . 0 0 . 0 1 0 0 . 0

F 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0

T o t a l 7 7 . 6 1 4 . 8 4 . 4 1 . 9 1 . 0 0 . 3 1 0 0 . 0

Table 4.4.2.10 : Row percentages for defects detected by UT in Node 5
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W e l d  J o i n t  

T y p e

D e f e c t  N um ber

1 D e f 2 D e f 3 D e f 4 D e f 5 D e f 6+ D e f T o t a l

X 262 30 7 2 1 1 303

T 97 40 24 6 2 5 174

B 22 6 0 0 0 0 28

F 0 0 0 0 0 0 0

T o t a l 381 76 31 8 3 6 505

T a b le  4.4.2.11 : M u ltip le  defects detected by U T  in  N o d e  6

W e l d  J o i n t  

T y p e

D e f e c t  N um ber

1 D e f 2 D e f 3 D e f 4 D e f 5 D e f 6+ D e f T o t a l

X 8 6 . 5 9 . 9 2 . 3 0 . 7 0 . 3 0 . 3 1 0 0 . 0

T 5 5 . 7 2 3 . 0 1 3 . 8 3 . 4 1 . 1 2 . 9 1 0 0 . 0

B 7 8 . 6 2 1 . 4 0 . 0 0 . 0 0 . 0 0 . 0 1 0 0 . 0

F 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0

T o t a l 7 5 . 4 1 5 . 0 6 . 1 1 . 6 0 . 6 1 . 2 1 0 0 . 0

Table 4.4.2.12 : Row percentages for defects detected by UT in Node 6
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Fig. 4.4.2.1: Row Percentages for Welds Possessing 1 Defect 

Fig. 4.4.2.2: Row Percentages for Welds Possessing 2 Defects 

Fig. 4.4.2.3: Row Percentages for Welds Possessing 3 Defects 
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Fig. 4.4.2.4 Row Percentages for Welds Possessing 4 Defects 

Fig.4.4.2.5 Row Percentages for Welds Possessing 5 Defects 

Fig. 4.4.2.6 Row Percentages for Welds Possessing 6 or more Defects 



74

The table shows that the same result was found in all the nodes, namely that tee 
butts are more likely to be multiply defective than cruciform welds. In all cases, 
except nodes 2 and 3, these findings are statistically significant. This conclusion from 
the data analysis is examined in more detail in following sections of this chapter.

4.4.3 Defect Types

Irrespective of the type of welded joint, the defects detected by UT were found to 
be mainly of the non-fusion type (NF). The percentages of NF defects as
proportions of all defects are shown in table 4.4.3.1, for the various nodes.

Weld J o in t  Type Node 1 Node 2 Node 3 Node 4 Node 5 Node 6

X 7 9 .5 7 0 .0 7 3 .8 7 3 .7 7 3 .3 6 8 .7
T 7 6 .5 7 3 .1 7 7 .5 7 3 .2 7 8 .5 7 3 .5
B 6 7 .2 6 3 .8 5 4 .0 5 9 .0 7 3 .7 7 9 .4

Table 4.4.3.1 : Percentage proportion of non-fusion defects (UT)

The percentage of non-fusion defects are typically between 60% and 80% of all 
embedded defects with the majority of the remainder being reported as slag 
inclusions. The percentages in table 4.4.3.1 show a high degree of consistency 
between nodes for any given type of welded joint, with only a few exceptions. 
Averaged over Nodes 1 to 4, the percentage of non-fusion defects is approximately 
60% for plate butt welds compared with about 75% for both cruciforms and tee 
butts. However, in Nodes 5 and 6 the percentage of non-fusion defects is about 
75% for all weld types.

A similar analysis for crack-like defects (CR) within the body of the weld is shown 
in table 4.4.3.2. The percentage proportion of crack-like defects is small, ranging 
from about 2% to 8%.

Weld J o in t  Type Node 1 Node 2 Node 3 Node 4 Node 5 Node 6

X 3 .1 3 .7 5 .8 2 .9 3 .1 5 .6
T 5 .3 4 .3 4 .8 4 .4 3 .0 2 .2
B 2 .6 2 .3 3 .3 1 .6 7 .9 5 .9

Table 4.4.3.2 : Percentage proportion of crack-like defects (UT)
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Considering all defect types and locations, the types in order of decreasing frequency 
of occurrence are: non-fusion (NF) 73%, slag (SL) 22%, crack (CR) 4% and 
porosity (PO) 1%.

A further analysis has been undertaken to check whether the differences in the 
frequency of occurrence of different defect types, between types of welded joint, 
discussed above, is statistically significant. The results have shown that the 
differences between X and T welds are not significant but the differences between B 
welds and the other two types are highly significant. The \2 statistic on observed 
differences between X, T and B welds taken over all defect types is 15.97 on 4 
degrees of freedom for Node 1. A similar analysis for Nodes 2, 3 and 4 give 
statistics of 13.94, 93.04 and 30.69 respectively on 4 degrees of freedom -  all highly 
significant. However for Nodes 5 and 6 these differences do not exist.

The differences reported above are likely to be real and to be associated with the 
different welding procedures used for plate butt welds.

Turning now to surface-breaking defects found by MPI, the statistics in each location 
and across every type of welded joint are dominated by defects of the linear 
indication type (LI) with the exception of cruciform joints in Nodes 1, 2 and 5. 
Table 4.4.3.3 shows the percentage of LI defects as a proportion of all defects.

Weld J o in t  Type Node 1 Node 2 Node 3 Node 4 Node 5 Node 6

X 3 9 .1 4 1 .8 9 7 .8 8 8 .7 3 2 .4 7 6 .5
T 7 1 .1 7 6 .0 9 4 .1 6 5 .9 7 5 .0 8 9 .4
B 8 3 .3 9 4 .0 9 5 .8 9 6 .7 7 7 .8 6 6 .7
F 9 2 .9 9 5 .7 9 5 .4 9 8 .6 8 5 .7 100

Table 4.4.3.3 : Percentage of proportion of linear indication defects (LI)

The percentages in table 4.4.3.3 show a high degree of relative consistency between 
nodes for the three weld types T, B and F. The average percentages of LI defects 
for all nodes are respectively 78.6, 85.6 and 94.7. In cruciform welds there is an 
apparent dependence on location with an average occurrence of 37.8% for Nodes 1, 
2, 5 and 87.7% for Nodes 3, 4, 6. Comparisons between X and T have shown 
these differences to be highly significant with associated chi-square statistics 
X|=101.38, x§=139.11, ^ 2=1 2 .7 5  respectively for Nodes 1, 2 and 5.
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The remainder of the defects are mostly crack-like defects (CR) as indicated in table
4.4.3.4.

Weld J o in t  Type Node 1 Node 2 Node 3 Node 4 Node 5 Node 6

X 4 8 .4 4 6 .4 0 .7 5 .6 4 4 .1 9 .8
T 1 0 .3 1 8 .0 1 .5 7 .7 1 2 .5 2 .1
B 1 .9 2 .4 2 .8 0 .0 2 2 .2 3 3 .3
F 3 .6 2 .2 4 .6 0 .0 1 4 .3 0 .0

Table 4.4.3.4 : Percentage of proportion of crack-like defects (CR)

The results given above show a high degree of consistency with the exception of 
cruciform welds in Nodes 1, 2 and 5. However, since Nodes 1 and 4, 2 and 3, and 
5 and 6 were fabricated by the same groups of fabricators and show great similarities 
in defect rates, it is very unlikely that the differences in defect type reported above 
are real. It must be presumed that NDE inspectors in Nodes 1, 2 and 5 were more 
likely to use the term 'crack' than 'linear indication' when first observing a linear 
type of surface-breaking defect. However, this mis-classification is relatively 
unimportant and had no effect on any of the other results.
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4.5 Detailed Analysis According to Parameters of Influence

4.5.1 Defect Rates

The specification for fabrication of the lower hull provided for varying amounts of 
NDE. In areas which were considered to be of critical importance from the point of 
view of fatigue, 100% UT and 100% MPI was specified for all welds. Conversely, 
in structurally unimportant and fatigue insensitive areas 0% NDE was required. In 
other regions amounts varying between 20% and 60% were called for. In the 
analysis described here, only the two extreme categories of 0% and 100% are 
considered. These categories referred to the inspection of welds following fabrication 
(see introductory section of chapter 3).
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G lobal 
L ocat io n

W elding
P r o c e ss Weld Type 0% NDE 100% NDE

Aa Bb Aa Bb
C ruciform 2 8 .6 3 2 6 .8 8 0 .9 3 2 .0 8

SMAW Tee B utt 2 3 .3 7 6 9 .0 0 0 .3 4 0 .0 0

Node 1
P la te  Butt 1 1 .1 3 - 0 .1 4 0 .0 0

C ruciform 3 4 .7 1 0 .0 0 0 .7 2 0 .0 0
GMAW Tee Butt 1 2 .5 2 1 .7 3 0 .6 1 -

P la te  Butt 1 .1 9 - 0 .0 2 0 .0 0

Cc Dd Cc Dd

C ruciform 6 .6 3 3 3 .4 4 1 .0 6 1 0 .6 2
SMAW Tee Butt 5 .4 9 5 1 .2 0 0 .8 8 1 4 .2 5

Node 2
P la te  Butt 1 .9 3 1 6 .9 6 0 .0 0 3 .5 0

Cruci form 3 .4 6 3 3 .1 9 1 .1 4 3 5 .0 3
GMAW Tee B utt 3 .8 0 3 7 .4 4 6 .4 1 2 2 .1 8

P la te  B utt 0 .0 0 5 1 .8 4 - 4 .0 7

Ee F f Ee F f

C ruciform 11.31 8 .8 4 3 .0 9 8 .8 1
SMAW Tee Butt 2 .6 9 6 .4 9 1 .9 1 -

Node 6
P la te  Butt 0 .6 3 0 .0 0 0 .2 9 3 .6 3

C ruciform - 3 0 .7 0 - 2 0 .8 1
GMAW Tee B utt - 3 9 .6 7 - -

P la te  B utt - 6 .4 3 - -

Table 4.5.1.1 : Percentage defect rates for embedded defects -  for various
parameters

Table 4.5.1.1 shows the defect rates for embedded defects for Nodes 1, 2 and 6, 
classified according to welding process, type of welded joint, fabricator and the 
specified amount of original NDE.
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For Node 1, it can be seen that for both fabrication yards (Aa and Bb), the effect
of NDE has produced a dramatic fall in the defect rate for all three weld types and
for both welding processes (GMAW and SMAW). For fabricator Aa, the highest 
defect rates were for the cruciform welds with 5% NDE (28.63% and 34.71% welded 
by SMAW and GMAW respectively), but these rates both fell to less than 1% under 
conditions of 100% NDE. For plate butt welds the defect rates are lower, but 
nevertheless the effect of 100% NDE has been to reduce the rates by a factor of 
between 50 and 100. This very significant reduction for plate butt welds probably 
reflects the relative ease with which such joints can be checked by ultrasonic
methods.

For Node 2 a somewhat different pattern emerged. It can be seen from table
4.5.1.1 that both for welds subjected to 100% NDE and for welds not subjected to 
NDE, the defect rates for fabricator Dd were much higher than for Cc. Indeed, the 
defect rates for fabricator Dd after 100% NDE were higher than the rates for
fabricator Cc with no NDE. However, for any one fabrication yard and weld 
parameter, the defect rates for welds subjected to NDE were lower than for welds 
not subjected to NDE in all but two cases.

For Node 6 the pattern is again different with the defect rates for welds subjected to 
100% NDE being a factor of only three or less than the rates for welds with 0% 
NDE (see Fig. 4.5.1.1).

Turning now to surface-breaking defects found by MPI, some statistics for Node 2 
are given in table 4.5.1.2, see also Fig. 4.5.1.2. These results are reasonably 
representative of the other nodes and are interesting for three main reasons.

Comparison between fabricators shows that the defect rate was significantly 
different.

-  The average defect rate for surface-breaking defects can be seen to be very 
much lower than for embedded defects.

-  The defect rate for welds subjected to 100% NDE was greater than for welds 
with no NDE.
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G lobal 
Locat ion

W elding
P r o c e ss Weld Type 0% NDE 100% NDE

Cc Dd Cc Dd
C ruciform 0 .7 4 1 .1 0 1 .4 5 1 .2 3

SMAW Tee B utt 0 .0 4 1 .1 0 0 .1 8 1 .1 9
P la te  B utt 0 .0 0 0 .1 7 0 .0 3 0 .2 7

Node 2
F i l l e t 0 .0 0 1 .1 5 0 .0 0 2 .3 0

C ruciform 1 .3 8 2 .3 9 3 .0 9 4 .0 0
GMAW Tee Butt 0 .0 0 1 .4 6 0 .3 0 4 .6 7

P la te  B utt 0 .0 0 0 .4 1 0 .0 0 0 .2 0
F i l l e t 0 .0 0 1 .91 0 .0 0 -

Table 4.5.1.2 : Percentage defect rates for surface-breaking defects -  for various
parameters

This last finding can be explained by reference to table 4.5.1.3, see also Fig. 4.5.1.3. 
Table 4.5.1.3 shows the overall defect rates for both embedded and surface-breaking 
defects for various weld types, welding processes and NDE rates, together with two 
other statistics -  the average defect length (ADL) and the average distance between 
defects (ADBD). This shows that for embedded defects the average defect length in 
welds which had no NDE was, on average, about four times that for welds which 
had been subjected to NDE.
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D efec t
Type

W elding
P r o c e ss Weld Type 0% NDE 100% NDE

DRw ADL
(mm)

ADBD
(m)

DR
w

ADL
(mm)

ADBD
(m)

C ruciform 2 8 .5 0 276 0 .9 7 1 .0 7 103 9 .6 5
SMAW Tee Butt 2 9 .7 8 430 1 .4 5 0 .3 1 84 2 7 .2 9

Embedded P la te  B utt 1 1 .1 3 240 2 .1 6 0 .1 3 69 54 .2 1
D e fe c ts

C ruciform 2 8 .7 2 391 1 .3 6 0 .7 2 91 1 2 .5 5
CMAW Tee B utt 1 2 .1 5 298 2 .4 5 0 .6 1 81 13 .31

P la te  B utt 1 .1 9 121 1 0 .1 6 0 .0 2 25 1 1 0 .8 5

C ruciform 0 .3 1 6 33 1 0 .4 0 .7 1 5 61 8 .5

S u rfa ce
SMAW Tee B utt 0 .1 1 2 13 1 1 .8 0 .1 6 5 30 1 8 .3

P la te  Butt 0 .0 9 9 23 2 3 .6 0 .1 8 5 270 1 4 5 .8
B reak ing F i l l e t 0 .1 4 4 112 7 7 .3 0 .0 8 3 60 7 2 .0
D e fe c ts C ruciform 0 .1 5 9 31 1 9 .5 0 .3 4 4 47 1 3 .6

GMAW Tee Butt 0 .0 2 6 11 4 1 .0 0 .0 4 7 13 2 8 .5
P la te  B utt 0 .0 6 2 9 1 4 .2 0.0 - -

F i l l e t 0 .0 2 3 34 1 5 0 .5 0 .0 5 0 48 9 4 .9

DR -  Defect rate (%)
ADL -  Average defect length (mm), measured along the weld
ADBD -  Average distance between defects (m), in the direction of welding

Table 4.5.1.3 : Effect of amount of NDE on defect statistics for embedded and
surface-breaking defects in Node 1

However, in the case of surface-breaking defects the average defect length was 
typically twice as long as for welds which were subjected to 100% NDE than for 
those with no NDE. Although table 4.5.1.3 shows results just for Node 1, similar 
trends were shown by the other nodes. Comparison of all the ADBD statistics 
showed that for cruciform and tee butt welds the average distance between 
surface-breaking defects did not differ markedly between 0% NDE and the 100% 
NDE categories. This shows that the number of surface-breaking defects detected 
per metre run during the reinspection was the same, irrespective of the original level 
of NDE, in this case, MPI, indicating that the original NDE was ineffectual. This
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combined with the fact that on average the defects in the zones which had been 
selected for 100% NDE were longer than elsewhere, has produced the initially 
surprising result mentioned above, that the defect rate in regions subjected to 100% 
MPI was higher than elsewhere.

Influence of Fabricator

Examination of tables 4.5.1.1 and 4.5.1.2 shows that the overall defect rates differed 
appreciably between nodes. These differences are due in part to varying effectiveness 
of the NDE procedures at the different fabrication yards, as discussed above, and in 
part to other factors such as the welding process used (see below). However, 
detailed analysis of the data, sub-divided according to fabricator, has shown that 
there were nevertheless marked differences in defect rates between fabricators, even 
when other sources of influence had been taken into account (see for example tables
4.5.1.1 and 4.5.1.2). In the case of fabricators Cc and Dd, the defect rates differed 
by a factor of about 10.

Influence of Type of Welded Joint

This was found to be one of the most important parameters in governing the 
occurrence of weld defects in the initial weld before any repair. The overall defect 
rates for embedded defects were found to be in the ranges 10% to 16% for 
cruciform welds, 11% to 28% for tee butts and 0.4% to 4% for plate butts. The 
corresponding figures for surface-breaking defects were 0.17% to 1.4% for cruciforms, 
0.08% to 0.52% for tee butts, 0.01% to 0.12% for plate butts and 0.01% to 0.19% 
for fillet welds. However, these within-weld type and between-weld type differences 
were affected by other factors such as the welding process used and the amount of 
NDE applied. As discussed above, these latter factors did not have a consistent
influence and it was found that the defect rates for certain combinations of weld type 
and welding process were significantly higher for some fabricators than for others.

Influence of Welding Process

The three main welding processes that were used in the fabrication of the lower hull 
were SMAW, GMAW and SAW (see section 3.4). The type of welding process used 
in the fabrication has been found to be an important factor affecting the defect rates. 
Some conclusions apply regardless of fabricator and weld type, whilst others are 
fabricator and weld type dependent.

A general conclusions was that the SAW process, which was used only for plate butt
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welds welded in the flat position, was extremely reliable, being associated with very 
low defect rates. For Nodes 1 and 4, there were practically no defects found in 
welds made by this process, either surface or embedded. In Nodes 5 and 6, there 
were no surface-breaking defects and the embedded defect rate was low. In Nodes 2 
and 3, welds made by fabricator Cc were very low and only welds made by 
fabricator Dd showed an appreciable defect rate.

For the welding processes SMAW and GMAW, very much higher defect rates were 
found, together with significant differences between fabricators. A brief summary is 
as follows:

(1) For fabricators Ee and Ff the overall defect rates were between 2 and 3 times
greater for the GMAW process than for SMAW, for both cruciform and tee
butt joints. This was true for both surface and embedded defects. For welds 
which were not originally subjected to NDE, the GMAW defect rate was 4
times that for SMAW (8% and 35% for SMAW and GMAW respectively for 
embedded defects, and 0.1% and 0.5% for surface-breaking defects).

(2) For fabricators Ee and Ff the rates for the SMAW and GMAW processes in 
plate butt welds differed by a factor of 10, GMAW giving the higher rate.

(3) In general the defect rate for the GMAW process was poor in comparison with
that for the SMAW process. However, even in cases where the defecct rate
was approximately the same, it was found that the chances of having a weld 
with multiple defects was much higher for the GMAW process than for the
SMAW process. This will be discussed in detail in section 4.5.3.

Influence of Welding Positions

Because of the relatively large influence of weld type, welding process and fabricator 
on defect rates, the influence of welding position was only noticeable when examining 
otherwise homogeneous sets of data. Statistical tables have been produced which give 
information on defect rate and the proportion of defective welds for welds made in
the flat (1G), horizontal (2G), vertical (3G) and overhead (4G) position. Detailed
numerical results are given in [25, 40]. The general conclusion that can be drawn is 
that there is an increase in defect rate with increased difficulty of welding in the 
order given above. A number of examples are now given:

(1) For tee butt welds made by fabricator Ee using the manual SMAW process, the 
defect rates for embedded defects for the 1G, 2G, 3G positions were 0.4%,
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2.6% and 5.6% respectively. The corresponding rates for fabricators Ff were 
8.1%, 14.4% and 39.0%.

(2) Examining cruciform welds produced by fabricator Ff using welding procedure
W6-SMAW, the defect rates for surface-breaking defects were found to be 0%, 
0.14%, 0.36% and 0.61% for the 1G, 2G, 3G and 4G positions, respectively.

(3) The above results are quoted for welds subjected to varying amounts of original
NDE and unknown amounts of repair before phase III NDE, and could
therefore be subject to bias. However, a detailed analysis of the welds in
Nodes 1 and 4 for various levels of original NDE has shown that this is not 
the case and that the differences in defect rates between welding positions are 
highly significant.

It should be noted that these conclusions apply only for defect rates. When multiple 
defects are taken into account a more complex pattern emerges, with welds made in 
the horizontal position showing a high frequency of defects. This will further be 
discussed in section 4.5.3.

Influence of Welding Procedure

A large number of different welding procedures were used in the fabrication of the 
lower hull and it was not possible to examine them all because of relatively small 
sample sizes. However, a general and not altogether surprising conclusion that is
strongly supported by the data, is that welding procedures involving large numbers of 
passes tend to produce welds with higher defect rates than procedures requiring only 
a small number of passes.

4.5.2 Binary Analysis

This section contains a selective analysis of data related to untrasonic inspection and 
magnetic particle testing in Nodes 1 and 4. This pair of nodes had been fabricated 
by the same fabricators and they are of the same structural detail in terms of 
sub-block identification. Similar results to the ones presented in this section were 
observed in the two other pairs of nodes i.e. Nodes 2 and 3, and Nodes 5 and 6. 
Special attention here is focussed on the binary observations, i.e. a weld inspected 
constitutes a trial and if one defect or more is found the outcome of the trial takes 
the value 1, otherwise the value of 0. The statistical theory of analysing this type of 
data was presented earlier in section 4.1.1.
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4.5.2.1 Embedded Defects found by Ultrasonics

Table 4.5.2.1.1 shows the number of defective welds rj out of nj welds inspected, 
classified according to type of welded joint (cruciform and tee butts), SMAW welding 
position (1G, 2G, 3G) and node location (Nodes 1 and 4).

Node 1 Node 2 b

Weld J o in t  Type Weld J o in t  Type

p o s i t  ion X T X T

1G r i 77 53 51 28
n i 296 180 257 107
Pi 0 .2 6 0 1 0 .2 0 4 4 0 .1 9 8 4 0 .2 6 1 7
v i 0 .0 0 0 6 5 0 .0 0 1 1 6 0 .0 0 0 6 2 0 .0 0 1 8 2

2G r i 143 185 84 98
n i 567 454 432 346
Pi 0 .2 5 2 2 0 .4 0 7 5 0 .1 9 4 4 0 .2 8 3 2
v i 0 .0 0 0 3 3 0 .0 0 0 5 3 0 .0 0 0 3 6 0 .0 0 0 5 9

3G r i 192 57 203 50
n i 952 185 932 171
Pi 0 .2 0 1 7 0 .3081 0 .2 1 7 8 0 .2 9 2 4
v i 0 .0 0 0 9 7 0 .0 0 1 1 6 0 .0 0 0 1 8 0 .0 0 1 2 2

Table 4.5.2.1.1 : Number of defective welds r; out of n; inspected

The table is a 3 x 2 x 2 factorial system with the outcome of each weld inspection 
being a binary variable.

For the purpose of investigating the effect of welding position (1G -  flat,
2G-horizontal, 3G-vertical), the positions have been ranked according to the assumed 
degree of difficulty in welding (i.e. 1G -» 2G -» 3G).

An unbiased estimate of the variance of the proportions pj has been calculated as 
vp(ri(n i-ri))/(n i2(n j-l)) and is shown in each cell of table 4 .5 .2 .I .I . It can be seen 
that the variances of tee butts are greater than for cruciforms because of the smaller 
number of inspected tee butt welds. The estimate of variance is based on the
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binomial distribution and any violation of the independence assumption between welds 
of the same type would tend to inflate vj.

To investigate the various factors which influence the proportion of elective welds the 
various cells in table 4.5.2.1.1 have been combined to make three further tables by 
unweighted averaging (table 4.5.2.1.2).

SMAW
P o s it  ion

Weld Type

X T X+T

1G 0 .2 2 9 3 0 .2 7 8 1 0 .2 5 3 7
2G 0 .2 2 3 3 0 .3 4 5 3 0 .2 8 4 3
3G 0 .2 0 9 8 0 .3 0 0 3 0 .2 5 5 1

1G+2G+3G 0 .2 2 0 8 0 .3 0 7 9 0 .2 6 4 4

SMAW
P o s it  ion

G lobal L o ca tio n

N1 N4 N1+N4

1G 0 .2 7 7 3 0 .2301 0 .2 5 3 7
2G 0 .3 2 9 9 0 .2 3 8 8 0 .2 8 4 3
3G 0 .2 5 4 9 0 .2 5 5 1 0 .2 5 5 1

1G+2G+3G 0 .2 8 7 0 0 .2 4 1 0 .2 6 4 4

SMAW
P osi t ion/

G lobal L o c a tio n

N1 N4 N1+N4

X 0 .2 3 8 0 0 .2 0 3 5 0 .2 2 0 8
T 0 .3 3 6 7 0 .2791 0 .3 0 7 9

X+T 0 .2 8 7 4 0 .2 4 1 3 0 .2 5 4 3

Table 4.5.2.1.2 : Two-way and marginal proportions
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Table 4.5.2.1.2 shows:
-  the proportions of defective welds are higher for tee butts than for cruciforms 

in both Nodes 1 and 4.

-  the proportion of defective welds is higher in Node 1 than Node 4 for both 
tee butts and cruciforms.

-  the horizontal 2G position is the most dominant in being associated with a high 
percentage of defective welds.

To investigate the precision with which these conclusions can be stated the usual 
factorial contrasts are calculated and displayed in table 4.5.2.1.3. The values of the
mean square values which exceed 3.84 times the mean square for the theoretical 
error indicate sources of influence which are significant at the 5% significance level.

The influence of weld type (source Y in table 4.5.2.1.3, part (i)) in affecting the 
proportion of defective welds is seen to be overwhelmingly significant and the location 
effect (L) is also highly significant. The quadratic position effect ( P q )  is not quite 
significant at the 5% level but the L X P q  interaction is (probably because of the 
importance of L). None of the other interactions is seen to be important.

Because of the importance of the type of welded joint, part (ii) of table 4.5.2.1.3  
has been prepared to show the importance of the various sources of influence for the 
two weld types separately. The location effect is significant for both weld types. 
The P q  component, demonstrating the importance of the 2G welding position on the 
proportion of defective welds in tee butts is on the borderline of significance.
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(i) Full Data

Source Degrees of Freedom Mean Square

Location L (N1 or N2) 1 0 .0 0 6 3 5
Type Y (X or T) 1 0 .0 2 2 7 7
Position (Linear) Pl 1 0 .0 0 0 0 0 4
Position (Quadr.) Pq 1 0 .0 0 2 4 0
L x Y 1 0 .0 0 0 4 0
L x PL 1 0 .0 0 1 1 2 3
L X Pq 1 0 .0 0 3 0 4
Y x PL 1 0 .0 0 0 8 7
Y x Pq 1 0 .0 0 1 8 3
Y x L x PL 1 0 .0 0 0 4 6
Y X L X Pq 1 0 .0 0 0 7 1

Total 11
Theoretical Error CO 0 .0 0 0 7 3

(i i) Separate Data

Source D F X T
M.S M.S

Locat io n  L 1 0 .0 0 1 7 8 0 .0 0 4 9 7
P o s i t io n  (L in e a r ) Pl 1 0 .0 0 0 3 8 0 .0 0 0 4 9
P o s i t io n  (Quad) P q 1 0 .0 0 0 0 2 0 .0 0 4 2 1
L x PL 1 0 .00151 0 .0 0 0 0 7
L X P q 1 0 .0 0041 0 .0 0 3 3 4

T o ta l 5
T h e o r e t ic a l E rror CO 0 .0 0 0 3 9 0 .0 0 1 0 8

Table 4.5.2.1.3 : Analysis of variance table
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Turning now to plate butt joints, table 4.5.2.1.4 shows the proportion of defective 
welds Pj for different welding processes and welding positions in Nodes 1 and 4. 
Also shown are the transformed proportions zj (empirical logistic transformation, see 
section 4.1.1) together with their variances vj. These figures allow comparisons to be 
made between any pair of welding positions or node locations. The main conclusions 
emerging from the table are as follows:

-  The lowest proportion of defective welds occurs for the GMAW process used in
the flat (1G) position in Node 1 (2.9%). Although this proportion is
numerically less than for 1G-SMAW and 2G-SMAW, the difference is not 
statistically significant. Similarly in Node 4, no statistically significant 
differences exist among these three components.

-  The highest proportion of defective welds occurs for the SMAW process used in 
the overhead position (4G-SMAW) (21.7% in Node 4 and 13.5% in Node 1). 
These results are highly significant in a statistical sense. Vertical welds in Node 
4 also exhibit a high percentage of defectives.

-  Comparisons between Nodes 1 and 4 show systematically higher proportions of 
defective welds in Node 4 for all five welding position components. The most 
significant difference lies in the 3G-SMAW component. Here the difference 
AZ=2.847-1.288=1.559 corresponds to a standardised normal deviate of

1 .5 5 9 / , / ( 0 .0 0 6  + 0 .0 1 9 )  -  9 .8 6 ,  w hich i s  v e r y  h ig h ly  s i g n i f i c a n t .
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(i) Plate Butts in Node 1

W elding P o s i t io n  - P r o c e ss

1G-SMAW 2G-SMAW 3G-SMAW 4G-SMAW 1G-GMAW

D efec t iv e  
Welds

6 5 16 52 8

D efee t  
Free

154 133 284 332 270

A ll Welds 160 138 300 384 278

Prop o f  D ef 0 .0 3 8 0 .0 3 6 0 .0 5 3 0 .1 3 5 0 .0 2 9
Zi -3 .1 6 8 -3 .1 8 9 -2 .8 4 7 -1 .8 4 6 -3 .4 6 0
Vi 0 .1 5 0 0 .1 7 5 0 .0 0 6 0 .0 2 2 0 .1 1 5

(ii) Plate Butts in Node 4

W elding P o s i t io n - P r o c e ss

1G-SMAW 2G-SMAW 3G-SMAW 4C-SMAW 1G-GMAW

D efee t iv e  
Welds

8 7 65 89 25

D efee t  
Free

117 104 237 322 245

A ll Welds 125 111 302 411 270

Prop o f  D ef 0 .0 6 4 0 .0 6 7 0 .2 1 5 0 .2 1 7 0 .0 9 3
Zi -2 .6 2 6 -2 .6 3 4 -1 .2 8 8 -1 .2 8 2 -2 .2 6 5
Vi 0 .1 2 1 0 .1 3 6 0 .0 1 9 0 .0 1 4 0 .0 4 3

Table 4.5.2.1.4 : Statistics for plate butt welds in Nodes 1 and 4
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The preceeding analyses were performed irrespective of the original level of NDE 
which was specified immediately after fabrication and could thus be criticised for 
introducing bias into the conclusions. The same analyses have then been undertaken 
for data obtained from regions of the structure in which 0% NDE was originally 
specified. The results are given below in tables 4.5.2.1.5 to 4.5.2.1.8. The purpose
of these analyses was not to compare the performance of various levels of NDE since 
this was done in earlier sections for defect rates but to check whether the conclusions 
are valid irrespectively of original level of NDE. The results from these analyses
indicate that this is indeed the case.
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Node 1 Node 4

Weld Type Weld Type
SMAW 

p o s i t  io n X T X T

1G r i 77 52 44 24
n i 233 143 182 78
Pi 0 .3 3 0 5 0 .3 6 3 6 0 .2 4 1 8 0 .3 0 7 7
v i 0 .0 0 0 9 5 0 .0 0 1 6 3 0 .00101 0 .0 0 2 7 7

2G r i 103 136 70 64
n i 246 191 194 129
Pi 0 .4 1 8 7 0 .7 1 2 0 0 .3 6 0 8 0 .4 9 6 1
v i 0 .0 0 0 9 9 0 .0 0 1 0 8 0 .0 0 1 2 0 0 .0 0 1 9 5

3G r i 162 48 193 44
n i 484 110 489 111
Pi 0 .3 3 4 7 0 .4 3 6 4 0 .3 9 4 7 0 .2 9 6 4
v i 0 .0 0 0 4 6 0 .0 0 2 2 6 0 .0 0 0 4 9 0 .0 0 2 1 8

Table 4.5.2.1.5 : Number of defective welds r; out of n, inspected -  0% original
NDE
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SMAW
P o s it  ion

Weld Type

X T X+T

1G 0 .2 8 6 2 0 .3 3 5 7 0 .3 1 1 0
2G 0 .3 8 9 8 0 .6 0 4 1 0 .4 9 7 0
3G 0 .3 6 4 7 0 .4 1 6 4 0 .3 9 0 6

1G+2G+3G 0 .3 4 6 9 0 .4 5 2 1 0 .3 9 9 5

SMAW
P o s it  ion

G lobal L o ca tio n

N1 N4 N1+N4

1G 0.3471 0 .2 7 4 8 0 .3 1 1 0
2G 0 .5 6 5 4 0 .4 2 8 5 0 .4 9 7 0
3G 0 .3 8 5 6 0 .3 6 6 3 0 .3 9 0 6

1G+2G+3G 0 .4 3 2 7 0 .3 6 6 2 0 .3 9 9 5

SMAW
Pds i t i on

G lobal L o c a tio n

N1 N4 N1+N4

X 0 .3 6 1 3 0 .3 3 2 4 0 .3 4 6 9
T 0 .5 0 4 0 0 .4 0 0 0 0 .4 5 2 0

X + T 0 .4 3 2 7 0 .3 6 6 2 0 .3 9 9 5

Table 4.5.2.1.6 : Two-way and marginal proportions
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(i) Full Data

Source D egrees o f  Freedom Mean Square

L o c a tio n  L (N1 or N2) 1 0 .0 1 3 2 2 7
Type Y (X or T) 1 0 .0 3 3 1 8 0
P o s i t io n  (L in ea r ) 1 0 .0 1 2 6 8 8
P o s i t io n  (Q uadr.) Pq 1 0 .0 5 6 9 7 9
L x Y 1 0 .0 0 4 2 2 6
L x PL 1 0 .3 3 8 6 7 0
L X Pq 1 0 .0 0 7 4 5 5
Y x PL 1 0 .0 0 0 0 0 2
Y x Pq 1 0 .0 1 7 8 6 5
Y x L x PL 1 0 .0 0 2 2 0 5
Y X L X Pq 1 0 .0 0 2 5 7 9

T ota l 11
T h e o r e t ic a l Error 00 0 .0 0 1 4 1 4

( i i ) S ep a ra te  Data

Source D F X T
M.S M.S

L o c a tio n  L 1 0 .0 0 1 2 5 0 0 .0 1 6 2 0 3
P o s i t io n  (L in ea r ) Pl 1 0 .0 0 6 1 7 0 0 .006521
P o s i t io n  (Quad) P q 1 0 .0 0 5 5 1 7 0 .0 6 9 3 2 7
L x PL 1 0 .0 0 5 5 2 8 0 .0 0 0 0 6 3
L X Pq 1 0 .0 0 0 6 3 2 0 .0 0 9 4 0 2

T ota l 5
T h e o r e t ic a l Error 00 0 .0 0 0 8 5 0 0 .0 0 1 9 7 8

Table 4.5.2.1.7 : Analysis of variance table

Tables 4.5.2.1.5 to 4.5.2.1.7 relating to cruciforms and tee butts confirm the earlier 
findings, namely:

The proportion of defective welds is higher for tee butts than it is for
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cruciforms in both Nodes 1 and 4.

-  The proportion of defective welds is higher in Node 1 than in Node 4 for both 
tee butts and cruciforms.

-  The 2G (horizontal) position is the most dominant in being associated with a 
high percentage of defective welds. This is particularly significant for tee butts 
where 60.4% of such welds are seen to be defective, compared with 41.6% in 
the vertical position and 33.6% in the flat position.

A similar analysis was undertaken for plate butts. This repeats the analysis in table
4.5.2.1.4 for those welds for which 0% NDE was specified. It can be concluded
that from table 4.5.2.1.8 that:

-  The lowest proportions of defective welds occur in welds made by GMAW in 
the flat (1G) position (0.033 and 0.103 for Nodes 1 and 4 respectively.

-  There are very significant differences between the proportion of defective welds 
between Nodes 1 and 4 for all welding positions/processes.

-  Welds made in the overhead position (4G) by the SMAW process show a part­
icularly high proportion of defectives (18.7% in Node 1 and 33.6% in Node 4).
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(i) Plate Butts in Node 1

W elding P o s i t io n  -- P r o c e ss

1G-SMAW 2G-SMAW 3G-SMAW 4G-SMAW 1G-CMAW

D e fe c t iv e  
Welds

4 4 15 43 7

D e fe e t  
F ree

46 29 154 187 202

A ll Welds 50 33 169 230 209

Prop o f  D ef 0 .0 8 0 0 .1 2 1 0 .0 8 9 0 .1 8 7 0 .0 3 3
Zi -2 .3 3 5 -1 .8 8 0 -2 .2 9 9 -1 .4 6 1 -3 .2 9 6
Vi 0 .2 2 6 0 .2 4 0 0 .0 6 9 0 .0 2 8 0 .1 3 1

(ii) Plate Butts in Node 4

W elding P o s it  ion - P r o c e ss

1G-SMAW 2G-SMAW 3G-SMAW 4G-SMAW 1C-CMAW

D e fe c t iv e  
Welds

5 6 64 84 23

D e fe e t  
Free

18 33 108 166 201

A ll Welds 23 39 172 250 224

Prop o f  D ef 0 .2 1 7 0 .1 5 4 0 .3 7 2 0 .3 3 6 0 .1 0 3
Zi -1 .2 1 3 -1 .6 4 0 -0 .5 2 0 -0 .6 7 8 -2 .1 4 9
Vi 0 .2 2 9 0 .1 7 7 0 .0 2 5 0 .0 1 7 0 .0 4 7

Table 4.5.2.1.8 : Statistics for plate butts in Nodes 1 and 4 - 0 %  original
NDE
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4.5.2.2 Surface-breaking Defects found by Magnetic Particle Testing

Detailed comparisons between cruciform and tee butt joints for Nodes 1 and 4 
are made in table 4.5.2.2.1 for the three welding positions 1G (flat), 2G 
(horizontal) and 3G (vertical). The table shows the number of defective welds 
rj and the number of inspected welds nj as well as the quantities zj and Vj as 
defined in section 4.1.1.

Node 1 Node 2

SMAW
Weld Type Weld Type

posit ion X T X T

1G ri 13 17 8 3
ni 308 395 309 230
zi -3.086 -3.074 -3.569 -4.217
vi 0.0750 0.0583 0.1148 0.2553

2G ri 70 67 20 17
ni 712 785 562 671
zi -2.210 -2.365 -3.276 -3.622
vi 0.0157 0.0161 0.049 0.0572

3G ri 6 5 16 27 10
ni 1447 444 1381 478
zi -3.050 -3.257 -3.897 -3.798
vi 0.0159 0.0613 0.0365 0.0932

Table 4.5.2.2.1 : Number of defective welds r;, out of n; welds inspected

To construct single degree of freedom components, it is assumed that the three levels 
of welding position are in some fashion equally spaced. Then all contrasts involving 
welding position are divided into linear and quadratic components. Finally standarised 
contrasts are computed which have approximately unit theoretical variance. These are 
shown in table 4.5.2.2.2.
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W eld-type Y (X or T) -1 .3 5 2
L o c a tio n  L (Nl or N4) -5 .7 9 5
P o s i t io n  ( l in e a r )  Pl 0 .0 6 6
P o s i t io n  (q u a d r a tic )  Pq 4 .4 5 2

Y x L -0 .8 6 9
L x PL 0 .2 8 2
L X P q 1 .4 5 3
Y x PL -0 .6 2 6
Y X P q 0 .2 3 0
Y x L x Pl -1 .1 4 6
Y X L X P q 0 .0 2 5

Table 4.5.2.2.2 : Logistic factorial standardised contrasts

Inspection of table 4.5.2.2.2 shows that the location effect L and the quadratic 
position effect P q  are highly significant. These effects can also be seen from the
semi-normal probability plot (not shown here). The latter also demonstrates that 
there are no other significant sources of influence in governing the variability of the 
proportions of defective welds.

The highly significant location effect reflects the systematic differences between Nodes. 
In particular, the proportions of defective welds are higher in Node 1 than in Node 
4 for each weld type joint and welding position. The significant location L 
component suggests splitting the data according to the factor L.

To do this the two halves of table 4.5.2.2.1 corresponding to Node 1 and Node 4, 
are analysed separately. For both locations, there is no systematic change with type 
of welded joint but an increase in the proportion of defective welds for the hotizontal 
2G-SMAW position is very apparent. For Node 1, the average difference in Zj 
between the 2G and 1G positions is 0.793 ± 0.203 (i.e. the approximate standard 
error estimated from the Vj's is 0.203). For the 2G and 3G components this
difference is 0.866 ± 0.165. The corresponding effects for Node 4 are respectively 
0.444 ± 0.345 and 0.399 ± 0.243.

A similar analysis to the above has been undertaken for plate butt and fillet joints. 
Again statistically significant differences are detectable in the proportion of defective 
welds, for welds made by SMAW in the 2G horizontal position.



102

4.5.3 Multiple Defects

This section contains an analysis of multiple defects from selective data from Nodes 5 
and 6 found by ultrasonic testing. The analysis described here is limited to Nodes 5 
and 6 but similar results apply for the other pairs of nodes, i.e. Nodes 2 and 3 and 
Nodes 1 and 4. As discussed in section 4.4.2, a number of welds were found to 
have multiple defects, particularly of the embedded type. Welds with multiple 
surface-breaking defects were found to be far less common.

The subset of data which is analysed here is from a specific fabrication yard and 
relates to the two welding positions in which multiple defects were found to be most 
common, that is the horizontal position 2G under the SMAW and GMAW processes.

Table 4.5.3.1 shows details of multiply defective welds possessing up to 4 or more 
defects in the two horizontal positions for three types of welded joint, namely 
cruciforms X, tee butts T and plate butts B. Appropriate row percentages for 
cruciforms and tee butts in the form of three dimensional histograms are given in 
figures 4.5.3.1 to 4.5.3.5.
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P o s it  ion 0 DEF 1 DEF 2 DEF 3 DEF 4+ DEF Locat io n J o in t Case

2G-SMAW
2C-CMAW

378 55 10 2 1 
261 101 24 9 6

Node 5 X A1

2G-SMAW
2G-GMAW

562 72 2 3 1 
245 103 18 3 3

Node 6 X A2

2G-SMAW
2C-GMAW

554 81 13 4 1 
195 101 24 6 11

Node 5 T A3

2G-SMAW
2G-GMAW

489 36 14 6 4 
176 45 21 14 8

Node 6 T A4

1G-SMAW
1G-GMAW

143 11 0 0 0 
46 3 2 0 0

Node 5 B A5

1C-SMAW
1G-GMAW

178 5 1 0 0 
46 4 3 0 0

Node 6 B A6

Table 4.5.3.1 : Multiple defects in Nodes 5 and 6

Let j denote the possible number of defects in a weld. If two sets of welds are 
available, one corresponding to category Cl and the other to category C2, let 0 be 
defined as:

(PCC, has < i d e f e c t s ) ) / ( ! - ? ( € ,
0 -  fin

L(P(C2 has < i d e f e c t s ) ) / ( l - P ( C 2 
Rearranging the above relationship gives:

r(P (C 1 has < i d e f e c t s ) ) / ( l - P ( C 1
A — ex p (0 )

A l(P (C 2 has < i d e f e c t s ) ) / ( l - P ( C 2 
where as before i takes values from 0 to j-1 .

has < i d e f e c t s ) )
has < i d e f e c t s ) )

has < i d e f e c t s ) )
has < i d e f e c t s ) )

The aim of the analysis is to perform a formal test to determine whether the 
cumulative proportions are indeed related with the above relation, i.e. to test the 
hypothesis H 0: 0=0 (or z\=l) against H , : 0*0 (or A*l). This is done according to
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the theory of section 4.1.2 (see also section 4.4.2).

As an example consider the data of the first cell, related to cruciform joints in Node 
5, given in table 4.5.3.1. Application of the logistic transformation yields differences
-1 .088, -1.252, -1.626, -1.585. Hence a rough estimate of 6 is
i ( - l .088-1.252-1.626-1.5 8 5 )= -l.388. Using weights calculated from the data given
8=-1.103, with a standard error of 0.159. The corresponding ratio of odds is 
A=exp(0)=O.332. Confidence intervals for d are - 1 .103±0.159. The result is based 
on a chi-square statistic of 48.33 compared with 3.84(x? 5%) suggests support of the 
alternative hypothesis H v  Hence it can be concluded that the odds of a weld being 
multiply defective are 0.332 times as large for the 2G-SMAW position as for the 
2G-GMAW position.

This test has been carried out for all cells of table 4.5.3.1 and the results are shown 
in table 4.5.3.2.

Case U nw eighted
e

W eighted
e

C on fid en ce  
L eve1s

Cumulat iv e  
R a tio  A«=exp(0)

C h i-sq u are
X,

A1 -1 .3 8 8 -1 .1 0 3 - 1 . 103± 0 .159 0 .3 3 2 4 8 .3 3
A2 -1 .3 8 9 -1 .3 3 4 - 1 . 3 3 4 ± 0 .162 0 .2 6 3 6 8 .1 0
A3 -1 .8 9 1 -1 .4 1 7 - 1 . 4 1 7 ± 0 .155 0 .2 4 2 8 3 .4 5
A4 -1 .4 4 8 -1 .4 0 7 - 1 . 4 0 7 ± 0 .193 0 .2 4 5 5 3 .0 4
A5 -1 .5 6 8 -0 .4 1 4 -0 .4 1 4 ± 0 .6 0 2 0 .6 6 1 0 .4 7
A6 -1 .8 1 3 -1 .5 0 0 - 1 . 5 0 0 ± 0 .684 0 .2 2 3 4 .8 0

Table 4.5.3.2 : Comparisons of multiple defects between processes GMAW and
SMAW

From table 4.5.3.2 it can be seen that the occurrence of multiple defects in the flat 
1G and horizontal 2G positions is characteristic of the GMAW welding process. 
Another interesting feature emerging from table 4.5.3.1 is the very large number of 
welds with multiple defects for tee butts welded using 2G-GMAW as compared with 
the corresponding cruciform joints in the same node. This explains the general 
conclusions reached earlier in section 4.4.2, namely that, given a weld is defective, 
the probability of it being multiply defective is higher for tee butts than it is for 
cruciforms.

Further to the preceeding analysis, it would have been interesting to examine the
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poor performance of the GMAW and SMAW procedures in the horizontal 2G position 
and check whether such performance could be attributed to specific components. At 
this stage we recall earlier remarks made in section 3.5 relating to the various
original welding procedures. It has been stated that the SMAW and GMAW 
processes are mainly composed of two welding procedure groups, the W6-1 to W6-6 
and W8-1 to W 8-6. The horizontal SMAW position (2G) is made up from the
W 6-2 and W 8-2 procedures while the corresponding GMAW position from the W 6-6
and W 8-6 procedures. The main difference between the W 6-2 and W 8-2 (similarly
for W 6-6 and W 8-6) is the number of weld passes. The W6 being associated with 
more passes than the corresponding W8 group.

P rocedure 1 DEF 2 DEF 3 DEF 4+ DEF Locat ion J o in t Case

W6-2
W8-2

8 1 0  0 
7 2 0 0

Node 5 X B1

W6-6
W8-6

45 13 7 5 
56 11 2 1

Node 5 X B2

W6-2
W8-2

7 1 2  1 
11 1 0 0

Node 6 X B3

W6-6
W8-6

51 10 3 3 
47 6 0 0

Node 6 X B4

W6-2
W8-2

25 6 0 0
Node 5 T B5

W6-6
W8-6

47 20 5 11 
54 4 1 0

Node 5 T B6

W6-2
W8-2

13 4 3 3
Node 6 T B7

W6-6
W8-6

37 20 12 7 
8 1 1 0

Node 6 T B8

Table 4.5.3.3 : Multiple defects for various welding procedures -  Nodes 5 & 6
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T a b le  4 .5 .3 .3  shows in form ation  in  term s o f  m u ltip ly  defective welds w elded accord ing  

to the W 6 - 2 , W 8 - 2 ,  W 6 - 6  and W 8 -6  procedures fo r  both  cru ciform s and .tee butts 

in  N odes 5 and 6. P a ir  com parisons fo r  these procedures in  the m ultip le  scale has 

show n that the p o o r  perform an ce  o f  the 2 G - G M A W  com pon en t (procedures W 6 -6  

and  W 8 -6 )  is due to the W 6 - 6  procedure a lone rather than  the W 8 -6 . It can  

th erefore  be stated that the increase in  the num ber o f  passes used for welding  

increases the p robab ility  o f  the weld being m u ltip ly  defective. A n a ly t ica l details o f  

the statistical tests are show n in  table 4 .5 .3 .4 .

C a s e U n w e ig h te d

e
W e ig h te d

e
C o n f id e n c e  

L e v e 1s

C u m u la t  iv e  

R a t  i o  A - e x p 0

C h i - s q u a r e

* ,

B1 - 0 . 2 1 2 - 0 . 6 3 6 - 0 . 6 3 6 ± 1 .2 6 5 0 . 5 2 9 0 . 2 5

B2 1 . 1 8 5 0 . 8 6 3 0 . 8 6 3 ± 0 . 3 7 2 2 . 3 7 0 5 . 3 8

B3 1 . 7 1 0 1 . 6 1 0 1 . 6 1 0 ± 1 .0 0 3 5 . 0 0 2 2 . 5 8

B4 1 . 6 7 8 0 . 9 3 6 0 . 9 3 6 ± 0 .4 7 3 2 . 5 5 1 3 . 9 2

B5 - - - - -

B6 2 . 4 0 8 2 . 0 9 0 2 . 0 9 0 + 0 . 3 7 0 8 . 0 8 8 3 1 . 8 9

B7 - - - - -

B8 0 . 9 5 3 1 . 1 1 8 1 . 1 1 8 ± 0 . 6 3 6 3 . 0 5 9 3 . 0 9

procedures -  N odes 5 and 6

Table 4.5.3.4 : Comparisons of multiple defects for different welding
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Fig. 4.5.3.1: Row Percentages for Welds Possessing 0 Defects 

Fig. 4.5.3.2: Row Percentages for Welds Possessing 1 Defect 

Fig. 4.5.3.3: Row Percentages for Welds Possessing 2 Defects 
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N6-T 2G-GMAW 

Fig. 4.5.3.4: Row Percentages for Welds Possessing 3 Defects 

N6-T 

Fig. 4.5.3.5: Row Percentages for Welds Possessing 4 or more Defects 
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4.5 .4  D e fe c t  T y p e s

In this section analysis is undertaken o f the in fluence o f  the type o f  w elded jo in t (see 

section 3.2), w eld ing procedure (see section 3.5) and defect type (see section 3.3) on  

the frequency  o f  occurrence o f  defects in  the zones X  and Y  (see section 3.6). T h e  

subset o f  data w hich  is analysed were detected by ultrasonics and correspond to welds 

w ith 0 %  N D E  after fabrication . P articu lar attention is g iven to the proportion  o f  

defects occu rring  in  the two zones, i.e . the ratio  o f  the num ebr o f  defects 

corresponding  to zone X  (or Y )  to the total num ber o f  defects in  both zones X  and  

Y .

D u e  to the fact that d ifferent w elding procedures w ere used in  plate butt welds as 

com pared  with cru ciform s and tee butts, separate analyses are undertaken fo r  these 

two categories o f  jo ints.

4 .5 .4.1 C ru c ifo rm  and  T e e  Butt Jo in ts

A  total o f  6750 defects w hich were found  in  the structure were classified accord ing  to 

node location  (Nodes 1 to 6), position  in  the weld (zones X  and Y ) , jo in t type (X , 

T ) ,  o rig ina l w elding procedure (W 6, W 8) and the type o f defect w hich  was assigned 

to them  on  detection  ( N F , S L ,  C R ,  IP , P O ) .

Because o f  the sim ilarities in the construction  o f N odes 1 and 4, 2 and 3, 5 and 6 

and th e ir co m m o n  fabrication  (see section 3.6), the data w ere classified accord ing  to 

these pairs o f  nodes and are shown in  tables 4 .5 .4.1 .1  to 4 .5 .4 .1 .6 .

W hatever type o f  analysis is used, the d istinction  betw een response and explanatory  

variables m ust be m ade clear. In effect the ch o ice  o f the response variab le is not 

unique and  by taking d ifferent response variables serves to investigate d ifferen t aspects 

o f the data, and it is not presum ed that there is just one allow able cho ice .
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Table 4.5.4.1.1 : Number of defects according to Welding Procedure,
Defect Type, Type of Weld Joing and Defect Zone for Nodes 1 and 4

W ELDING PROCEDURE W6 W8

D E F E C T  T Y P E N F S L CR N F S L CR

D E F E C T  ZONE WELD T Y P E

X  X 146 26 9 155 24 10

T 79 26 10 105 11 6

Y  X 688 186 13 245 53 5

T 353 96 7 99 25 5

T a b le  4 .5 .4 .1 .2  : N u m b er o f  defects accord ing  to W e ld in g  Procedure,

D e fe c t T y p e , T y p e  o f W elded  Jo in t  and D e fe c t Z o n e  fo r N odes 2 and 3

W ELDING PROCEDU RE W6 W8

D E F E C T  T Y P E N F S L CR N F S L CR

D E F E C T  ZONE WELD T Y P E

X  X 300 53 37 135 30 5

T 172 62 26 44 7 3

Y  X 848 316 22 32 0 58 14

T 469 112 8 89 14 1
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Table 4.5.4.1.3 : Number of defects according to Welding Procedure,
Defect Type, Type of Welded Joint and Defect Zone for Nodes 5 and 6

W ELDING PRO CEDU RE W6 W8

D E F E C T  T Y P E N F  S L  CR N F  S L  CR

D E F E C T  ZON E WELD T Y P E  

X  X  

T

Y  X  

T

53 17 11 

56 20 12 

199 51 2 

155 39 1

56 19 5 

29 14 1 

129 43 3 

56 12 1

T a b le  4 .5 .4 .1 .4  : N u m b er o f  defects accord ing  to W e ld in g  Procedure ,

D e fe c t T y p e , T y p e  o f W elded  Jo in t and D e fec t Z o n e  fo r  N odes 1 and 4

W ELDING PROCEDU RE W6 W8

D E F E C T  T Y P E IP PO IP PO

D E F E C T  ZONE W ELD T Y P E

X  X 5 2 3 2

T 5 2 2 0

Y  X 32 1 13 1

T 22 7 0 0
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Table 4.5.4.1.5 : Number of defects according to Welding Procedure,
Defect Type, Type of Welded Joint and Defect Zone for Nodes 2 and 3

W ELDING PRO CEDU RE W6 W8

D E F E C T  T Y P E IP PO IP PO

D E F E C T  ZON E WELD T Y P E

X  X 1 10 2 1

T 0 2 0 0

Y  X 35 21 16 2

T 12 3 2 1

T a b le  4 .5 .4 .1 .6  : N u m b er o f defects accord ing  to W e ld in g  P rocedure ,

D e fe c t T y p e , T y p e  o f  W elded  Jo in t  and D e fe c t Z o n e  fo r  N odes 5 and 6

W ELDING PROCEDURE W6 W8

D E F E C T  T Y P E IP PO IP PO

D E F E C T  ZON E WELD T Y P E

X  X 0 2 2 0

T 0 3 0 0

Y  X 4 6 5 2

T 7 2 1 0
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H e re , greater concern  has been devoted to exam in ing any  variations in  the 

p roportion s o f  defects in  each defect zone across w elding p rocedu re , defect type and 

type o f  welded jo in t. T h u s  we study the dependence o f defect zone as a response 

variab le  on  the other variables as explanatory variables.

H o w e ve r, fo r  som e purposes it m ight be o f  d irect interest to kn ow  fo r  each defect 

zone , the distribution  o f  defects accord ing  to w elding procedure, w eld type jo in t and  

defect type. T hese  are shown for the m ain  categories o f defect type ( N F , S L , C R ) ,  

corresponding  to tables 4 .5 .4.1 .1  to 4 .5 .4 .1 .3 , in  tables 4 .5 .4 .1 .7  to 4 .5 .4 .1 .9  

respectively, fo r  the pairs o f  Nodes 1 and 4, 2 and 3 , 5 and 6. It must be 

em phasized  that such m arg ina l tables need to  be interpreted care fu lly . F o r  exam ple,

the defect type classification describes the d istribution  o f that variab le  a lone fo r each  

type o f defect zone. H ow ever, it m ight be possible due to association that fo r  any  

particu lar level o f w elding procedure and (or) w eld jo in t, the cond itiona l d istribution  

o f defect type is the sam e fo r  both defect zones and yet the m arg ina l distributions 

m ay d iffer.

Analysis

T h e  purpose o f  the analysis is to exam ine variations o f the observed proportions in  

the tw o defect zones across w elding procedure , type o f welded jo in t and defect type, 

fo r  each  o f  the three pa ir  locations, nam ely  N odes 1 and 4, 2 and 3, 5 and 6.

T h e  first step is to ca lcu late the p roportion  o f  defects in  the X  zone fo r  each o f the 

exp lanatory  variables in  tables 4 .5.4.1.1 to 4 .5 .4 .1 .3 . These  p roportion s 6 \  are shown  

in  tables 4 .5 .4 .1 .10  to 4 .5 .4 .1 .12  respectively, fo r  the three locations. Analysis o f  

variance cou ld  be carried  out d irectly  on  d [ ,  the p robab ility  o f  a defect being  

detected in  the X  defect zone, but here attention  is focussed on  the logistic 

transform ation  Gn{0/(l-0)}. T h is  fu nction  is very  nearly  linear over the range o f 0 

fro m  0 .2  to 0 .8 and in  these data the observed proportions fa ll w ell w ithin this 

range.
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Table 4.5.4.1.7 : Distribution of defects according to Welding Procedure,
Defect Type, and Type of Welded Joint for each Defect Zone in Nodes 1 and 4

D e f e e t W e l d i n g  P r o c e d u r e

Z o n e

W6 W8 T o t a l

W (%) N um ber

X 4 8 . 8 5 1 . 2 607

Y 7 5 . 7 2 4 . 3 1775

D e f e c t

Z o n e

D e f e c t  T y p e

N F

(%)

S L  CR

( % )  («)

T o t a l

Num ber

X 7 9 . 9 1 4 . 3  5 . 8 607

Y 7 8 . 0 2 0 . 3  1 . 7 1775

D e f e e t W e l d i n g  P r o c e d u r e

Z o n e

X T T o t a l

(*) («) N um ber

X 6 1 . 0 3 9 . 0 607

Y 6 7 . 0 3 3 . 0 1775
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Table 4.5.4.1.8 : Distribution of defects according to Welding Procedure,
Defect Type, and Type of Welded Joint for each Defect Zone in Nodes 2 and 3

D e f e e t W e l d i n g  P r o c e d u r e

Z o n e

W6 W8 T o t a l

(%) (%) N um ber

X 7 4 . 4 2 5 . 6 874

Y 7 8 . 2 2 1 . 8 2271

D e f e e t D e f e c t  T y p e

Z o n e

N F S L CR T o t a l

(«> m (%> Num ber

X 7 4 . 5 1 7 . 4 8 . 1 874

Y 7 6 . 0 2 2 . 0 2 . 0 2271

D e f e c t W e l d i n g  P r o c e d u r e

Z o n e

X T T o t a l

(%) w N um ber

X 6 4 . 1 3 5 . 9 874

Y 6 9 . 5 3 0 . 5 2271
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Table 4.5.4.1.9 : Distribution of defects according to Welding Procedure,
Defect Type, and Type of Welded Joint for each Defect Zone in Nodes 5 and 6

D e f e e t W e l d i n g  P r o c e d u r e

Z o n e

W6 W8 T o t a l

« <%) N um ber

X 5 7 . 7 4 2 . 3 293

Y 6 4 . 7 3 5 . 3 691

D e f e e t  

Z o n e

D e f e c t  T y p e

N F  S L  CR  T o t a l

(%) (%) (%) N um ber

X

Y

6 6 . 2  2 3 . 9  9 . 9  293  

7 8 . 0  2 1 . 0  1 . 0  691

D e f e e t W e l d i n g  P r o c e d u r e

Z o n e

X T T o t a l

<*) <») N u m ber

X 5 4 . 9 4 5 . 1 293

Y 6 1 . 8 3 8 . 2 691
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T h e  fu n ctio n  has been fitted separately fo r  each w eld type and  node location  as a 

linear logistic m odel contain ing  on ly  m ain  effects and no interactions. T h e  deviance  

D ,  i.e . 2Gn (m axim ised like lihood), statistic and the estim ated param eters with their 

asym ptotic standard errors are given in  tables 4 .5 .4 .1 .13  to 4 .5 .4 .1 .1 5 . A ll  

ca lcu lations have been carried  out using the statistical package G L I M  [34] w hich sets 

the first param eter in  any group to zero.

F ro m  the values o f the estim ated param eters it can  be seen that there is an increase  

in  the p roportion  o f  defects under the W 8  as com pared  w ith the W 6  welding

procedure . T h e  highest increase occurs in  tee butt jo in ts in  N odes 1 and 4 , w hich is 

reflected  by  the param eters W 6 :0 , W 8:1 .31 . T h u s  the W 8  procedure  increases the 

ratio  (defects in  X  zone)/(defects in  Y  zone) b y  an estim ated factor o f exp(1.31) =

3.7,  w ith 95% confidence  lim its 5.1 and 2.7. S im ila r trends are observed in  the

three defect type categories S L ,  N F  and C R  in  this order. A lth o u g h  the tendency  

fo r  an increase in  the proportions is less apparent in  slag inclusion  and n o n -fu s io n

defects, this rise is particu larly  m arked fo r c ra ck - lik e  defects. N o te  that positive 

values o f the estimates indicate increase in  the proportions whereas negative values 

ind icate a decrease.

M a k in g  com parisons across weld types in  the observed proportions given in  tables

4 .5 .4 .1 .1 0  to 4 .5 .4 .1 .1 2 , it can  be seen that there exists a system atic increase o f the 

proportions in  tee butts as com pared  with those in  cruciform s fo r  each level o f  

w elding procedure. T h is  increase is particu larly  noticeable in  slag inclusions and  

c ra ck - lik e  defects.

T h e  goodness o f  fit statistic (deviance) indicates a very  good fit fo r  the linear logistic 

m odel except in  the case o f cru c ifo rm  jo ints in  N odes 2 and 3, w here a fu ll m odel 

reflecting  the dependence o f both defect type and w elding procedure is needed. 

Indications o f  good fit are also given by  the fitted proportions u nder the m odel,w hich  

are show n in  tables 4 .5 .4 .1 .10  to 4 .5 .4 .1 .12  as the num bers in  parenthesis.

T ab les  4 .5 .4 .1 .1 0  to 4 .5 .4 .1 .15  also show  the results o f the linear logistic m odel 

conta in ing  on ly  the defect type m ain  effect. T h ese  are show n as the num bers in  

parentheses m arked w ith an asterisk. T h e  statistics in  tables 4 .5 .4 .1 .1 4  and 4 .5 .4 .1 .15  

corresponding  to N odes 2 and 3 and N odes 5 and 6 ind icate  that a lthough the 

proportions o f defects in  the X  defect zone are n um erica lly  h igher in  the W 8 as 

co m pared  with the W 6  welding procedure u nder each  defect type level, a m ore  

parsim onious m odel cou ld  be considered to include o n ly  the defect type effect. T h e  

estim ated param eters fo r each level o f  this e ffect are seen not to be d ifferen t from  

the corresponding  ones under the fu ll m odel conta in ing  all m ain  effects.
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N o te  that the sign ificance o f  the w elding procedure m ain  e ffect can  be tested by the 

deviance statistic, resulting fro m  taking the d ifference  o f  the goodness o f fit statistic 

betw een the fu ll and reduced m odels, against the ch i-squ ared  d istribution  with one  

degree o f  freedom .
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Table 4.5.4.1.10 : Proportions of defects in defect zone X in Nodes 1 and 4

PROCEDURE W6 W8

D E F E C T  T Y P E S L N F CR S L N F CR

WELD T Y P E  

X 0 . 1 2

( 0 . 1 3 )

( 0 . 1 7 ) *

0 . 1 7

( 0 . 1 7 )

( 0 . 2 4 ) *

0 . 4 1

( 0 . 4 0 )

( 0 . 5 1 ) *

0 . 3 1

( 0 . 3 0 )

( 0 . 1 7 ) *

0 . 3 9

( 0 . 3 9 )

( 0 . 2 4 ) *

0 . 6 7

0 . 6 7

( 0 . 5 1 ) *

T 0 . 2 1

( 0 . 1 7 )

( 0 . 2 3 ) *

0 . 1 8

( 0 . 2 0 )

( 0 . 2 9 ) *

0 . 5 9

0 . 4 5

( 0 . 5 7 ) *

0 . 3 1

( 0 . 4 4 )

( 0 . 2 3 ) *

0 . 5 1

( 0 . 4 8 )

( 0 . 2 9 ) *

0 . 5 4

0 . 7 5

( 0 . 5 7 ) *

T a b le  4.5.4.1 .11 : P roportions o f defects in  defect zone X  in  N odes 2 and 3

PRO CEDU RE W6 W8

D E F E C T  T Y P E S L N F CR S L N F CR

WELD T Y P E  

X 0 . 1 4

( 0 . 1 7 )

( 0 . 1 8 ) *

0 . 2 6

( 0 . 2 6 )

( 0 . 2 7 ) *

0 . 6 3

0 . 5 2

( 0 . 5 4 ) *

0 . 3 4

( 0 . 2 1 )

( 0 . 1 8 ) *

0 . 3 0

( 0 . 3 1 )

( 0 . 2 7 ) *

0 . 2 6

( 0 . 5 8 )

( 0 . 5 4 ) *

T 0 . 3 6

( 0 . 3 5 )

( 0 . 3 5 ) *

0 . 2 7

( 0 . 2 7 )

( 0 . 2 8 ) *

0 . 7 6

( 0 . 7 6 )

( 0 . 7 6 ) *

0 . 3 3

( 0 . 4 0 )

( 0 . 3 5 ) *

0 . 3 3

( 0 . 3 2 )

( 0 . 2 8 ) *

0 . 7 5

( 0 . 8 0 )

( 0 . 7 6 ) *
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Table 4.5.4.1.12 : Proportions of defects in defect zone X in Nodes 5 and 6

PRO CEDU RE W6 W8

D E F E C T  T Y P E S L N F CR S L N F CR

W ELD T Y P E  

X 0 . 2 5

( 0 . 2 4 )

( 0 . 2 8 ) *

0 . 2 1

( 0 . 2 2 )

( 0 . 2 5 ) *

0 . 8 5

( 0 . 7 4 )

( 0 . 7 6 ) *

0 . 3 1

( 0 . 3 2 )

( 0 . 2 8 ) *

0 . 3 0

( 0 . 2 9 )

( 0 . 2 5 ) *

0 . 6 2

( 0 . 8 0 )

( 0 . 7 6 ) *

T 0 . 3 4

( 0 . 3 7 )

( 0 . 4 0 ) *

0 . 2 6

( 0 . 2 6 )

( 0 . 2 9 ) *

0 . 9 2

( 0 . 8 6 )

( 0 . 8 7 ) *

0 . 5 4

( 0 . 4 7 )

( 0 . 4 0 ) *

0 . 3 4

( 0 . 3 5 )

( 0 . 2 9 ) *

0 . 5 0

( 0 . 9 0 )

( 0 . 8 7 ) *

T a b le  4 .5 .4 .1 .1 3  : Estim ated  param eters and standard errors fo r  C ru c ifo rm s  and T e e

Butts in  N odes 1 and 4

D E T A IL S PARAM ETER E S T IM A T E STANDARD ERROR

C r u c i  fo r m s D E FT Y P S L 0 ( o )* - ( -  )

D e v i a n c e  = 0 . 0 6 N F 0 . 3 8 ( 0 . 4 3 ) * 0 . 1 7 ( 0 . 1 7 )

( 7 8 . 6 8 ) * CR 1 . 5 5 ( 1 . 6 2 ) * 0 . 3 8 ( 0 . 3 6 )

D . f  -  2 PROCDR W6 0 ( -  ) * - ( -  )

( 3 ) * W8 1 . 1 0 ( -  ) * 0 . 1 2 ( -  )

T e e  B u t t s D E F T Y P S L 0 ( 0 )* - ( -  )

D e v i a n c e  — 9 . 1 5 N F 0 . 1 7 ( 0 . 2 9 ) * 0 . 2 1 ( 0 . 2 1 )

( 7 2 . 8 2 ) * CR 1 . 3 7 ( 1 . 4 7 ) * 0 . 4 4 ( 0 . 4 3 )

D . f  = 2 PROCDR W6 0 ( -  >* - ( -  )

( 3 ) * W8 1 . 3 1 ( -  ) * 0 . 1 6 ( -  )
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T a b le  4 .5 .4 .1 .1 4  : Estim ated  param eters and standard errors fo r  C ru c ifo rm s  and T e e

Butts in  N odes 2 and 3

D E T A IL S PARAM ETER E S T IM A T E STANDARD ERROR

C r u c i  fo r m s D E FT Y P S L 0 ( 0 )* - ( -  )

D e v i a n c e  = 2 1 . 1 8 N F 0 . 4 9 ( 0 . 5 2 ) * 0 . 1 3 ( 0 . 1 3 )

( 2 6 . 3 1 ) * CR 1 . 6 5 ( 1 . 6 6 ) * 0 . 2 6 ( 0 . 2 6 )

D . f  -  2 PROCDR W6 0 ( -  ) * - ( -  )

( 3 ) * W8 0 . 2 5 ( _  ) * 0 . 1 1 ( -  )

T e e  B u t t s D E F T Y P S L 0 ( 0 )* - ( -  )

D e v i a n c e  = 0 . 6 5 N F - 0 . 3 6 ( - 0 . 3 5 ) * 0 . 1 7 ( 0 . 1 7 )

( 2 . 1 3 ) * CR 1 . 7 7 ( 1 . 7 7 ) * 0 . 4 1 ( 0 . 4 1 )

D . f  = 2 PROCDR W6 0 ( -  )* - ( -  )

( 3 ) * W8 1 . 2 3 ( -  ) * 0 . 1 9 ( -  )

T a b le  4 .5 .4 .1 .15  : Estim ated  param eters and standard errors fo r  C ru c ifo rm s and T e e

Butts in  N odes 5 and 6

D E T A IL S PARAM ETER E S T IM A T E STANDARE ERROR

C r u c i f o r m s D E FT Y P S L 0 ( o  ) * - ( -  )

D e v i a n c e  = 2 . 5 6 N F - 0 . 1 2 ( - 0 . 1 4 ) * 0 . 2 3 ( 0 . 2 2 )

( 6 . 6 4 ) * CR 2 . 1 8 ( 2 . 1 2 ) * 0 . 5 5 ( 0 . 5 5 )

D . f  = 2 PROCDR W6 0 ( -  )* - ( -  )

( 3 ) * W8 0 . 3 8 ( -  ) * 0 . 1 9 ( -  )

T e e  B u t t s D E F T Y P S L 0 ( 0 )* - ( -  )

D e v i a n c e  = 3 . 3 6 N F - 0 . 5 0 ( - 0 . 5 0 ) * 0 . 2 6 ( 0 . 2 6 )

( 6 . 5 8 ) * CR 2 . 3 6 ( 2 . 2 8 ) * 0 . 7 9 ( 0 . 7 9 )

D . f  = 2 PROCDR W6 0 ( -  ) * - ( -  )

( 3 ) * W8 1 . 4 3 ( -  ) * 0 . 2 4 ( -  )
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4 .5 .4 .2  P late  B u tt Jo in ts

Because o f  the d ifferen t w elding procedures w hich  have been used fo r  the w elding o f  

plate butt jo in ts, a separate analysis was undertaken fo r  this type o f  w elded jo in t.

D u e  to the sm all sam ple sizes fo r  each o f the three pairs o f  node locations, the data 

were m erged and are show n in  table 4 .5 .4 .2 .1  as a total o f  646 defects. T hese  are 

classified accord ing  to each level o f m ost frequent w elding procedures nam ely  W 3  and  

W 5 , and defect type nam ely  n o n -fu s io n  and slag inclusion  defects.

Results from  the fit o f  the linear logistic m odel w ith  on ly  m ain  effects are given in  

tables 4 .5 .4 .2 .2  and 4 .5 .4 .2 .3 . T h e  goodness o f fit statistic o f  0.46 shows an

excellent fit to the data. H ow ever the corresponding statistic fro m  the fit o f  the

m odel contain ing  on ly  the defect type m ain  e ffect indicates that the overa ll in fluence  

o f the w elding procedure is statistically insignificant. Results fro m  this latter analysis 

are show n in  parentheses m arked w ith an  asterisk. Lo o k in g  at the data it can be 

seen that the in flu en ce  o f  the w elding procedure affects o n ly  the occurrence  o f  slag 

inc lusion  defects where the W 3  procedure increases the proportion  o f defects in  the X  

zone by  a facto r o f  2, as com pared  w ith the W 5  procedure.

T h e  estim ated param eters fo r  the defect type are seen in  table 4 .5 .4 .2 .2  to be S L  : 

0, N F  : 0.88 in  both  cases. T h is  indicates an  increase in  the p rop ortion  o f  defects 

in  the X  zone o f  the n o n -fu s io n  type as com pared  w ith slag inclusions. T h is

increase corresponds to a rise in  the ratio  (defects in  X  zone)/(defects in  Y  zone) by

an estim ated facto r o f  exp(0.88)=2.4, w ith 95 p er cent co n fiden ce  lim its o f  3 .6  and

1.6.
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T a b le  4 .5 .4 .2 .1  :________ N u m b er o f  defects accord ing  to W e ld in g  P rocedure , D e fec t

T y p e  and D e fe c t Z o n e  in  P late Butts over a ll locations

PR O CED U R E W3 W5

D E F E C T  T Y P E S L  N F S L  N F

D E F E C T  ZONE

X

Y

38 120  

195 263

1 5 

12 12

T a b le  4 .5 .4 .2 .2  :________ Estim ated  param eters and  standard errors fo r  P late  Butts over

a ll locations

D E T A IL S PARAM ETER E S T IM A T E STANDARD ERROR

P l a t e  B u t t s D E F T Y P  S L 0 -

D e v ia n c e  -  0 . 4 6 N F 0 . 8 8 0 . 2 0

( 0 . 8 4 ) * ( 0 . 8 8 ) * ( 0 . 2 0 ) *

D . f  = 1

PROCDR W3 0 -

( 2 ) * W5 - 0 . 3 8 0 . 4 7

T a b le  4 .5 .4 .2 .3  :________ P roportion  o f defects in  D e fe c t Z o n e  X

PROCEDURE W3 W5

DEFECT TYPE S L NF S L NF

0 . 1 6 0 . 3 1 0 . 0 8 0 . 2 9

X ( 0 . 1 6 ) 0 . 3 1 0 . 1 3 ( 0 . 2 6 )

( 0 . 1 6 ) * ( 0 . 3 1 ) * ( 0 . 1 6 ) *  ( 0 . 3 1 ) *

O bserved  (fitted) p roportions in  linear logistic m ode l with on ly  m ain  effects.
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4 .6  C on clus ion s

T h e  purpose o f  this section is to provide a sum m ary o f  the m ain  findings o f the 

investiation  on  defect occurrence and to discuss th e ir  p ractica l im portance. In 

add ition  to the factors w hich  were fou nd  to in flu en ce  the occurrence and  

characteristics o f  w eld defects what is o f  concern  is the re liab ility  o f  N D E  data on  

w hich  the current analysis has been p erform ed. T h is  falls in to  two categories nam ely  

the re liab ility  o f  ind iv idual N D E  operators and the re liab ility  o f  com puterised defect 

data base. T h ese  are discussed below  in  turn .

R e lia b ility  o f Individual N D E  O perato rs

Severa l hundred separate operators w ere used fo r the U T  and M P I  inspections, 

because the re -in spe ctio n  had to be carried  out over a re lative ly  short period  o f  

tim e. W ith  such a large num ber o f  operators, it is c lear that there m ust be a 

considerable range o f  skill, aptitude, m otivation  and ab ility . A s  m ight be expected,

w ith the relative ly  sm all num ber o f  welds inspected by  each operator, the statistics fo r  

each operator are h igh ly  variab le; but in  the m ain  this can  alm ost certa in ly  be

attributed to the non-hom ogeneou s nature o f  the welds inspected rather than to 

differences betw een operators. T h is  conclusion  is supported by  the very m arked and  

consistent d ifferences in  defect rates fo r  d ifferen t categories o f  w eld and fo r  d ifferent 

w elding procedures. H a d  the r e - N D E  been associated w ith a large am ount o f  

opera to r e rror, it is alm ost certain  that these d ifferences w ould have been m asked. 

O n e  o r  two exceptions to the above conclusions were detected in  p re lim inary  analyses

o f  operator p erform an ce , but a rigorous statistical analysis o f  the data was not

undertaken.

It can  also be concluded  that the ab ility  o f  N D E  operators to detect the presence o f  

defects was in  general greater than their skill in  assessing defect type. F o r  exam ple, 

in  an  analysis o f  defect type it was show n that there are very sign ificant d ifferences  

betw een N odes 1 and  4 in  the proportion  o f  defective cru c ifo rm  welds having linear  

in d ica tion  defects reported . A s  these N odes have very sim ilar geom etry and were 

fabricated  by the sam e yards, such d ifferences are very un like ly  and result e ither 

fro m  inspections by  d ifferent groups o f  inspectors o r  fro m  a change in  what was 

m eant by 'linear in d ica tio n ' over the period  o f the re -in spe ctio n .

R e lia b ility  o f Com puterised  D e fe c t D ata  Base

Regardless o f  the accuracy  o f  the observed data, errors m ay  have occurred  in  the 

in itia l record ing  o f  this in form ation  on  the test record  sheets and in  the transcription
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o f  these data to fo rm  the com puterised data base.

T h e re  were approxim ate ly  30 m illio n  characters o f  in form ation  in  the m ain  com puter  

file  and it is inevitab le that som e o f  these are in  error. C h eck s  w ere devised and  

carried  out fo r  each  o f  the m ain  param eters used in  the analysis and an  appreciab le  

n um ber o f  abnorm al entries were fou nd . F o r  exam ple, the param eter giving the 

percentage o f  N D E  undertaken im m ediate ly  after fabrication  showed 4,350 abnorm al 

entries in  a total o f  144,761 records -  an  erro r rate o f approxim ate ly  3% . H ow ever, 

a ll but one o f  these were due to add itional a lp h a -n u m e ric  in fo rm ation  being included  

in  the data fie ld  in  an unexpected fash ion , and  by using various techniques these data 

w ere co rrected . Nevertheless, com plete  checking  o f a ll the data was im possible, 

particu larly  the n um erica l in form ation . R ange checks were inc luded  to h igh ligh t gross 

abnorm alities w here appropriate.

A s  a fu rth er exam ple  o f data-base erro r, the param eter weld type jo in t was fou nd  to 

be b lan k  in  24 out o f  a total o f  144,761 records and to conta in  m eaningless 

characters in  a fu rther 15 records. C o m b in in g  these two sets gives a low er bound on  

the error rate o f  0.027%  w hich  can  be considered to be h igh ly  satisfactory. T h e  

actual e rro r  rate depends, o f  course, on  the num ber o f va lid  characters incorrectly  

substituted fo r  the co rrect characters during  the creation  o f the data base. H ow ever, 

no evidence was fou nd  to suggest that these rates m ight be h igh.

A  re lative ly  large num ber o f  factors were found  to in flu en ce  the occu rren ce  and  

characteristics o f  w eld defects, som e in  ways w hich  m ight have been anticipated, 

otehrs in  som e unexpected ways. T h e  in fluence o f  these factors is sum m arised

below :

Influence o f  A m o u n t o f N D E  F o llow in g  Fabrica tio n

R egard ing  this param eter, the fo llow ing  conclusions can  be reached.

(1) In genera l, welds subjected to 100% N D E  show a m uch  low er U T  defect rate 

than welds fo r  w hich  no N D E  was specified , w hen com parisons are m ade  

betw een data sets w hich  were otherwise identical.

(2) H o w e ve r, the reduction  in  defect rate w hich  can  be attributed to the 

specification  o f  100% N D E  was found  to be h igh ly  dependent on  the particu lar  

lo ca tion  in  the structure -  i.e . it is dependent on  the fabricator. Average  

reductions in  defect rates by factors o f betw een 1/20 and 1/80 w ere found  in  

welds m ade by  a specific fabricator fo r  N o d e  1. H ow e ve r fo r  N o d e  2
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reductions by  a factor o f  on ly  1/3 to 1/6 were typ ical, whilst in  N o d e  6 the 

factors w ere as low  as 1/1.5 to 1/4. H o w e ve r, regardless o f  the m eans by  

w hich  it was ach ieved, the data for N o d e  1 dem onstrates that a very low  U T  

defect rate can  be ach ieved, i f  100% N D E  is specified .

(3) F u rth e r  in form ation  is p rovided  by exam in ing  the statistics o f  average defect

length and the average distance betw een defects fo r  welds subjected to 0% 

N D E  and 100% N D E .  F o r  exam ple, fo r  N od e  1, the average defect length  

fo r  welds subjected to 100% N D E  is betw een 1/3 and 1/5 o f  the average 

distance betw een defects fo r  the form er is increased by  a factor o f  betw een 5 

and 20. T h is  is not unexpected and shows that there is a tendency  fo r  larger 

and longer defects to be detected and rem oved (or not m ade in  the first

place).

(4) T u rn in g  now  to su rface-break ing  defects, the apparent in fluence o f the am ount

o f  M P I  inspection  undertaken im m ediate ly  after fabrication  is surprising: 

n am ely , the M P I  defect rates fo r cru c ifo rm  and tee butt welds are h igher for  

welds subjected to 100% N D E  than fo r  welds w ith no N D E ,  fo r  both  m ain

w eld ing processes ( G M A W  and S M A W )  and fo r a ll fabricators. A lth o u g h  the 

M P I  defect rates are typ ica lly  sm all -  1% to 2% the rates fo r  welds subjected  

to 100% N D E  in  Jap an  are typ ica lly  as m uch  as a factor o f  2 greater than for  

uninspected welds. F o r  plate butts and fillets the d ifferences betw een the two 

data sets are n ot so great. T h e  reason fo r  the above anom aly  has been

exp la ined  by  look ing  at the average distance betw een defects statistics.

T h is  d istance was found  to be the sam e fo r  a g iven type o f  w eld and  welding

process, irrespective o f  the percentage o f  M P I  inspection. H ow ever, com parison  o f  

the average defect length statistics shows that the average defect lengths fo r  welds

subjected to 100% N D E  were typ ica lly  tw ice as great as fo r  welds in  the 0% N D E

category. H ow e ve r, since the fact that a weld has been subjected to 100% N D E

can n ot be the cause o f the increase in  average defect length, it m ust be concluded  

that the d ifferen ce  is due to the selection process fo r welds receiv ing this treatm ent -  

i.e . this category o f  w eld is m ore prone to having larger defects, p robab ly  because o f  

d ifficu lties o f  access during  w elding, and because o f h igher weld restraint.

In fluence o f  F ab rica to r and G lo b a l Lo catio n

O v e ra ll statistics fo r  defect rate were presented fo r  the fou r m ain  weld type joints  

and fo r  the six nodal locations. H ow ever, these averages show little m ore  than the 

overa ll p roportion s o f defective w eld that were present in  the structure on  arrival for



127

fin a l assem bly, and conceal the very sign ificant d ifferences that exist between 

fabricators and betw een d ifferen t w elding processes, d ifferen t welds w ith d ifferent 

am ount o f  N D E  fo llow ing  fabrication . Nevertheless on  average the defect rates for 

both  em bedded defects and  su rface-break ing  defects were found  to be sign ificantly

h igher fo r  N odes 2 and 3 than fo r  the other N odes by  a factor o f  about 2. These  

differences w ere particu larly  m arked fo r  tee butt welds but were also evident for  

cru c ifo rm  and plate butt welds and they could  not have occurred  by chan ce. Since  

N odes 2 and 3 are n ot rad ica lly  d ifferent in  structural layout from  N odes 1 and 4, 

these d ifferences in  defect rate can  be attributed o n ly  to the use o f  d ifferent

fabricators. Indeed the differences betw een fabricators becam e m ore  apparent when  

fu rther factors were taken into account.

Influence o f  T y p e  o f W elded  Jo in t

T h is  is one o f  the m ost im portant param eters in  governing the occu rren ce  o f  weld 

defects in  the as-w elded  cond ition . A s  was shown, defect rates have been found  to 

be h igh ly  dependent on  the type o f  welded jo in t being considered. T h e  sam e was

also true fo r  b inary  analysis and fo r the analysis o f  m u ltip le  defects. H ow e ve r, the

true in flu en ce  o f  the type o f  welded jo in t can  o n ly  be m ade by taking in to  account 

the w elding process, w elding position  and orig ina l w elding procedure.

It has been shown that the overa ll U T  defect rates w ere in  the range o f 10% -  16%  

fo r cru c ifo rm  welds, 11% -  28% fo r tee butts and 0.5%  -  4% fo r  p late butts. T h e  

corresponding  M P I  defect rates were 0.17%  -  1.4% fo r  cruciform s, 0.08%  -  0.52%  

fo r tee butts, 0.01%  -  0.12%  fo r plate butts and 0.01%  -  0.19%  fo r  fillets. T h e  

high defect rates in  tee butts as com pared  w ith cruciform s as w ell as the m ore  

severely affected tee butt jo ints in  term s o f  m u ltip ly  defective welds w ere found  to be 

apparent fo r  certain  com binations o f  w elding processes, w elding position , orig inal 

w elding procedures and fabricators. F u rth e r details on  this aspect w ill be g iven later. 

H ow ever as an  exam ple, the defect rates fo r  plate butts were fou nd  to be m uch  

low er than fo r  other weld types w hen the sam e w elding process was used ( S M A W  

and G M A W )  and m uch  low er still fo r  the su bm erged-arc w elding process (SA W ). 

T h e  latter was used o n ly  fo r  p late butts and is associated with a defect rate w hich is 

practica lly  zero.

Influence o f  W e ld in g  Process

T h re e  m ain  w elding processes have been used, m ain ly:

S M A W  -  shielded m etal arc welding
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G M A W  -  gas m etal arc w elding  

S A W  -  subm erged arc w elding

T h e  w eld ing process has been found  to be an im portant facto r w hich  affects defect 

rates, the p roportion  o f  defective welds and the occurrence o f  m ultip le  defects. 

Som e conclusions co ncern ing  the in fluence o f  d iffe ren t types o f  w elding process app ly  

regardless o f  fabricator and weld type. O th e rs  are fabricator and weld type  

dependent. T h e  m ajor find ings are sum m arised below .

T h e  general conclusion  was reached that the S A W  process, used o n ly  fo r  plate butt 

welds in  the flat position, is extrem ely  reliab le , be ing  associated w ith very low  defect 

rates. F o r  N odes 1 and 4, there were practica lly  no defects found  fo r welds m ade by

this process, e ither em bedded or surface-break ing . In N odes 5 and 6 there were no

su rface-b reak ing  defects and the U T  defect rate was low. In N odes 2 and  3, welds 

know n to have been fabricated by a specific fabricator had very few  defects and on ly  

welds attributed to a second fabricator had an  appreciab le  defect rate.

F o r  the w elding processes S M A W  and G M A W ,  very m uch  h igher defect rates were 

fou n d , together with sign ificant d ifferences betw een fabricators. T h e  findings can be 

sum m arised as follow s:

(1) In N odes 5 and 6 fo r a co m m on  fabricator, the overa ll defect rates are

betw een two and three tim es greater fo r  the G M A W  process than fo r S M A W ,

fo r  both  cru c ifo rm  and tee butt welds. T h is  is true fo r  both  surface and

em bedded defects. E xam in a tio n  o f the data fo r  welds subjected to 0% orig inal 

N D E  shows that the G M A W  defect rate is about fou r tim es that fo r  S M A W  

(i.e . about 8% and 35% fo r  S M A W  and G M A W  respectively fo r  U T  defects; 

and 0.1%  and 0.5%  fo r M P I  defects).

(2) Com parison s betw een S M A W  and G M A W  fo r plate butt welds in  N odes 5 and 

6 show  defect rates d iffe rin g  by  a facto r o f  10.

(3) In add ition , com parisons between the S M A W  and G M A W  processes fo r  a single

fabricator and a single w elding position  (horizontal) show  that the odds o f  

having  m ultip le  defects in  a weld are between 3 and 7 tim es as great fo r  the

G M A W  process as fo r  the S M A W  process fo r  cru c ifo rm  and tee butt welds in

N odes 5 and 6. T h is  applies to both surface and em bedded defects.

(4) F o r  the other N odes, the defect rate fo r  the G M A W  process was generally

p o o r in  com parison  with the S M A W  process. H ow ever, even in  cases where
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the defect rate was approxim ately  the sam e, it was fou nd  that the chances o f  

m ultip le  defects occu rring  in  a single weld are m uch  h igher fo r  G M A W  than  

fo r  S M A W .

Influence o f  W e ld in g  Position

T h e  general conclusion  that can  be draw n is that there is an  increase in  defect rate 

w ith increased d ifficu lty  o f w elding, i.e . betw een the flat and h orizonta l positions, 

betw een the horizonta l and vertical positions and  between the vertica l and overhead  

positions. T h is  general conclusion  applies to both  surface and em bedded defects but 

w hen the data are analysed in  term s o f  the p roportion  o f  defective welds in  the 

m ultip le  scale (i.e. the p roportion  o f welds having one or m ore  defects) rather than  

in  term s o f  defect rate, welds w hich  are m ade in  the horizontal position  are found to 

be m ore  defective than vertical welds. A n d  in  addition  welds m ade in  the horizontal 

position  using the G M A W  process were found  to be the m ost defective o f  a ll. T h is  

w ill be fu rther discussed w ith respect to orig ina l w elding procedure.

In fluence o f  W e ld in g  P rocedure

A  very  large n um ber o f  d ifferent w elding procedures were approved  and used in  the 

fabrication  o f the low er h u ll, and it was not possible to exam ine them  all in  detail 

because o f  the very sm all sam ple sizes. H ow ever com parisons have been m ade  

betw een som e o f  the m ore  com m on ly  used procedures. T h e  general conclusion  is not 

altogether surprising and is that w elding procedures invo lv ing  a large num ber o f  

passes tend to p roduce welds w ith a h igher defect rate than procedures requiring  on ly  

a sm all num ber o f  passes. T h is  was also true in  welds possessing m u ltip le  defects.

F o r  exam p le , in  N odes 5 and 6 cru c ifo rm  welds m ade using the G M A W  process in  

the h orizonta l (2G ) position  were found  to have overall defect rates o f  about 33%  

w hen the W 6 - 6  w elding procedure was used, com pared  with o n ly  19% fo r the W 8 -6  

procedu re . N ote  that the procedures W 6 - 6  and W 8 -6  were the p r in c ip a l com ponents  

o f  the horizonta l (2G ) G M A W  process. F u rth erm o re , com parisons o f  defective welds 

m ade by the two procedures have shown that the W 6 -6  procedure is m uch  m ore  

like ly  to give rise to m ultip le  defects than the W 8 - 6  procedure. S im ila r  results have  

been fou nd  fo r  d iffe ren t fabricators, dem onstrating the generality  o f  these conclusions. 

N o te  that the p oor perform an ce  o f  the 2 G - G M A W  position w hich  is attributed to the 

W 6 - 6  procedure was one o f  the m ain  causes o f h igher defect rates (and m ore  

m u ltip ly  defective welds) in  tee butt welds as com pared  w ith cru c ifo rm  welds. 

A lth o u g h  both  w eld type jo in ts were m ade using the same w elding procedures the 

W 6 - 6  procedure was generally  used m ore  in  tee butt than in  cru ciform s and gave
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re lative ly  poorer results. 

Influence o f Individual W elders

T h e  com puterised defect data base fo r  the low er hu ll does n ot conta in  in form ation  

about ind iv idua l welders and therefore it has n ot been possible to m ake com parisons  

betw een welders. It is know n, how ever, fro m  the docum entation  that som e o f the 

bad ly  defective welds in  the pontoons were traced to a particu lar w elder and it is 

therefore like ly  that som e o f the h igh loca l defect rates fou nd  in  other parts o f the 

structure were the result o f  o ther poorly  trained or unskilled workers.

D e fe c t T y p e  Analysis

T h e  frequency  distributions o f defects were fou nd  to be dependent on  the type o f  

w elded jo in t (X , T ,  B ) , defect type ( N F , S L ,  C R ) ,  defect location  (zones X ,  Y )  and  

som etim es on  the o rig ina l w elding procedure (W 6, W 8 , W 3 , W 5).

M a k in g  com parisons between types o f w elded jo ints, it was observed that the 

p rop ortion  o f  defects in  the X  zone (num ber o f defects in  X  zone/all defects) are

system atically h igher in  tee butts as com pared  with those in  cru ciform s. T h is  was 

true fo r  each  level o f  w elding procedure, node location  and defect type. Particu larly  

characteristic was the increase in  slag inclusions and  c ra ck -lik e  defects.

In som e locations fo r  both cruciform s and tee butts, it was show n that the 

proportion s o f  defects in  the X  zone are h igher in  the W 8  procedure as com pared  

w ith the W 6  procedure . F o r  intance the W 8  procedure  in  tee butt jo in ts in  N odes 1 

and 4 increases the ratio  (defects in  X  zone/defects in Y  zone) by an  estim ated 

facto r o f  3.7 w ith 95% confidence lim its 2.7 and 5.1. F u rth e rm o re , the proportions  

o f  c ra ck - lik e  defects in  the X  zone was shown to be sign ificantly  h igher than the

corresponding  ones fo r  slag inclusions o r  n o n -fu s io n  defects. F o r  exam ple in  

cru c ifo rm  jo ints in  N odes 1 and 4 under the W 6  (W 8) w elding procedure 41% (67%) 

o f  c ra ck - lik e  defects w ere found  in  the X  zone and as com pared  w ith 17% (39%) o f  

n o n -fu s io n  and 12% (31%) o f slag inclusion  defects. In som e cases the e ffect o f  the 

w elding procedure was found  to be statistically insignificant.

In p late butts, it was found  that the w elding procedure had very little  e ffect on  the

frequency  o f  occu rren ce  o f  defects in  the various categories. C on siderin g  on ly  the 

defect type e ffect over a ll locations, it has been shown that fo r  N F  defects in  the X  

zone , the p roportion  o f  defects is s ign ificantly  h igher than the corresponding  one for  

slag inclusion  defects. T h is  increase corresponds to a rise in  the ratio  (defects in X
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zone/defects in  Y  zone) by  an estim ated factor o f  2 .4 with a 95% co nfiden ce  interval 

o f  1 .6  to 3.6.
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C H A P T E R  5

D I S T R I B U T I O N S  O F  D E F E C T  S I Z E S

5.1 Statistical T h e o ry

5.1.1 C h o ic e  o f  D istribu tion  M ode ls

Statistical theory offers a w ide variety  o f  m odels w hich  can  be used to describe

variations in  defect sizes but the ch o ice  o f  a particu lar m odel is not entire ly

subjective.

T h e o re tica l justifications fo r  using specific m odels do exist in  m any cases, because 

processes w hich  govern form ation  m echanism s can often  be m odelled  by  algebraic 

equations w hich  in  turn  lead to specified  m odels. F o r  exam ple , i f  interest lies on

the in te r-a rr iv a l tim e o f events w hich  are know n to occu r accord ing  to a Poisson

process then the exponential d istribution w ould be the appropria te  d istribution as a 

consequence o f the underlying  process.

H ow ever, there are situations where the criterion  fo r  choosing a particu lar distribution  

is how  w ell it fits the observed data in  som e region  o f  interest. In such cases the 

ch o ice  o f  the distribution  is m ade on  the basis o f  it having a suitable shape and

possibly a 's im p le ' m athem atical fo rm , rather than the ch an ce  o f a b e lie f that it

arose fro m  a fundam ental underlying m echanism . In such cases the o n ly  practicable  

way is to choose a sim ple fu nction , to test it em p irica lly  to see w hether its c .d .f .  

co incides w ith  the observed data and to adopt it if  no better d istribution can be

found.

In this section the n orm a l, exponentia l, gam m a, lognorm al and W e ib u ll m odels are

discussed w ith in  the above context.

5.1.1.1 N o rm a l D istribution

T h e  n orm a l d istribution  is the m ost co m m o n ly  used statistical m odel. Its probability  

density function  is:

f(x;/*,<r)
__

2 tt
e x p

w i t h -00 <  X <  + » -co <  H  <  +  oo f a  >  0
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where f t  and  cr are the param eters o f  the distribution , w hich  can be show n to be its 

m ean and standard deviation  respectively.

T h e  cum ulative  n orm a l d istribution is:

F(x;/*,<r) -  J 1 e x p  ] d z
-00 (jj2%

T h e re  is no  sim ple expression fo r  the above but it can be calcu lated using w idely  

tabulated values o f  the standardised norm al variable

i . e .

F ( x )  = P r X<x = P r [y < x -" 1

L a
— 00

T h e  theoretica l justification  fo r  the ro le  o f the norm al d istribution  is the centra l lim it 

theorem  w hich  states that the distribution  o f the sum  o f n  independent observations 

fro m  any d istribution  or even fo r  up  to n  d ifferen t d istributions (provided that each  

ind iv idua l variab le  has a sm all e ffect on  the sum ), approaches a n orm a l d istribution  

as the n um ber o f  observations becom es large.

Consequently , w hen a r .v . represents the total e ffect o f a process in vo lv in g  a large 

num ber o f  independent sm all causes none o f  w hich  dom inates the tota l, one is lead  

to expect the distribution  governing that ran dom  variab le to be n orm a l. E x am p le s  o f  

such physica l r .v . inc lude : instrum entation  erro r around som e specified  value , scores

on an in te lligence test, average tem peratures in  a g iven loca lity , etc.

Fu rth erm o re , the norm al d istribution  can be used as an  approxim ation  to other 

distributions such as gam m a, b in om ia l and Poisson under certain  cond itions on  their 

param eters.

It should be em phasised that m any random  variables cannot be considered to result 

fro m  the sum  o f  m any sm all effects and consequently there is no  theoretica l reason 

fo r  assum ing a n orm a l d istribution . O n  the other hand, if  consideration  is given on ly  

to the shape o f  the norm al density and not to the possible causes fo r  changes in  the 

variate, it w ill be appreciated that the norm al curve is sym m etrical about the m ean, 

that it extends fro m  - »  to +°° and that it provides adequate approxim ation  in  the 

centre but it m ight be inadequate at one or both ends. H ow ever, the fact that the
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range o f  the norm al curve extends from  - «  to +», does not preclude its use in  cases 

where e ither o r  both  lim its are fixed . A fte r  a ll, this is pure ly  academ ic since no  

physica l process gives rise to a m easurem ent starting from  - »  and ending at +». 

W h e n  the m ean  is su ffic ien tly  large com pared  w ith the standard deviation  (/i > >  3 

<j) the erro r  becom es neglig ib le. T ru n ca ted  norm al d istributions can  also be fitted. 

D av is  [41] has shown e m p irica lly  that fa ilure  data o f  certain  m anufactured  item s can  

be represented satisfactorily w ith truncated norm al life  d istributions. F u rth e r  details 

on such m odels are given in  Joh n son  and K o tz  [42].

5 .1 .1 .2  E x p o n e n tia l D istribu tion

T h e  expon en tia l distribution has p robab ility  density function  

f ( x ; 0 )  “  0  e x p  ( -( | 3 x ) )  /3 > 0 , x  >  0

and cum ulative  density function

F ( x ; 0 )  -  1 - e x p ( - ( 0 x ) )  (3 >  0 , x   ̂ 0

It can  be easily shown that

E [ X ]  -  \

Var[X] - p 2

T h e  m ost im portant feature o f  the exponential d istribution  is its m em oryless property  

w hich  states that:

If the ran dom  variable X  has an exponentia l d istribution  with param eter /3, then

P r [X  < x Q + x i  X  > x  D ] -  P r [ X  < x] -  1 - e x p ( - ( / 3 x ) )

f o r  e v e r y  x G > 0 a n d  x  > 0

T h is  in  turn  leads to the concept o f  constant hazard  rate /3. T h is  p roperty  makes 

the exponentia l d istribution particu larly  attractive as a d istribution  fo r  the life  o f  

com ponents w hich  are n ot subject to fatigue o r  wear [43].

T h e  d istribution  is also associated w ith stationary processes and arises as the 

distribution  o f  in te r-a rr iv a l tim es o f  events occurring  accord ing  to a Poisson process,
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m aking the m odel suitable in  num erous situations.

T h e  exponentia l m odel has also been used in  re liab ility  p rob lem s, justified entire ly  on

em p irica l grounds. A  series o f  exam ples with resistors, capacitors, e lectron  tubes etc 

is g iven in  R e f  [43].

A  som ew hat m ore  general fo rm  o f the exponentia l d istribution  is given by  

f (x ;/3 ,/ i )  -  0  e x p ( - X ( x - / 0 )  x   ̂

w here n  is referred  to as the threshold param eter.

5 .1 .1 .3  G a m m a  D istribution

T h is  is defined  o n ly  fo r  positive values o f  x and has density function

and a , 0  are respectively the shape and scale param eters o f  the distribution . If a  is 

an integer the gam m a function  T(a) reduces to (a -1 )! In cases where 0=1 the pd f  

o f  X  reduces to

f ( x ; 0 )  = 0  e x p ( - ( 0 x ) )

T h is  is s im p ly  an exponentia l random  variable w ith param eter 0 .

F ig u re  5.1.1.3 shows the gam m a density fo r  d ifferen t values o f  the param eters a  and  

0 ,  the change o f  w hich  results in  a w ide variety  o f  shapes. It is seen that the 

distribution  is lim ited  to positive values and is h igh ly  skewed to the right. T h e  

skewness is in  fact inversely p roportion a l to the square root o f  the shape param eter 

and is given by 2 / y r r .  It can also be seen that as a  increases the shape o f  the

curve becom es s im ilar to the norm al p robab ility  density curve.

where rXa) is the gam m a function  defined  as

00

O

T h e  cum ulative gam m a distribution is g iven by
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F(x;a,/3) - J ta_1exp(-(Xt)) dt x ^ 0

and is know n as the incom plete  gam m a function  ratio.

T h e  m ean variance o f  the distribution are given by  

a
E [ X ]  = -

0

a
V a r  [ X ] -------

02

T h e  w ide use o f  the gam m a distribution  is based on  its derivations as the d istribution  

o f  the sum  o f  a  independent and identica lly  distributed exponentia l random  variables  

w ith param eter /3. T h e  gam m a d istribution  is then said to be the a - fo ld  convo lu tion  

o f  an exp(|3) d istribution  [44]. T h is  how ever does not restrict the use o f  the gam m a  

distribution  with cx as n on -in teger.

T h e  derivation  fro m  the exponentia l d istribution suggests various applications in  

considering the tim e o f occurrence o f  the event in  a Poisson process. In life -testing  

fo r  instance, if  the tim e between consecutive failures o f  a system has an exponentia l 

distribution  w ith param eter /3 then the tim e to the oth  fa ilure  follow s a gam m a  

distribution  w ith  shape and scale param eters a  and /3 respectively  [45], o r in  

statistical queuing theory  when dealing w ith  waiting tim es and servicing problem s [46].

T h e re  are how ever oth er physical phenom ena fo r  w hich  although there is no  

theoretical justification  as gam m a variables, they have been show n em p irica lly  to 

fo llow  the gam m a m odel. Such  exam ples include fam ily  incom es, fib re  m easurem ents  

on w ool tops [47], defect size m easurem ents [48], depth  o f  in terva l p recip ita tion  [49] 

and m axim um  stream  flows and the strength o f re in forced  concrete  m em bers reported  

in  [50].

5 .1.1.4 Lo g n o rm a l D istribu tion

T h is  is a m odel o f  a random  variable whose logarithm  follow s the n orm a l distribution  

w ith param eters pi and cr. It is defined  on ly  fo r positive values o f  x and has 

probab ility  density function
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f (x; /x, o') - --------- exp - ^ nx —  x > 0 , <r > 0 , -<» < ^ < conr 2°2J  2x a x

where Gnx is the natural logarithm of the variable x.

The moments of the distribution are defined by the equation 

E[Xr ] - exp [r/x + ]

from which it follows that the mean a and variance /32 are given by

a  - exp £/x + ] and /32 - exp(2/x+cr2) (exp <r2-l)

The mode of the distribution is at x = exp(/x-<r2) and for qp, the quantile of order 
p of the lognormal distribution the following relation exists:

finqp - /x + o- fc^Cp)

where 4>-l(p) is the quantile of order p of the standardised unit normal distribution. 
From this, it follows that the median of the distribution is q 0 5 = exp/x.

The distribution is positively skewed and the greater the value of a 2 the greater is its 
skewness. The distribution has many different shapes resulting from different values 
of jx and a 2 as shown in Figure 5.1.1.4.

Further properties of the distribution are given in Reference [51].

The lognormal distribution can be derived as the model of a process whose values 
are a result of the multiplication of small errors in a similar fashion to that of the 
normal distribution for the addition of errors. Galton [52] remarked that if

Xj i=l,...,n

n
and Yn — IT X {

i«l

then ^nYn - GnXi+finX2 + . . . + GnXn
would tend to a normal distribution as n tends to infinity provided that the 
independent r.v. l2nXj are such that the central limit theorem applies.



FIGURE 5 .1 .1 .4  LOGNORMAL DENSITIES FOR DIFFERENT VALUES OF (i AND <r*
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On similar lines to the above, the distribution can be derived by considering the law 
of proportionate effect [51] which states that: 'A variate subject to a process of
change is said to obey the law of proportionate effect if the change in the variate at 
any step of the process is a random proportion of the previous value of the variate’. 
Consequently, if the variate takes the value Xj and after n stages it reaches the final 
value X n then:

Xj - Xj_i — X j _j for i = l , . . . ,  n

where the set {ej} is mutually independent and also independent of the set {Xj}.

X j-Xj.! n n Xj-X^x
T h u s -------- fj or J f| - J --------

*i-l i-1 *-1 Xj.!

Supposing Xj-Xj-i is small at each stage of the process then

Xi-Xi-1
Xi-1

r n dxJ xXo
CnXn-finX0

which gives GnXn = GnXo + + ... + €n

Making use of the central limit theorem it follows that for large n CnXn is 
asymptotically distributed and therefore has a logarithmic normal distribution.

These forms of derivations which are based on technical arguments have been shown 
to have useful applications in economics (distribution of family incomes and bank 
deposits); biology (distribution of size of organisms whose growth is subject to many 
small causes the effect of which is proportionnal to the current size of the organism); 
particle physics (distribution of particle sizes obtained from breakage processes [53]); 
fatigue crack growth (where a proportional effect model is assumed for the growth of 
cracks [54]) and as time to failure model (based on the multiplicative properties of 
the distribution.

The dimensions of weld defects have also been shown empirically to follow the 
lognormal distribution (see Section 5.2). A  theoretical justification for the use of the
lognormal distribution in these cases can be given by considering again the law of 
proportionate effect and the way that certain defects are formed during the 
fabrication process. Reheat cracking for example (see Nichols [55]) occurs when
welded joints are reheated after welding for thermal stress relief and concurrent 
metallurgical tempering of the welded joint, for galvanising or subsequent additional
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welding or even when an as welded structure is put into high temperature service. 
This leads to initiation of cracking from pre-existing defects such as small hot cracks 
or hydrogen induced cracks for example. The mechanical factors involved in causing 
such defects are, among others: high residual and thermal stresses, local stress
concentrations, and high brittle/ductile transition temperature. By assuming that the 
effects that each one of these factors have are independent and that their influence 
on the defect size is a random proportion of the current size of the defect then a 
proportional effect model may be assumed leading to a lognormal representation. 
Similar arguments can be put forward for delayed and other forms of cracking.

The application of the lognormal distribution has been shown to be successful on 
empirical observations in several other fields such as entomological concepts [56, 57], 
literary models [58] and in numerous other areas. For a detailed description of the 
use of the lognormal distribution in reliability theory the reader in referred to 
Reference [2].

Additional details and historical remarks can be found in [51].

5.1.1.5 Weibull Distribution 

This has probability density function:

(3 rx-7 i <5-1 rx-71 <51
f(x;a,/3,7)---

a . ot .
exp —

. a .

The cumulative distribution function is: 

F ( x ; a , ( 3 , y )  - 1 -exp

x y  
ct,  (3 > 0 
y  > 0

where a, /3, y  are, respectively, the scale, shape, and location parameters of the 
distribution.

It has been stated by Weibull [59] that this is the limiting distribution of the first 
order statistic X jj j for the case where the density of X is some positive 
non-decreasing function. This makes the distribution specifically useful in weakest 
link problems.

The distribution can also be derived using an appopriate hazard rate [45] which is 
some power function of x.
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i. e . «■> - 5 P?J
0-1

This is in fact a decreasing (increasing) function of x - y  if 0 <  1 (/3>1) and is 
constant if /3=1. In the latter case the Weibull distribution reduces to the exponential 
distribution. The flexibility to incorporate non-constant hazard rates makes the 
Weibull distribution useful in lifetime failures due to deterioration or wear where they 
show an increasing hazard rate.

The mean and variance of the distribution are given by the expressions:

E[X] -  7  + a  r [£ ± i]

Var[X] -  a ’  [ r [ ^ ]  -  I~J [£ ± i] ]

Weibull densities with 7=0 and different values of a  and /3 are shown in Figure 
5.1.5. Further properties of the distribution and additional remarks can be found in 
[45].

It must be emphasised that in most situations where the model is used there is no 
theoretical justification which indicates that a Weibull distribution should be used. 
Although this model can be derived by probabilistic arguments when the distribution is 
used these arguments are not usually encountered. Examples include yield strength, 
fatigue life and strength of cotton as is shown in [59], time of failure in 
electron-tubes [60, 61] and ball bearing failures [62].

Furthermore, it is generally accepted that if an exponential distribution is adequate 
then a Weibull distribution will provide extra flexibility to make the model sufficiently 
accurate.

5.1.2 Distribution Fitting

The lognormal and Weibull distributions were fitted to the dimensions defect depth, 
width, length and aspect ratio according to the statistical theory of sections 5.1.2.1 
and 5.1.2.2.

The statistical theory of the lognormal and Weibull distributions and the methods of 
parameter estimation are briefly summarised below. For further details and derivation 
of the results the reader is referred to [2, 45, 50, 51]. The theory of distribution
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fitting in general is given in [2] with emphasis on their subsequent use in reliability 
theory. A  detailed account of the lognormal distribution is given in [51]. A similar 
account of the Weibull distribution can be found in [45]. Goodness-of-fit statistics 
are extensively explored in [50], together with appropriate probability plots.

5.1.2.1 Lognormal Distribution

If Y is a positive random variable such that Y=CnX is normally distributed with 
parameters and a ^ then X is said to be log-normally distributed with parameters \l 
and cr̂, the mean and variance of the corresponding Normal Distribution.

1 r 1Y = J2nX ~ N(/i,cr2) with p.d.f. f(y; n , ( T 2 ) = ----- exp|- ----- (y-/02
I~r i 2(r2a  J  2x

where -°° , y , 00

X ~ A(/i,(r2) with p.d.f. f(x;/i,(72) 

where x>0

Estimation of Parameters

(i) Maximum Likelihood Estimation

The Likelihood function is given by

1--- exp
xov 2x

—  (J2nx-/i)2 
2cr 2

L(/i,cr2 ;xj) n exp
1 n
--- I  ( 2 nxj - f i ) 2

(7n(2x)n/2iJJixi

Solution of the log-likelihood equations

2 a 2 i-1

0CnL
dp

0CnL
0 and ----- ■= 0

0(7
1  n t n

give a 2 - - 2 (finxj -£) 2 and J i ---J Cnxj
i“ i i = i

p. is a consistent, minimum variance unbiased estimator with lower bound a 2/ n , and 
o’2 is a consistent, biased estimator. An unbiased estimator for a 2 is taken to be

n
— J (finxj -  p ) 2 . The lower bound for a 2 is not quite attained by the

1 =  1
standard unbiased estimate wLth has variance 2 a ^ / n - l .

Exact confidence limits for /i are given by:
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(T 1
A 4 *n-i — where tn -1 is the t-distribution with n-1  

degrees of freedom
For large n the normal approximation can be used.
Confidence limits for cr: based on the chi-square distribution with n-1 d.f. are given

2i=i ( y i  -  y  ) 2
2Xi

n2  ( y i  -  y  )i=l
2

X 2
2

where x 2 * x \  are appropriate percentage points for the x 2 distribution with n-1  
degrees of freedom.

(ii) Method of Moments

The r**1 moment of the distribution is given by M r = E[Xr] = exp(r/H-£r2cr2). 
Hence solution of the equations:

CnM 2 - 2Q.vM^ = d 2 and 2CnM1 - £ fin M 2 = p give estimates for a 2 and fi.

Their large sample variances are given by: 
1

Var [ p ] « —  4n rz8 + 4r̂ G - 2 t ] 4 + A t ] 2

Var [d2 ] - — n t ) B + 4 t } 6 + 2 t ] ‘

where r j 2 = exp ( a 2) - 1.

The efficiency of the method decreases rapidly as a 2 increases, especially for 
estimation of a 2 . For values of a 2 near the neighbourhood of 0.5 the efficiency of 
the p estimator is 79% and that of a 2 is as low as 31%.

(iii) Method of Quantiles

The quantile of order q is given by £q = exp( n + Vqtr), where Vq is the 
corresponding quantile of the standard normal distribution. Hence solution of the 
equations:

$q, = e x p ( p + Vq, d) and £q2 = e x p ( p + Vq2d) give estimates for and a 2 .
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Maximum efficiency of the estimates is obtained when the quantiles are symmetrically 
placed.

Quantiles of order 27% and 73% give \i with efficiency 81%.

Quantiles of order 7% and 93% give cr2 with 65% efficiency.

Large sample variances of p and a 2 are calculated to be:
V *. . rA. ire-2 qe , „ r̂ -. 4xcr4q(l-2q)eVar[ul = ------- and Var [ a 2 ] = ----— --,n n v 2

Exact confidence intervals are not available for methods (ii) and (iii). In this case 
approximate confidence levels can be obtained by the use of the asymptopic 
assumption

P - N(#i, Var ( p ) )

where a 2 in the variance is replaced by its estimate a 2 . 
Similar remarks apply for confidence intervals of cr2.

Estimation of Mean and Variance

(i) Maximum Likelihood Estimation

It makes use of the invariance property of maximum likelihood estimators, (MLE), ie 
for a  the MLE of 0, g(0) is the MLE of g(0). Hence the MLE for the mean is

exp V- +
n

The MLE for the variance is {(exp(2£ + d’2)}{exp(d’2)-l}.

(ii) Moment Estimators

1 nMean — — V x.n . ̂  l
1 = 1

n
and Var n .2 <*i '  X>J1=1

with their asymptotic variances being:

Var [Mean] = ^ % 2, Var[Var] = + 6t710 + 15tj8 + 16rj6 + 2 t \ * )
where a  = e x p + a 2/ 2 ) and 772 is defined above.
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(iii) Quantile Estimators

Mean = exp(/i + £cr2), Variance = exp(2£ + a 2) [exp[(a2) -1]
Their large sample variances are:
Var [mean] = a 2 (Var[/i] + $ Var[cr2])
Var [Var] = a4(4Tj4Var[ft] + (2r j 2 + l) 2 Var [ a 2 ])

where p. and a  and their variances are obtained by the method of quantiles as 
previously described.

Approximate confidence intervals for the mean and variance can be calculated in a 
similar fashion to the ones for the parameters fi and a 2 .

Goodness of fit statistics

The Kolmogovov Smirnov test or the traditional \ 2 goodness of fit statistics can be 
used.

Tests of the coefficient of skewness g, and the coefficient of kurtosis g2 of the 
transformed normal variable Y can also be used, where

= I ( y \  ~ 7  )3/(ns3)

g 2 = 2(yi _ y )4/(ns4) -  3

where s = sample standard deviation

The expected value of g, is zero for a symmetric distribution. The standard error 
of g1 is (6/y n)£ under the assumption of normality. The ratio g^S.E. is a test of 
normality.

5.1.2.2 Weibull Distribution

The probability density function of the two parameter Weibull distribution is given 
by

f(x;/3,c0
’0 X' 0 - i X'

XX .a.
e xp —

.a.

0 x < 0
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with the corresponding cumulative distribution function (CDF)
x 101F(x;/3,0!) l-exp [ - ( 5  ] ] x > 0

0 x < 0

where 0 and a  are the shape and scale parameters respectively.

Estimation of Parameters

(i) Graphical method

Re-arranging the theoretical CDF and taking logarithms twice yields:

finfin f1 ) .1 - 0 fin - Ll-F(x)J ot

If F(x) is replaced by the sample CDF i/n+1 after the data are ordered, standard 
linear regression methods can be used to estimate the parameters 0 and ot.

(ii) Maximum Likelihood Estimation

The likelihood function is

'01n 1
«'■■*«>-© -i*j=iy .V« “ ■’[-A 1 ^ 1ot 1=1 1=1

The long-likelihood equations are easily obtained by equating
3finL 0CnL
---- and ---- to zero
00! 90

Estimates for ct and 0 can be obtained by simultaneous iterative solution of the 
following equations.

1 = 1

n

m
n

1 1 ( 5  i  xAnx,1 *IWMi = i 2  Cnxi] i-1
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(iii) Method of Moments

The i**1 moment about the origin is given by

E[Xr] - ar T [ ^ ]  

which yields

&r ■0+1" and a 2 — a2r '0+2' - Jar
A

■0+1’ 2'|

L 0 J L 0 J l l 0 J J

where £ and a 2 are the sample mean and variance of the distribution. The 
coefficient of variation COV is then easily obtained. A  graph of the COV against 
the shape parameter is given in [64]. Use of the graph gives an estimate of 0.

Then a can be found from the equation

A
6 “  7T

-0
Confidence Intervals

Simulation results by [65] give sample sizes for which the distributions of 0/0 and 
cda. are asymptotically normal with known mean and standard deviation.

It is also shown that the distributions of 0/0 and 0fin(a/a) are independent of the 
parameters /3 and a .

Use of tabulated values in [65] can be made to construct confidence intervals for 0 
and a.

The 100 (1-$)% interval for (3 is of the form

where C, fi2 are chosen such that P[C, < j s < f i 2] = l -  £.

For the a parameter the corresponding interval is of the form:

(a e ~ z 2 / ( 3 , ae_ti/0 ) where t1 and t2 are chosen such that 
P[t, < 0Gn(a) < t2] - 1 - $
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An alternative way of obtaining bounds on the shape parameter is given in [64]. 
The large sample variance of the COV is given by

2 (COV)2
°COV ” ~2n

Use of the Central Limit theorem gives bounds on COV as below:

P[COV - Z(0>1) cr(COV) < COV < COV + Z(0 ^(COV)] - l-£

The corresponding interval for 0 is constructed using the relation between 0 and 
C O V  in [64].

For the scale parameter, bounds can be obtained by using the random variable 

2na^
---  ~ v as explained in [6 6 ].
cfi 2n

Upper confidence limits are given by 
2n

Pr a >
2n(u)

1/ 0 .' a 1 - «

and Lower confidence limits by

Pr a <
2n -|l/0 . 1 

a

LX2n(L>
1 - £

where xln(U) and xln(L) are uPPer and lower points of the chi-square
distribution with 2n degrees of freedom.

5.1.2.3 Uniform Distribution

This has the probability density function
1

f(x;0,,02)
e2-e, [e,,e2]( X j ) i=l....n

where the parameters 0 , and 0 2 satisfy -» < 0 , < 0 2 <

The likelihood function is given by
n

l(01,02ixj) — T I J
I®,.®,]

(Xi)
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---------n I <*i> I <*2)
(«2-«i) <-®.x [i]] tx[n]> “>

Hence the MLE of the parameters 0, and 02 are given respectively by and
X[n], the smallest and largest observations. The extreme observations are a pair of 
jointly sufficient statistics for 0, and 02 but are biased estimators. The minimum 
variance unbiased estimators are given by:

1
0 , ---- (**[1 ] - x[n])n-1

1

1
e2 ------ (nx[n] - x ^ p

n-1
The mean and variance of the distribution are easily obtained by the method of 
moments and given by:

0 1 + 0 2 E[X]-------
2

(0 1 ) 2 Var[X] -------
12

A  common uniform distribution is of the form 
1

f(y;0)---T (y i) i - 1 ...............n and -oo < 0 < oo
e [<M]

which is derived from the general form by the transformation Yj = Xj - 0,. The
AMLE of 0 is given by 0 = Yjnj, a sufficient statistic for the parameter. However, 

this is not an unbiased estimator. A  modified unbiased estimator is easily seen to be

<"+1> Y [n]0 , ------------
n

02
with VarC^) - ------

n(n+2)
It has been shown [67], that confidence limits, with coefficient 1 - a, for 0 are t 
and t / \p , where t is the sample range and is given by (n-(n-l)^} = a .

Also confidence intervals for 0 can be constructed by observing that 

Y[n]w =* ---- is a pivotal quantity with distribution f(w) = nwn_1
0

0 ^ w ^ 1.
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n
un - a if u - J  \ - ol

is an upper confidence interval for 8 .

5.1.2.4 Goodness-of-fit Statistic

The validity of a proposed distribution can be tested using the Kolmogorov Smirnov 
goodness-of-fit test which focuses on the deviations between the observed cumulative 
distribution function Fn(x) and the hypothetical cumulative function F0(x).

The statistic Dn - sup |Fn(x) - F0 (x)|
-  00 <  X  <  a>

has been shown to be independent of the CDF from which the sample was drawn. 
The exact distribution of D n is widely tabulated - see, for example, Lindgren [68].

To test the hypothesis that the sample distribution is some specified continuous F0(.) 
i.e.

H 0 : Xi -  F 0( . )
H, : Xj is other than specified

a critical value of c is calculated from table 5.1.2.4 at a prescribed significance level 
and H 0 is accepted if D n < C.

In effect, if H 0 is false then Fn(.) will tend to be near the true CDF F(.) and not 
near the proposed one F 0(.) and consequently D n will tend to be large.

This is called the Kolmogorov goodness-of-fit test. For further statistical details and 
discussion of the test the reader is referred to refs. [50, 68].

5.1.3 Correlation Coefficient

The correlation coefficient r of two random variables X and Y with expected values 
^X» A1 Y and standard deviations ex and try respectively, is defined by

r _ C0V[X,Y]
°X°Y

where COV [X,Y] = E[£c-jixXY-/*y )] is known as the covariance of X and Y.

Therefore

Y[n]

8
> u 1 -

Hence 8 < n]

7 T T
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Sample Significance Level
Size (n) .20 .15 .10 .05 .01

1 .900 .925 .950 .975 .995
2 .684 .726 .776 .842 .929
3 .565 .597 .642 .708 .829
4 -.494 .525 .564 .624 .734
5 .446 .474 .510 .563 .669

6 .410 .436 .470 .521 .618
7 .381 .405 .438 .486 .577
8 .358 .381 .411 .457 .543
9 .339 .360 .388 .432 .514
10 .322 .342 .368 .409 .486

11 .307 .326 .352 .391 .468
12 .295 .313 .338 .375 .450
13 .284 .302 .325 .361 .433
14 .274 .292 .314 .349 .418
15 .266 .283 .304 .338 .404

16 .258 .274 .295 .328 .391
17 .250 .266 .286 .318 .380
18 .244 .259 .278 .309 .370
19 .237 .252 .272 .301 .361
20 .231 .246 .264 .294 .352

25 .21 .22 .24 .264 .32
30 .21 .22 .22 .242 .29
35 .18 .19 .21 .23 .27
40 .21 .25
50 .19 .23
60 .17 .21
70 .16 .19
80 .15 .18
90 .14
100 .14

Asymptot ic 1.07 1.14 1.22 1.36 1.63
Formula: / - !--- / /J  n J  n / n J  n J n

Table 5.1.4.1: Critical statistics for the Kolmogorov-Smirnov goodness-of-fit
test [from ref 681
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The value of the correlation coefficient gives an indication of the linearity of the 
relationship between the two random variables (not necessarily normal). When two 
random variables are independent then they are uncorrelated and r=0. The converse 
holds when X and Y are normally distributed. The distribution of the sample 
correlation coefficient is not easily computable even in the case of normally 
distributed variables. In the general case the variance of r is an expression involving 
all the second-order and fourth-order moments of the population sampled.

However, for normally distributed quantities this is simplified to 

Var (r) - (1~p2)2' ' n

where p is the true value of the correlation.
Nevertheless, this is of little value since in practice the distribution of r tends to 
normality very slowly if r is not close to zero, and it is not recommended for n < 
500.

When r=0 (and the random variables are independent) it is known that the statistic

follows a tn_2 distribution.

Consequently, to test the null hypothesis H 0 : r=0 against the alternative hypothesis 
H, : r*0 at level of significance $, H 0 is rejected when |T| > t, —̂ / 2 ; n-2.

The tables by Fisher and Yates [69] allow this test to be applied directly from the 
value of r for samples up to 100 pairs of observations.

A  more useful transformation has been proposed by Fisher [70]

which leads to an asymptotically normal distribution with mean

E [Z] -  i [££]
and variance

V ‘Z' “ n^3
Hence, approximate 100(1-$)% Confidence Interval for r is: 

|tanh
J n-.

ri+r
i fin

1 - r J
Zi-£/:
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5.2 Literature Review

Townend [12] fitted a Weibull distribution to lack of fusion and lack of penetration 
defects from 1890 metres of node welds fabricated by manual metal arc in offshore 
structures. The parameters of the Weibull function are summarised below in table
5.2.1.

Defeet 
Type

Defeet 
Dimension

Distribution Parameters

a 0

Lack of Depth 7.00 2.18
Fusion Length 341 2.14

Lack of Depth 8.13 2.76
Penetrat ion Length 361 3.65

Merged Depth 7.38 2.39
Data Length 348 2.42

Table 5.2.1 : Model Parameters of Weibull Distribution Obtained by Townend pi2]

Similarly, Rogerson and Wong [71] presented results on embedded defect height from 
a study of 1000 metres of weld length in vertical and horizontal node joints of an 
offshore structure. The three parameter Weibull model was fitted to the data with 
parameters as shown in table 5.2.2.

Defeet 
Type

Distribution Parameters

a 0 7

Non-Planar 0.83 0.70 0 .1
Planar 5.0 1.4 0 .1
All Defects 3.20 0.95 1 .0

Table 5.2.2 : Weibull Parameters Obtained by Rogerson and Wong [71]
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These two sets of results provide the only available published information on 
embedded defect height in offshore structures. Comparisons between the models for 
the two investigations show that the cumulative probabilities fall reasonably in the 
same range for depths up to 15mm but there are marked variations for defects of 
depth larger than 15mm.

Rodrigues et al [72] also presented results from NDE programmes in offshore 
structures but their investigation is only on UT planar defect length. They proposed 
exponential and Weibull curves based on data from 250 metres of tubular node welds 
in four different offshore structures. Their curves indicate a marked sccatter between 
fabricators in both the type and the parameters of the distributions.

Turning now to surface-breaking defects, these tend to be more important from the 
fracture point of view because they tend to be associated with a larger stress intensity 
factor. Information on these defects is more widely available, especially in nuclear 
installations.

Nichols [73] reported 153 planar defects from 599 pressure vessel seams of 2336 
metres in length but he gives no information on their dimensions, nor the method by 
which they have been collected.

Becher and Pedersen [74] suggested the distribution function 
f(z) - 2.56 exp(-2.56(z - 0.1))

for the crack depth z (in.) in pressure vessels. This model incorporates non­
defection probabilities of the UT device and represents the distribution of defects 
entering service. Unfortunately it is not possible from their results to obtain separate 
expressions for the two functions.

Dvorak and Schwegler [75] suggested that the distribution of defect lengths of surface 
cracks should be lognormal and give the cumulative distribution of 10 cracks.

Bokarlud and Karlsen [76] fitted an exponential distribution with /3 = 0.11 m m  for 
the depth of 325 very small surface cracks on production welds at varous shipyards. 
The depth of the cracks was reproduced on replicas from silicon rubber and the 
dimension was measured using a microscope.

Harris [77] fitted the lognormal distribution to defect sizes on base metal shop welds 
and field welds in pipes of various diameters and wall thicknesses which were 
reported by Wilson. Wilson's estimates however are based on judgement rather than 
data.
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The lognormal function has also been used by Tank [78] to model the depth of 
surface cracks detected by ultrasonics. However the dimensions correspond to very 
small surface cracks on aluminium specimens.

In nuclear structures the most complete crack depth information is provided by 
Marshall [79] and Becher and Hansen [80].

Marshall [79] estimated the distribution of crack depth in P W R  vessels to be 
exponential with parameter 1/0 = 0.246 in. He indicated that in 44 vessels no 
defects larger than 1 in. were observed. The 12 defects found were in the range of 
0.5 to 1 in.

Becher and Hansen [80] presented data from P W R  vessels of defect length on slag 
inclusions and depth of surface breaking cracks. The 233 surface cracks were not 
weld defects but were due to some kind of stress corrosion. They were detected by 
MPI and the crack dimension was measured as the depth of grinding. They have 
shown that the lognormal distribution provides a good fit to the data. The 
parameters of the model were later estimated by Hansen [81] to be /x = 0.265 and 
a  = 0.818. Harris and Lim [82] modified the lognormal model to account for the 
impossibility of having cracks deeper than the thickness of the body. Nilson [48] has 
fitted a truncated gamma distribution to the crack data, with the truncation level set 
at 0.45 mm. This model is very similar to an exponential distribution. Weibull 
parameters of the same data were later obtained by Rogerson and Wong [71].

Kihara et al [83] provided information on crack depth in the form of a histogram for 
small (up to 5mm) surface cracks of shell plates in spherical pressure vessels, but 
they give no information on the way the data have been collected. Rogerson and 
Wong [71] obtained the Weibull parameters a  = 1.62 mm, 0 = 1.10, 7 = 0.1 mm.

With regard to the distribution of the width of embedded defects, very few data have 
been reported. Dufresne et al [84] evaluated this by analysing data from 338 metres 
of P W R  and B W R  shell welds inspected by ultrasonics or X-rays. They found that 
the probability of occurrence of long defects decreases as their width increases. 
Inspection of figure 10 of ref. [84] shows that for 3, 6 and 12 m m  wide defects the 
probability of having a flaw with length smaller than 512 m m  is respectively 96%, 
0.14% and 0.006%.

Hansen [81] fitted the lognormal distribution to the width of slag inclusion defects in 
butt weld joints measured on radiographs. For a total of 131 slag inclusions in weld 
thickness of 25.5 m m  detected in four structures he obtained the parameters
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/i = 0.117 and a  = 0.748. It is also reported that width and depth below the 
surface are correlated but the actual degree of correlation is not mentioned.

Data on the aspect ratio defined as the ratio of surface defect length to defect depth 
are virtually non-existent. Harris and Lim [82] derived and discussed suitable
lognormal and exponential distributions based on assumed knowledge of the proportion 
of cracks, p, with aspect ratio larger than 5. They concluded that a value of p of 
0.01 would be assumed to be applicable.

The findings in this section will be discussed further in sections 5.3.7 and 5.4.6 of 
this chapter.

5.3 Surface-breaking Defects

This section contains an analysis of surface-breaking defects involving the quantities, 
defect depth, defect length, defect aspect ratio and appropriate defect size 
correlations. The defects were detected by Magnetic Particle Inspection and 
subsequently sized by grinding them out.

The total number of surface defects corresponding to each of the three weld type 
joints (X, T, B, see section 3.2) and main location (node, see section 3.1) is shown 
in table 5.3.1 below.

Locat ion Weld Type

X T B TOTAL
Node 1 369 255 57 681
Node 2 866 467 84 1417
Node 3 286 270 71 627
Node 4 132 85 47 264

Node 5 35 40 9 84
Node 6 51 48 3 102

A11 Nodes 1739 1165 271 3175

Table 5.3.1 Absolute number of surface defects found by MPI

The entries in the table represent the absolute number of defects (i.e. including
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multiple occurrence) as opposed to the number of defective welds.

5.3.1. Defect Location

Many imperfections result in structural discontinuities which can reduce the 
performance of the weld. The latter depends significantly on the orientation of the 
discontinuity relative to the principal stress direction. Not all discontinuities are 
necessarily associated with changes in the metallurgical structure of the weld.

In theory, imperfections can occur in an infinite number of locations in a joint. In 
this present study three defect type categories, namely CR, NF, LI (see section 3.3) 
were grouped into three distinct classes (see fig. 5.3.1.1):

ST and STC : Surface-breaking toe defects located in the continuous member

SW  and SWC : Surface-breaking weld defects

STA Surface-breaking toe defects located in the abutting member

shell

Internal 
non water­
tight
continuous
members

Internal
water­
tight
bulkheads
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The analysis in this report involves the dimensions defect depth and defect length, 
together with aspect ratio and appropriate defect size correlations.

The depth of the defects was parametrised by the dimensions LI, L3 and L W  
depending upon the weld type and defect location within the joint (see Fig. 5.3.1.1). 
These dimensions represent the depth of the defect as measured at right angles to 
the surface of the continuous member (LI), abutting member (L3) and weld surface 
(LW) (see Fig. 5.3.1.2 below)

Fig. 5.3.1.2

For this classification, sufficient data were available for the following categories:

plate butt welds : case (A) LI dimension of a surface-breaking
toe defect (ST, STC) in a continuous 
member [Fig. 5.3.1.2 see (A)]

cruciforms and tee butts : case (B) LI dimension of a surface-breaking
toe defect (ST, STC) in a continuous 
member [Fig. 5.3.1.2 see (B)]

: case (C) L W  dimension (with L2=0) of a
surface-breaking weld defect (SW, 
SWC) [Fig. 5.3.1.2 see (C)]
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: case (D) L3 dimension of a surface-breaking
toe defect (ST A) in an abutting 
member [Fig. 5.3.1.2 see (D)]

In addition, for cases (A) and (B), an analysis has been undertaken for the angle 
between the defect and the surface of the continuous member. Examination of Fig.
5.3.1.2 shows that the angle between the defect and the surface of the continuous 
member is given by sin”1 (LI/L2) for plate butt welds and tan”1(Ll/L2) for cruciform 
and tee butt joints.

5.3.2 Surface-breaking Toe Defects in Continuous Members

The defect characteristics which have been included in the statistical analysis are as 
follows:

- dimension, LI (see Fig. 5.3.1.2)
- dimension, L2 (see Fig. 5.3.1.2)
- defect length, L (in direction of welding)
- defect aspect ratio, e (taken as L/Ll)
- defect surface angle, d (see section 5.3.1)

The depth of a surface-breaking defect measured in a direction normal to the surface 
(dimension LI) is generally the most important parameter affecting the occurrence of 
fracture and is the parameter given more importance in this analysis.

Preliminary analysis of the data for the parameter LI showed that the sample 
statistics for defect depth do not differ significantly between different welding 
processes or between different locations in the structure (for numerical results see
[85]). This result is of considerable interest since the defect occurrence rate was
found to be significantly different between welding processes and between different 
positions in the structure (see chapter 4). In addition the statistics for LI were found 
to be rasonably independent of fabricator. However comparisons were difficult 
because of small and varying sample sizes.

The data are shown in the form of a histogram in figure 5.3.2.1 which includes 
defects of all types. It can be clearly seen from this that the linear indication 
defects tend to penetrate deeper into the member. In figure 5.3.2.2 a histogram is 
shown for all linear indication defects. The differences between plate butt welds and 
other weld types cannot be clearly distinguished.



DEFECT TYPE SYMOL COUNT M A R ST.DRV.

NON FUSION (HP) N 30 1.13 .74
CRACK (CR) C 33 1.48 1.38
LINEAR INDICATION (LI) L 139 3.54 3.37

INTERVAL FREQUENCY PERCENTAGE
NAME 3 10 IS 30 33 30 33 40 INT. CUM. INT. CUN.

.43 * 0 0 .0 .0

.86 23 23 10.7 10.7
1.29 ♦ HHNHHwccccccccrrrr<̂ T rirrrT TJJ J j jj 34 39 16.8 27.4
1.72 ♦ NNCCCCCCCCL 11 70 5.1 32.7
2.15 .imrrrrr t r f ti ti» y t t f y f t fin tlii g t t f tiii tt B. 41 111 19.2 31.9
2.58 •NCLLLLL 7 118 3.3 53.1

+*arrrrt rrt t.tt t r t t t t t t t t r  t.t.t.tJJj.rrt f r.r.M.? t .* 47 145 22.0 77.1
3.44 0 143 .0 77.1
3.87 ♦CILL 4 169 1.9 79.0
4.30 ^rTTtltTTf f ft. 13 182 6.1 83.0
4.73 0 182 .0 85.0
3.16 ♦LLLUXLLLLL 11 193 3.1 90.2
3.39 ♦L 1 194 .3 90.7
4.02 •LLLLLL 4 200 2.8 93.3
4.45 0 200 .0 93.3
6.88 ♦L 1 201 .3 93.9
7.31 •LLL 3 204 1.4 93.3
7.74 0 204 .0 93.3
8.17 «LLL 3 207 1.4 94.7
8.60 0 207 .0 94.7
9.03 ♦C 1 208 .3 97.2
9.44 0 208 .0 97.2
9.89 0 208 .0 97.2
10.33 «LL 2 210 .9 98.1
10.73 0 210 .0 98.1
11.18 ♦ L 1 211 .3 98.6
11.61 0 211 .0 98.4
12.04 ♦L 1 212 .3 99.1
12.47 0 212 .0 99.1
12.90 0 212 .0 99.1
13.33 ♦ l 1 213 .3 99.3
11.74 0 213 .0 99.3
14.19 0 213 .0 99.3
14.62 0 213 .0 99.3
13.05 •L 1 214 .5 100.0
13.48 0 214 .0 100.0
13.91 0 214 .0 100.0
16.34 0 214 .0 100.0

10 13 30 33 33 40

FIGURE 3.3.3.1 : HISTOGRAM FOR LI IN TEE BUTTS MID CRUCIFORM 
(DEFECT LOCATIONS ST AND STC)

WELD TYPE SYMBOL COUNT
PLATE BUTT WELDS (B ) A 38
CRUCXFORMS AND TEE BUTTS (XT) B 139

M A N
4.34
3.33

ST.DEV.
3.37
3.37

INTERVAL FREQUENCY PERCENTAGE
NAME 3 10 IS 20 23 30 33 40 INT CUM INT. CUN.

1.52 •AABBBBBBBBBBBB 14 14 7.1 7.1
1.90 0 14 .0 7.1
2.28 •AAAAAAAAAABBBBBBBBBBBBB8BBBBBBBBBBB8BBS8* 43 39 22.8 29.9
2.66 ♦ABBBBB 4 63 3.0 33.0
3.04 • AAAAAAAAAAAABBBBBBBBBBBBBBBBBBBBBBBBBBBB* 34 119 27.4 40.4
3.42 0 119 .0 40.4
3.80 • BBB 3 122 1.3 61.9
4.18 »AAAAAAAAAAAAABBBBBBBBBBB 24 146 12.2 74.1
4.56 0 144 .0 74.1
4.94 0 146 .0 74.1
5.32 •AAAAAAAABBBBBBB8BBB 19 163 9.4 83.8
5.70 *B 1 166 .3 84.3
6.08 ♦AAAAABBBBBB 11 177 3.6 89.8
6.46 0 177 .0 89.8
6.84 ♦ B 1 178 .3 90.4
7.22 •AABBB 3 183 2.3 92.9
7.60 0 183 .0 92.9
7.98 0 183 .0 92.9
8.36 ♦ABBB 4 187 2.0 94.9
8.74 0 187 .0 94.9
9.12 ♦AA 2 189 1.0 95.9
9.SO 0 189 .0 93.9
9.88 0 189 .0 95.9
10.26 •ABB 3 192 1.3 97.3
10.64 0 192 .0 97.3
11.02 ♦ 8 1 193 .3 98.0
11.40 0 193 .0 98.0
11.78 0 193 .0 98.0
12.16 • B 1 194 .3 98.3
12.54 0 194 .0 98.3
12.92 0 194 .0 98.3
13.30 ♦AB 2 194 1.0 99.3
13.68 0 194 .0 99.5
14.06 0 194 .0 99.514.44 0 194 .0 99.3
14.82 0 194 .0 99.3
15.20 •B 1 197 .3 100.0
13.58 0 197 .0 100.0

♦-♦---♦ -------♦ --- ♦------* - — - ♦ ------- *
3 10 IS 30 33 30 33 40

FIGURE 3.3.3.3 : HISTOGRAM FOR LI IN LINEAR INDICATION DEFECTS 
[DEFECT LOCATIONS ST AND STCI
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For the purpose of distribution fitting, the data have been subdivided according to 
defect type and according to weld type. However, data for tee butts and cruciforms 
have been merged because of their similarities. The lognormal and Weibull 
parameters together with two-sided 95% confidence intervals are shown for each of 
the three defect dimensions in tables 5.3.2.1 to 5.3.2.3.

Further analysis of defect dimensions has been undertaken to examine the angle at
which the defect makes to the surface of the continuous member, (see fig. 5.3.1.2). 
Data were analysed for the cases where both dimenions LI and L2 have been 
reported ( somewhat smaller sample than for LI). Examination of fig. 5.3.1.2 shows 
that the angle between the defect and the surface of the continuous member is given 
by sin-1(Ll/L2) for plate butt joints and tan“1(Ll/L2) for cruciform and tee butt
joints.

Histograms for the angle (in radians) for both XT and B weld joints are shown
respectively in fig. 5.3.2.3 and 5.3.2.4. In the former case no differences exist 
between crack and non-fusion defects. The mean angles are 21* and 20* 
respectively, whereas in LI defects the mean angle is 29* (see fig. 5.3.2.3).

In comparison, in plate butt joints, linear indication defects have an average 
inclination value of 41 *. The differences between the two groups of joints are shown 
in fig. 5.3.2.4. The two extreme values of the angle correspond to defects which 
are normal to the plate surface. These cannot be considered as impossible values but 
even if they are removed from the analysis on the basis of the range of the rest of 
the data, the mean angle reduces to about 38* which is well above the value of 29* 
in cruciform and tee butt joints.

The normal, lognormal and uniform distributions were fitted to the data and the 
results shown in table 5.3.2.4. The lognormal distribution appears to be
non-justifiable whereas the normal distribution gives reasonably good fit to the data. 
The uniform distribution was chosen as an alternative distribution, although in some 
cases the KST value is clearly very poor to justify its use. The MLE estimates of 
its parameters are given in table 5.3.2.4, together with the upper 95% confidence 
interval for the one terminal transformed distribution.



DEFECT TYPE SYMOL COURT MAN ST.DEV.
NON FUSION (HP) N 20 .373 .169
CRACK (CR) C 94 .346 .159
LINEAR INDICATION (LI) L 133 .903 .186

INTERVAL FREQUENCY PERCENTAGE
NAME 9 10 19 20 29 30 39 40 INT. CUN. INT. CUN.

.060 «C 1 1 .9 .9

.080 ♦ 0 1 .0 .9

.100 «L 1 2 .9 1.0

.120 ♦CLL 3 9 1.4 2.4

.140 »C 1 6 .9 2.9

.160 *NL 2 8 1.0 3.9
m o  am— rrrrrrrrrtf 14 22 6.8 10.6
.200 •CCCLLL 6 28 2.9 13.9
.220 »L 1 29 .9 14.0
.240 *L 1 30 .5 14.9
.260 *NNMCCCUXLL 11 41 5.3 19.8
.280 »LLLLL 9 46 2.4 22.2
.300 »CLLL 4 SO 1.9 24.2
.320 » 0 SO .0 24.2
.340 »NNOCCOOOCOCOOCT.t.rJiJX 21 71 10.1 34.3
.360 «CCCLLLLLL 9 80 4.3 38.6
.380 ♦ 0 SO .0 38.6
.400 •RLLLIX. 6 86 2.9 41.9
.420 «NCI.I.IJ.I. 7 93 3.4 44.9
.440 *CL 2 99 1.0 49.9
.460 « 0 99 .0 49.9
.480 ♦MHHNNNCCCCCm I.n.I.Ml.U.Il. 29 120 12.1 98.0
.900 ♦ 0 120 .0 58.0
.9 2 0 ♦ca.m.i.L • 128 3.9 61.8
.940 »LL 2 130 1.0 62.8
.960 •NNCCCCLLLLL 11 141 5.3 68.1
.580 »L 1 142 .9 68.6
.too _t.»ttf_t-T-g-f-t-i. 19 197 7.2 79.8
.620 *CL 2 199 1.0 76.8
.640 nLLLLLL 6 169 2.9 79.7
.660 AfniftntTmi. 14 179 6.8 86.9
.680 »LLLL 4 183 1.9 88.4
.700 *LL 2 189 1.0 89.4
.720 ♦ M U X 9 190 2.4 91.8
.740 * 0 190 .0 91.8
.760 *LLL 3 193 1.4 93.2
.780 • 0 193 .0 93.2

14 207 6.8 :100.0
S 10 IS 20 29 30 39 40

: HISTOGRAM FOR DEF-SUR ANCLE U  TTK BUTTS AMD CRUCIFORM 
(DEFECT LOCATIONS ST AND STC)

FtCUU 9.3.2.3

HELD TYPE STOOL COUNT M A N  ST.DEV.
PLATE BUTTS (■ ) A 33 .71S .309
CRUC1F0RMS AMD TEE BUTTS (XT) B 133 .903 .186

INTERVAL FREQUENCY PERCENTAGE
NAME 9 10 IS 20 29 30 39 40 INT. CUN. I NT. CUN.

.120 • BBB 3 3 1.8 1.8

.160 • B 1 4 .6 2.4

.200 •BBBBB 9 9 3.0 9.4

.240 • BB 2 11 1.2 6.6

.280 • ABBBBBBBBBB 11 22 6.6 13.3

.320 • BBB 3 29 1.8 19.1

.360 •AAABBBBBBBBBBBB8 16 41 9.6 24.7

.400 •AABBBBB 7 48 4.2 28.9

.440 •ABBBBBB 7 99 4.2 33.1

.480 •ABBBBBBBBBBBB 13 68 7.8 41.0

.520 •BBBBBB 6 74 3.6 44.6

.560 ♦AAABBBBBBB 10 84 6.0 50.6

.600 •ABBBBBBBBBBBBBB IS 99 9.0 59.6

.640 •ABBBBBBB 8 107 4.6 64.9

.680 •AAABBBBBBBBBBBBBBBB 19 126 11.4 75.9

.720 •BBBBBBB 7 133 4.2 80.1

.760 •AABBB 9 138 3.0 83.1

.800 • AAABBBBBBBBBBBBB 16 154 9.6 92.8

.840 0 154 .0 92.8

.880 •AAAAAA 6 160 3.6 96.4

.920 0 160 .0 96.4

.960 •A 1 161 .6 97.0
1.000 • AA 2 163 1.2 98.2
1.040 •A 1 164 .6 98.8
1.080 0 164 .0 96.6
1.120 0 164 .0 96.6
1.160 0 164 .0 98.8
1.200 0 164 .0 96.8
1.240 0 164 .0 98.8
1.280 0 164 .0 96.8
1.320 0 164 .0 98.8
1.360 0 164 .0 96.8
1.400 0 164 .0 98.8
1.440 0 164 .0 98.8
1.480 0 164 .0 98.8
1.520 0 164 .0 98.8
1.560 0 164 .0 98.6
1.600 • AA 2 166 1.2 100.0

♦— — .......... — ... — . - *
9 10 IS 20 29 30 39 40

FIGURE 9.3.2.4 : HISTOGRAM FOR DEF-SUR ANCLE IN LI DEFECTS 
(DEFECT LOCATIONS ST AND STC]
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Lognormal Distribution

Table 5.3.2.1: Distribution results for dimension LI for Cases (A) and (B)
Tdefect locations ST and STC1

Type a2 C.L. (/i) C.L. (o’2) KST Size
LI (XT) 1.103 0.316 ( 1.009,1.196) (0.253,0.406) 0.18 139
CR (XT) 0.130 0.471 (-0.055,0.315) (0.334,0.714) 0.19 55
NF (XT) -0.067 0.373 (-0.352,0.218) (0.216,0.795) 0.25 20
ALL (XT) 0.730 0.607 ( 0.626,0.834) (0.507,0.740) 0.14 217
LI (B) 1.319 0.255 ( 1.186,1.452) (0.182,0.382) 0.12 58

Transformed Data (Ln)

Type Skewness St.Error Kurtosis St. Error
LI (XT) 0.280 0.208 0.320 0.415
CR (XT) 0.608 0.330 -0.040 0.661
NF (XT) 0.363 0.548 -1.286 1.095
ALL (XT) -0.126 0.166 -0.409 0.333
LI (B) 0.024 0.322 -0.129 0.643

Weibull Distribution

Type 0 a C.L. (0) C.L. (a) KST Size
LI (XT) 1.672 4.019 (1.471,1.936) (3.600,4.486) 0.21 139
CR (XT) 1.314 1.628 (1.024,1.597) (1.284,2.049) 0.20 55
NF (XT) 1.692 1.272 (1.072,2.277) (0.919,1.750) 0.19 20
ALL (XT) 1.351 3.044 (1.218,1.516) (2.730,3.395) 0.15 217
LI (B) 2.009 4.809 (1.578,2.429) (4.136,5.567) 0.14 58
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Lognormal Distribution

Table 5.3.2.2: Distribution results for Defect Length for Cases (A) and (B)
fdefect locations ST and STC1

Type cr2 C.L. (,0 C.L. (a2) KST Size
LI (XT) 3.954 1.121 (2.125,4.130) (0.897,1.440) 0.08 139
CR (XT) 4.012 0.899 (3.756,4.268) (0.637,1.363) 0.08 55
NF (XT) 3.772 1.477 (3.204,4.340) (0.854,3.150) 0.14 20
ALL (XT) 3.941 1.100 (3.801,4.080) (0.923,1.341) 0.06 217
LI (B) 4.043 0.738 (3.817,4.269) (0.527,1.106) 0.11 58

Transformed Data (Ln)
Type Skewness St.Error Kurtosis St. Error

LI (XT) -0.196 0.208 0.238 0.415
CR (XT) 0.276 0.330 -0.152 0.661
NF (XT) 0.610 0.548 -0.107 1.095
ALL (XT) -0.030 0.166 0.204 0.333
LI (B) 0.420 0.322 1.728 0.643

Weibull Distribution

Type (3 a C.L. (0) C.L. (a) KST Size
LI (XT) 0.981 87.746 (0.863,1.136) (72,739,105.849) 0.11 139
CR (XT) 1.014 89.503 (0.790,1.232) (65.797,120.554) 0.08 55
NF (XT) 0.765 81.425 (0.484,1.030) (39.721,134.937) 0.17 20
ALL (XT) 0.957 86.870 (0.863,1.074) (74.480,101.321) 0.10 217
LI (B) 0.983 88.836 (0.779,1.189) (65.271,119.806) 0.12 58
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Lognormal Distribution

Table 5.3.2.3: Distribution results for the Ratio (defect length)/(Ll) for cases (A) and (B)
[defect locations ST and STC]

Type a2 C.L. in) C.L. (<r2) KST Size
LI (XT) 2.852 1.474 (2.650,3.054) (1.180,1.894) 0.08 139
CR (XT) 3.882 1.530 (3.553,4.221) (1.085,2.320) 0.07 55
NF (XT) 3.838 2.074 (3.165,4.511) (1.200,4.423) 0.13 20
ALL (XT) 3.211 1.749 (3.035,3.387) (2.132,1.461) 0.06 217
LI (B) 2.723 0.812 (2.486,2.960) (0.580,1.217) 0.08 58

Transformed Data (Ln)

Type Skewness St.Error Kurtosis St. Error
LI (XT) -0.179 0.208 0.246 0.415
CR (XT) 0.294 0.330 -0.365 0.661
NF (XT) 0.261 0.548 -0.209 1.095
ALL (XT) 0.076 0.166 0.371 0.333
LI (B) -0.368 0.322 0.423 0.643

Weibull Distribution

Type (3 a C.L. (0) C.L. (a) KST Size
LI (XT) 0.864 31.509 (0.760,1.000) (25.465,38.987) 0.12 139
CR (XT) 0.788 91.054 (0.614,0.957) (61.284,133.580) 0.12 55
NF (XT) 0.686 95.687 (0.434,0.923) (42.982,210.241) 0.15 20
ALL (XT) 0.735 48.304 (0.663,0.825) (39.534,59.020) 0.11 217
LI (B) 1.167 23.455 (0.917,1.411) (18.091,30.175) 0.06 58
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Normal Distribution

Table 5.3.2.4: Distribution results for defect/surface angle for Cases (A) and (B)
[defect locations ST and STC1

Type a 2 C.L. (fi) C.L. (cr2) KST Size
LI (XT) 0.502 0.035 (0.470,0.534) (0.028,0.045) 0.12 133
CR (XT) 0.346 0.024 (0.304,0.388) (0.017,0.036) 0.14 54
NF (XT) 0.373 0.027 (0.296,0.450) (0.016,0.058) 0.16 20
ALL (XT) 0.449 0.036 (0.423,0.475) (0.030,0.044) 0.09 207
LI (B) 0.716 0.096 (0.606,0.826) (0.062,0.168) 0.12 33

Lognormal Distribution

Type a 2 C.L. (/O C.L. (a2) KST Size
LI (XT) -0.778 0.214 (-0.857,-0.699) (0.170,0.277) 0.15 133
CR (XT) -1.180 0.283 (-1.325,-1.034) (0.200,0.431) 0.18 54
NF (XT) -1.088 0.234 (-1.314,-0.862) (0.135,0.499) 0.20 20
ALL (XT) -0.913 0.265 (-0.983,-0.843) (0.220,0.325) 0.15 207
LI (B) -0.423 0.190 (-0.578,-0.268) (0.123,0.332) 0.11 33

Skewness and Kurtosis

Type
Normal Distribution Transformed Data (Ln)

Skewness St.Error Kurtosis St.Error Skewness St.Error Kurtosis St.Error

LI (XT) -0.250 0.212 -0.953 0.425 -1.163 0.212 1.190 0.425
CR (XT) 0.185 0.333 -1.052 0.667 -0.843 0.333 0.694 1.667
NF (XT) 0.433 0.548 -0.299 1.095 -0.347 0.548 -1.114 1.095
ALL (XT) 0.022 0.170 -0.997 0.340 -0.945 0.170 0.703 0.340
LI (B) 0.956

•
0.426 1.107 0.853 -0.180 0.426 -0.516 0.853
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Uniform Distribution

Type a b Range C.L. KST Size
LI (XT) 0.083 0.785 0.702 0.718 0.18 133
CR (XT) 0.050 0.644 0.594 0.628 0.14 54
NF (XT) 0.142 0.785 0.644 0.748 0.35 20
ALL (XT) 0.050 0.785 0.735 0.746 0.13 207
LI (B) 0.253 1.571 1.318 1.443 0.35 33
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5 .3 .3  S u rface-break in g  W e ld  D efects

T h is  section contains the analysis o f  su rface-b reak ing  w eld defects fo r case (C)

corresponding  to cru c ifo rm  and tee butt jo ints (see section 5.3.1 and fig . 5 .3 .1 .2).

T h e  defect d im ensions w hich  have been considered in  the analysis are as follow s:

-  d im ension , L W  (see fig . 5 .3 .1 .2)

-  defect length , L  (in d irection  o f welding)

-  defect aspect ratio , e (taken as L / L W )

A  total o f  108 defects were reported in  this case. A s  shown in  fig . 5 .3 .1 .2 , the

defect d im ension  L W  is the depth  o f a weld defect m easured n orm a l to the weld

surface. O n ly  very few  cases were found  where the defect extended in to  the parent 

plate (L2*0) and  these have not been inc luded  in  the analysis.

F ro m  the sum m ary statistics given in  [85] it becam e evident that no system atic

d ifferences exist betw een d ifferent types o f  w elded jo in t, fabricators o r  node location . 

T h e  apparent d ifferences have been caused by other param eters such as defect type

and w eld ing process. In contrast with the su rface-break ing  defects (see section

5 .3 .2 ), the w elding process was found  to be o f  in fluence . T h e  h istogram  in  fig.

5 .3 .3 .1  shows h ow  the variations in  defect depth  are affected by  both  defect type and  

w elding process. W hereas the overall m ean  value o f L W  fo r  linear ind ication  defects 

is 8 .36 m m , it is 7 .36 m m  fo r S M A W  welds and  11.50 m m  fo r  G M A W ,  denoting a 

sign ificant d ifference.

C om parison s betw een cracks and linear ind ication  defects show  that, a lthough the 

sam ple size fo r  cracks is sm all (22), the m ean  depth  fo r  this type o f defect is

appreciab ly  less than fo r  linear indications.

T h e  d istribution  results are shown for each  w elding process and each type o f  jo in t in  

tables 5.3.3.1 to 5 .3 .3 .6 .
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WELDING PROCESS DEFECT TYPE m o L COUNT M A N ST.DEV,
SHAW L2 A 58 7.3* 4.72
SHAW CR ■ 13 5.00 1.54
SHAW NF C 3 9.00 9.54
CHAW LI D 20 11.50 *.13
CHAW CR E 8 3.75 1.39
CHAW NF P 1 18.00 .00

INTERVAL F M O U B C T  PERCENTAGE
NAME 5 10 IS 20 25 30 35 40 UTT CUN INT. CUM

2.01 •AAAAEE 6 6 5.8 5.8
2.68 ♦ 0 6 .0 5.8
3.35 ♦AAAAAAAABCDDE 13 19 12.6 18.4
4.02 ♦AAAAASBBBBCDEEX 15 34 14.6 33.0
4.69 ♦AAA 3 37 2.9 35.9
5.36 ♦AAAAAAAAAABBBDE 15 52 14.6 50.5
6.03 ♦AAAABBDE 6 60 7.8 58.3
6.70 ♦ 0 60 .0 58.3
7.37 ♦AAAAAB 6 66 5.8 64.1
8.04 ♦AD 2 68 1.9 66.0
8.71 ♦B 1 69 1.0 67.0
9.38 ♦ODD 3 72 2.9 69.9
10.05 ♦ADD 3 75 2.9 72.8
10.72 ♦ 0 75 .0 72.8
11.39 ♦AA 2 77 1.9 74.8
12.06 ♦AAAAAA 6 83 5.8 80.6
12.73 ♦A 1 84 1.0 81.6
13.40 ♦ADD 3 87 2.9 84.5
14.07 ♦ 0 87 .0 64.5
14.74 ♦ 0 87 .0 84.5
15.41 ♦AAAD 4 91 3.9 68.3
16.06 ♦AADF 4 95 3.9 92.2
16.75 ♦ 0 95 .0 92.2
17.42 ♦ADD 3 98 2.9 95.1
18.09 ♦D 1 99 1.0 96.1
18.76 ♦ 0 99 .0 96.1
19.43 ♦D 1 100 1.0 97.1
20.10 ♦C 1 101 1.0 98.1
20.77 ♦ 0 101 .0 98.1
21.44 ♦ 0 101 .0 96.1
22.11 ♦A 1 102 1.0 99.0
22.78 ♦ 0 102 .0 99.0
23.45 ♦ 0 102 .0 99.0
24.12 ♦ 0 102 .0 99.0
24.79 ♦ 0 102 .0 99.0
25.46 * 0 102 .0 99.0
26.13 ♦D 1 103 1.0 100.0
26.80 ♦ 0 103 .0 100.0

S 10 15 20 25 30 35 40

FICURE 5.3.3.1 : HISTOGRAM FOR LW IN CRUCIFORM AMD TEX BUTTS 
{DEFECT LOCATIONS SW AND SWC)
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Lognormal Distribution

Table 5.3.3.1: Distribution results for dimension LW (and L2 = 0) for Case (C) under SMAW
fdefect locations SW and SWC1

T y p e V- <T2 C . L .  ( n ) C . L .  ( a 2 ) K S T S i ze

L I  (X T ) 1 . 8 0 3 0 . 3 9 5 ( 1 . 6 3 8 , 1 . 9 6 8 ) ( 0 . 2 8 2 , 0 . 5 9 2 ) 0 . 1 4 58

CR (X T ) 1 . 5 6 9 0 . 0 8 6 ( 1 . 3 9 2 , 1 . 7 4 6 ) ( 0 . 0 4 4 , 0 . 2 3 4 ) 0 . 1 9 13

N F  (X T ) - - - - - -

A L L  (X T ) 1 . 7 6 3 0 . 3 5 9 ( 1 . 6 2 4 , 1 . 9 0 2 ) ( 0 . 2 6 6 , 0 . 5 1 1 ) 0 . 1 5 74

Transformed Data (Ln)

T y p e S k e w n e ss S t . E r r o r K u r t o s i s S t . E r r o r

L I  (X T ) 0 . 1 2 3 0 . 3 2 2 - 0 . 9 9 8 0 . 6 4 3

CR (XT) 0 . 3 1 5 0 . 6 7 9 - 0 . 9 5 3 1 . 3 5 9

N F  (X T ) - - - -

A L L  (XT) 0 . 3 4 1 0 . 2 8 5 - 0 . 7 4 9 0 . 5 6 9

Weibull Distribution

T y p e 0 a C . L .  (/3) C . L .  ( a ) K S T S i z e

L I  (X T ) 1 . 6 9 4 8 . 3 1 3 ( 1 . 3 3 1 , 2 . 0 4 8 ) ( 6 . 9 5 1 , 9 . 8 8 8 ) 0 . 1 6 58

CR  (X T ) 3 . 5 0 1 5 . 5 4 9 ( 1 . 9 1 3 , 4 . 9 8 0 ) ( 4 . 5 2 5 , 6 . 8 1 4 ) 0 . 1 6 13

N F  (XT) - - - - - 3

A L L  (XT) 1 . 6 7 3 7 . 9 2 4 ( 1 . 3 5 7 , 1 . 9 8 4 ) ( 6 . 7 5 9 , 9 . 2 5 1 ) 0 . 1 8 74
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Lo g n o rm a l D istribution

Table 5.3.3.2: Distribution results for dimension LW (and L2 = 0) for Case (C) under GMAW
[defect locations SW and SWC1

T y p e /* <7 2 C . L .  (/*) C . L .  (cr2) K S T S i z e

L I  (X T ) 2 . 2 8 1 0 . 3 8 5 ( 1 . 9 9 1 , 2 . 5 7 1 ) ( 0 . 2 2 3 , 0 . 8 2 1 ) 0 . 1 5 20

C R  (X T ) 1 . 2 5 6 0 . 1 6 0 ( 0 . 9 2 2 , 1 . 5 9 0 ) ( 0 . 0 7 0 , 0 . 6 6 3 ) 0 . 2 5 8

N F  (X T ) - - - - - 1

A L L  (X T ) 2 . 0 1 5 0 . 5 3 7 ( 1 . 7 3 6 , 2 . 2 9 4 ) ( 0 . 3 3 8 , 0 . 9 8 1 ) 0 . 1 2 29

T ran sfo rm ed  D ata  (Ln)

T y p e S k e w n e ss S t . E r r o r K u r t o s i s S t . E r r o r

L T  (X T ) - 0 . 5 1 0 0 . 5 4 8 - 0 . 8 5 5 1 . 0 9 5

CR  (X T ) - 3 . 0 2 0 . 8 6 6 - 1 . 5 3 9 1 . 7 3 2

N F  (X T ) - - - -

A L L  (X T ) - 0 . 1 7 6 0 . 4 5 5 - 1 . 2 5 3 0 . 9 1 0

W e ib u ll D istribution

T y p e (3 a C . L .  ( 0 ) C . L .  ( a ) K S T S i z e

L I  (X T ) 2 . 0 3 5 1 3 . 0 0 8 ( 1 . 2 8 9 , 2 . 7 3 9 ) ( 9 . 9 3 2 , 1 6 . 9 6 1 ) 0 . 0 8 20

C R  (X T ) 3 . 2 1 4 4 . 1 9 8 ( 1 . 3 5 2 , 4 . 9 2 2 ) ( 3 . 0 7 3 , 5 . 8 3 1 ) 0 . 1 3 8

N F  (X T ) - - - - - 1

A L L  (X T 1 . 6 0 2 1 0 . 6 6 6 ( 1 . 1 1 2 , 2 . 0 6 7 ) ( 8 . 0 8 4 , 1 3 . 9 6 7 ) 0 . 1 1 29
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Lognormal Distribution

Table 5.3.3.3: Distribution results for Defect Length for Case (C) under SMAW
[defect locations SW and SWC]

T y p e V- a 2 C . L .  { i i ) C . L .  ( a 2 ) K S T S i z e

L I  (X T ) 3 . 7 1 0 1 . 0 0 4 ( 3 . 4 4 7 , 3 . 9 7 3 ) ( 0 . 7 1 8 , 1 . 5 0 4 ) 0 . 1 0 58

CR  (X T ) 3 . 4 8 4 0 . 9 2 1 ( 2 . 9 0 4 , 4 . 0 6 4 ) ( 0 . 4 7 3 , 2 . 5 1 2 ) 0 . 2 0 13

N F  (X T ) - - - - - 3

A L L  (X T ) 3 . 6 6 8 0 . 9 6 2 ( 3 . 4 4 0 , 3 . 8 9 6 ) ( 0 . 7 1 3 , 1 . 3 6 9 ) 0 . 0 9 74

Transformed Data (Ln)

T y p e S k e w n e s s S t . E r r o r K u r t o s i s S t . E r r o r

L T  (X T ) 0 . 1 1 9 0 . 3 2 2 - 0 . 2 8 2 0 . 6 4 3

CR (X T ) 0 . 2 2 3 0 . 6 7 9 - 0 . 6 9 5 1 . 3 5 9

N F  (X T ) - - - -

A L L  (X T ) 0 . 1 5 7 0 . 2 8 5 - 0 . 2 6 4 0 . 5 6 9

Weibull Distribution

T y p e 0 a C . L .  (|S) C . L .  ( a ) K S T S i z e

L I (X T ) 1 . 0 1 1 6 7 . 5 9 5 ( 0 . 7 9 4 , 1 . 2 2 2 ) ( 5 0 , 0 9 0 , 9 0 . 4 0 8 ) 0 . 1 3 58

CR (X T ) 1 . 0 4 6 5 2 . 1 8 6 ( 0 . 5 7 2 , 1 . 4 8 8 ) ( 2 6 . 3 7 0 , 1 0 3 , 7 7 2 ) 0 . 1 6 13

N F (X T ) - - - - - 3

A L L (X T ) 1 . 0 2 0 6 4 . 3 1 3 ( 0 . 8 2 7 , 1 . 2 1 0 ) ( 4 9 . 5 5 0 , 8 2 . 9 0 4 ) 0 . 1 3 74
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Lo g n o rm a l D istribu tion

Table 5.3.3.4: Distribution results for Defect Length for Case (C) under GMAW
[defect locations SW and SWC1

T y p e a 2 C . L .  (p) C . L .  ( a 2 ) K S T S i z e

L I  ( X T ) 3 . 5 3 2 2 . 0 1 6 ( 2 . 8 6 8 , 4 . 1 9 5 ) ( 1 . 1 6 6 , 4 . 2 9 9 ) 0 . 1 0 20

CR  (X T ) 3 . 3 1 3 0 . 4 2 2 ( 2 . 7 7 1 , 3 . 8 5 5 ) ( 0 . 1 8 4 , 1 . 7 4 8 ) 0 . 1 9 8

N F  ( X T ) - - - - - 1

A L L  (X T ) 3 . 3 5 0 1 . 8 9 9 ( 2 . 8 2 5 , 3 . 8 7 5 ) ( 1 . 1 9 6 , 3 . 4 7 1 ) 0 . 1 1 29

T ran sfo rm ed  D ata  (Ln)

T y p e S k e w n e ss S t . E r r o r K u r t o s i s S t . E r r o r

L I  (X T ) 0 . 1 1 1 0 . 5 4 8 - 0 . 9 4 1 1 . 0 9 5

CR  (X T ) - 0 . 5 1 5 0 . 8 6 6 - 0 . 9 6 5 1 . 7 3 2

N F  (X T ) - - - -

A L L  (X T ) - 0 . 1 5 3 0 . 4 5 5 - 0 . 0 4 7 0 . 9 1 0

W eib u ll D istribu tion

T y p e (3 a C . L .  ((3) C . L .  ( a) K S T S i z e

L I (X T ) 0 . 7 4 9 6 8 . 8 1 4 ( 0 . 4 7 4 , 1 . 0 0 8 ) ( 3 3 . 0 6 3 , 1 4 1 . 5 1 0 ) 0 . 1 0 20

CR (C T ) 2 . 0 6 6 3 6 . 4 8 8 ( 0 . 8 6 9 , 3 . 1 6 4 ) ( 2 2 . 4 5 5 , 6 0 . 8 3 2 ) 0 . 1 2 8

N F (X T ) - - - - - 1

A L L (X T ) 0 . 7 6 9 5 5 . 7 0 9 ( 0 . 5 3 4 , 0 . 9 9 2 ) ( 3 1 . 2 7 3 , 9 7 . 7 0 1 ) 0 . 1 1 29
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Lo g n o rm a l D istribu tion

Table 5.3.3.5: Distribution results for the Ratio (Defect Length)/(LW)
for Case (C) under SMAW [defect locations SW and SWC1

T y p e /* a 2 C . L .  ( / i ) C . L .  (cr2) K S T S i z e

L I  (X T ) 1 . 9 0 6 1 . 2 0 9 ( 1 . 6 1 7 , 2 . 1 9 5 ) ( 0 . 8 6 4 , 1 . 8 1 2 ) 0 . 0 7 58

CR  (X T ) 1 . 9 1 5 1 . 1 2 1 ( 1 . 2 5 0 , 2 . 5 5 5 ) ( 0 . 5 7 6 , 3 . 0 5 7 ) 0 . 2 0 13

N F  (X T ) - - - - - 3

A L L  (X T ) 1 . 9 0 5 1 . 1 8 3 ( 1 . 6 5 2 , 2 . 1 5 8 ) ( 0 . 8 7 7 , 1 . 6 8 4 ) 0 . 0 6 74

T ran sfo rm ed  D ata  (Ln)

T y p e S k e w n e ss S t . E r r o r K u r t o s i s S t . E r r o r

L I  (X T ) 0 . 1 7 1 0 . 3 2 2 - 0 . 3 0 1 0 . 6 4 3

CR  (X T ) 0 . 5 2 8 0 . 6 7 9 0 . 1 0 2 1 . 3 5 9

N F  (X T ) - - - -

A L L  (X T ) 0 . 2 1 9 0 . 2 8 5 - 0 . 2 1 8 0 . 5 6 9

W eib u ll D istribu tion

T y p e 0 a C . L .  (0) C . L .  ( a) K S T S i z e

L I (X T ) 0 . 9 1 1 1 1 . 7 2 0 ( 0 . 7 1 6 , 1 . 1 0 2 ) ( 8 . 4 0 4 , 1 6 . 1 8 4 ) 0 . 1 0 58

CR (X T ) 0 . 8 6 8 1 1 . 6 1 2 ( 0 . 4 7 4 , 1 . 2 3 5 ) ( 5 . 1 0 1 , 2 5 . 5 8 6 ) 0 . 2 0 13

N F (X T ) - - - - - 3

A L L (X T ) 0 . 9 0 4 1 1 . 6 7 3 ( 0 . 7 3 3 , 1 . 0 7 2 ) ( 8 . 6 9 7 , 1 5 . 5 4 6 ) 0 . 1 1 74
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Lo g n o rm a l D istribution

Table 5.3.3.6: Distribution results for the Ratio (Defect Length)/(LW) for Case (C) under GMAW
[defect locations SW and SWC1

T y p e a 2 C . L .  (/0 C . L .  (<r2 ) K S T S i z e

LI  (X T ) 1 . 2 5 1 2 . 6 4 5 ( 0 . 4 9 1 , 2 . 0 1 1 ) ( 1 . 5 3 0 , 5 . 6 4 0 ) 0 . 1 5 20

CR (X T ) 2 . 0 5 7 0 . 8 3 7 ( 1 . 2 9 4 , 2 . 8 2 0 ) ( 0 . 3 6 6 , 3 . 4 6 7 ) 0 . 2 0 8

N F  (X T ) - - - - - 1

A L L  (X T ) 1 . 3 3 5 2 . 7 6 1 ( 0 . 7 0 2 , 1 . 9 6 7 ) ( 1 . 7 3 9 , 5 . 0 4 6 ) 0 . 1 3 29

T ran sfo rm ed  D ata  (Ln)

T y p e S k e w n e ss S t . E r r o r K u r t o s i s S t . E r r o r

L I  (X T ) - 0 . 1 0 5 0 . 5 4 8 - 1 . 1 0 1 1 . 0 9 5

CR  (X T ) - 0 . 0 4 2 0 . 8 6 6 - 1 . 6 2 0 1 . 7 3 2

N F  (X T ) - - - -

A L L  (X T ) - 0 . 5 6 7• 0 . 4 5 5 - 0 . 3 6 2 0 . 9 1 0

W e ib u ll D istribution

T y p e 0 a C . L .  (0) C . L .  (a) K S T S i z e

L I  (X T ) 0 . 7 0 0 7 . 6 3 2 ( 0 . 4 4 3 , 0 . 9 4 2 ) ( 3 . 4 8 4 , 1 6 . 5 0 7 ) 0 . 1 3 20

CR  (X T ) 1 . 3 0 5 1 1 . 9 5 3 ( 0 . 5 4 9 , 1 . 9 9 8 ) ( 5 . 5 4 2 , 2 6 . 8 4 8 ) 0 . 1 7 8

N F  (X T ) - - - - - 1

A L L  (X T ) 0 . 7 4 5 8 . 1 8 1 ( 0 . 5 1 7 , 0 . 9 6 1 ) ( 4 . 5 0 8 , 1 4 . 6 1 0 ) 0 . 0 8 29
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5 .3 .4  S u rface-break in g  T o e  D efects  in  A buttin g  M em bers

T h is  category o f defects relates to cru c ifo rm  and tee butt welds and corresponds to 

case (D ) o f  section 5.3.1 (see also fig. 5 .3 .1 .2). O n ly  20 o f these defects are 

reported  to have been found  as com pared  w ith 217 in  the S T ( S T C )  and with 108 in  

the S W ( S W C )  positions.

T h e  defect d im ensions w hich  have been included  in  the analysis are as follow s:

-  d im ension , L 3  (see fig. 5 .3 .1 .2)

-  defect length, L  (in d irection  o f welding)

-  defect aspect ratio , e (taken as L/L3).

D e fe c t depth  here is represented by the defect d im ension  L 3 , being the depth  o f the 

toe defect m easured at right angles to the surface o f  the abutting m em ber ( S T A  

position , see fig . 5 .3 .1 .2).

T h e  sam ple sizes are too sm all to com m ent on  d ifferences betw een nodes, fabricators  

and w eld ing processes but fro m  the evidence obta ined for continuous m em bers, such  

d ifferences are not to be expected. T h e  m ean values o f L 3  fo r  cru ciform s and tee 

butts are 2.10 m m  and 2.20 m m  respectively, w h ich  cannot be considered to be 

sign ificantly  d ifferen t, especially  as the sam ple sizes are sm all. Fu rth erm ore , 

classification  accord ing  to defect type, although it fu rther reduces the sam ple sizes, 

ind icates no  differences betw een the n o n -fu s io n  and c ra ck - lik e  defects. T h e  m om ent 

estim ates o f  the above m eans fo r  the m erged sam ple o f  w eld types are shown to be 

respectively  2.07 m m  and 2.09 m m , w hich  are w ell below  the corresponding  ones for  

weld defects in  case (C), exam ined in section 5 .3 .3 .

T h e  d istribution  param eters o f  the lognorm al and W e ib u ll distributions on  defect 

depth , length and defect aspect ratio  are shown in  tables 5 .3 .4.1 to 5 .3 .4 .3 .

5 .3 .5  C o rre la tio n  between D e fe c t D e p th  and D e fe c t Len gth

C o rre la tio n  analysis shows that a linear relationship  betw een defect depth  and defect 

length is virtua lly  non-ex isten t. A lthou gh  a tendency  fo r  negative co rre la tion  exists in  

alm ost a ll cases, none o f  the regression curves appeared to be sign ificant (see tables

5.3 .5.1  to 5 .3 .5 .4).

T h e  largest absolute value o f  the corre la tion  co effic ien t r, was observed in  crack weld  

defects under the S M A W  process [case (C), see table 5 .3 .5 .3 , r = 0.555] but it is
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Log n orm a l D istribution

Table 5.3.4.1: Distribution results for dimension L3 for Case (D)
[defect locations ST A]

T y p e a 2 C . L .  (ft) C . L .  (o-2) K S T S i z e

L I  (X T ) - - - - - 1

CR  (X T ) 0 . 4 4 6 0 . 5 7 3 ( - 0 . 0 6 3 , 0 . 9 5 5 ) ( 0 . 2 8 0 , 1 . 7 6 3 ) 0 . 2 7 11

N F  (X T ) 0 . 5 1 8 0 . 5 2 6 ( - 0 . 1 5 4 , 1 . 1 9 0 ) ( 0 . 2 1 8 , 2 . 5 4 5 ) 0 . 1 7 7

A L L  (X T ) 0 . 5 2 8 0 . 5 5 1 ( 0 . 1 7 0 , 0 . 8 8 6 ) ( 0 . 3 1 4 , 1 . 2 0 5 ) 0 . 1 8 19

Tran sform ed  D ata  (Ln)

T y p e S k e w n e ss S t . E r r o r K u r t o s i s S t . E r r o r

L I  (X T ) - - - -

CR  (X T ) 0 . 5 3 0 0 . 7 3 8 - 0 . 6 9 7 1 . 4 7 7

N F  (X T ) - 0 . 2 0 2 0 . 9 2 6 - 1 . 1 0 9 1 . 8 5 2

A L L  (X T ) 0 . 1 8 0 0 . 5 6 2 - 0 . 8 6 4 1 . 1 2 4

W eibu ll D istribution

T y p e 0 a C . L .  ((3) C . L .  ( a) K S T S i z e

L I  (X T ) - - - - - 1

CR  (X T ) 1 . 2 8 5 2 . 2 8 5 ( 0 . 6 5 2 , 1 . 8 7 3 ) ( 1 . 2 2 9 , 4 . 3 0 2 ) 0 . 2 1 11

N F  (X T ) 1 . 6 4 1 2 . 3 2 9 ( 0 . 6 2 2 , 2 . 5 6 8 ) ( 1 . 1 7 7 , 4 . 8 2 7 ) 0 . 0 9 7

A L L  (X T ) 1 . 4 0 1 2 . 4 4 8 ( 0 . 8 7 4 , 1 . 8 9 6 ) ( 1 . 6 3 4 , 3 . 6 4 6 ) 0 . 1 5 19
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Log n orm a l D istribution

Table 5.3.4.2: Distribution results for Defect Length for Case (D)
[defect location STA]

T y p e V- O’2 C . L .  (fi) C . L .  ( a 2 ) K S T S i z e

LI  (X T ) - - - - - 1

CR (X T ) 3 . 9 7 7 2 . 4 0 9 ( 2 . 9 3 3 , 5 . 0 1 2 ) ( 1 . 1 7 6 , 7 . 4 1 2 ) 0 . 1 2 11

N F (X T ) 3 . 7 6 9 0 . 2 6 2 ( 3 . 2 9 5 , 4 . 2 4 3 ) ( 0 . 1 0 9 , 1 . 2 6 8 ) 0 . 1 5 7

A L L  (X T ) 3 . 7 7 6 1 . 7 1 1 ( 3 . 1 4 6 , 4 . 4 0 6 ) ( 0 . 9 7 7 , 3 . 7 4 2 ) 0 . 1 2 19

T ran sfo rm ed  D ata  (Ln)

T y p e S k e w n e ss S t . E r r o r K u r t o s  i s S t . E r r o r

L I  (X T ) - - - -

CR  (X T ) 0 . 1 1 1 0 . 7 3 8 - 1 . 2 2 8 1 . 4 7 7

N F  (X T ) 0 . 1 1 4 0 . 9 2 6 - 1 . 1 7 5 1 . 8 5 2

A L L  (X T ) 0 . 2 1 4 0 . 5 6 2 - 0 . 3 8 4 1 . 1 2 4

W eib u ll D istribu tion

T y p e (3 Q! C . L .  ((3) C . L .  ( a ) K S T S i z e

L I (X T ) - - - - - 1

CR (X T ) 0 . 7 0 2 1 1 2 . 6 2 5 ( 0 . 3 5 6 , 1 . 0 2 3 ) ( 3 6 . 1 8 8 , 3 5 8 . 5 9 1 ) 0 . 1 2 11

N F (X T ) 2 . 1 5 3 5 5 . 1 2 9 ( 0 . 8 1 5 , 3 . 3 6 9 ) ( 3 2 . 7 6 9 , 9 6 . 0 8 0 ) 0 . 1 1 7

A L L (X T ) 0 . 7 5 8 8 3 . 6 6 9 ( 0 . 4 7 3 , 1 . 0 2 6 ) ( 3 9 . 6 5 3 , 1 7 4 . 6 9 1 ) 0 . 1 1 19
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Lo g n o rm a l D istribution

Table 5.3.4.3: Distribution results for the Ratio (Defect Length)/(L3) for Case (D)
fdefect location ST A]

T y p e V- O’2 C . L .  (fl) C . L .  (cr2) K S T S i z e

L I  (X T ) - - - - - 1

C R  (X T ) 3 . 5 3 1 3 . 0 0 5 ( 2 . 3 5 6 , 4 . 7 0 6 ) ( 1 . 4 9 2 , 9 . 1 4 ) 0 . 1 4 11

N F  (X T ) 3 . 2 5 2 0 . 4 9 9 ( 2 . 5 9 8 , 3 . 9 0 6 ) ( 0 . 2 0 7 , 2 . 4 1 4 ) 0 . 1 8 7

A L L  (X T ) 3 . 2 4 8 2 . 4 6 1 ( 2 . 4 9 2 , 4 . 0 0 4 ) ( 1 . 4 0 5 , 5 . 3 8 2 ) 0 . 1 5 19

T ran sfo rm ed  D ata  (Ln)

T y p e S k e w n e ss S t . E r r o r K u r t o s  i s S t . E r r o r

L I  (X T ) - - - -

CR (X T) 0 . 0 6 4 0 . 7 3 8 - 0 . 8 0 0 1 . 4 7 7

N F  (X T ) 0 . 3 5 9 0 . 9 2 6 - 1 . 6 1 4 1 . 8 5 2

A L L  (X T ) - 0 . 0 0 2 0 . 5 6 2 - 0 . 0 0 3 1 . 1 2 4

W eib u ll D istribution

T y p e P ot C . L .  (0) C . L .  ( a ) K S T S i z e

L I (X T ) - - - - - 1

CR (X T ) 0 . 6 1 2 7 9 . 1 7 3 ( 0 . 3 1 0 , 0 . 8 9 2 ) ( 2 1 . 5 2 8 , 2 9 8 . 8 8 7 ) 0 . 1 4 11

N F (X T ) 1 . 5 3 5 3 6 . 2 6 7 ( 0 . 5 8 1 , 2 . 4 0 2 ) ( 1 7 . 4 8 4 , 7 9 . 0 4 8 ) 0 . 1 3 7

A L L (X T ) 0 . 6 4 5 5 5 . 4 3 2 ( 0 . 4 0 2 , 0 . 8 7 3 ) ( 2 3 . 0 4 9 . 1 3 1 . 6 6 7 ) 0 . 1 4 19
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Table 5.3.5.1: Correlation results for dimension LI for Cases (A) and (B)
fdefect locations ST and STC]

T y p e r L I  -  a , + a 2 ( D e f . L e n )

T r a n s f o r m e d  d a t a  ( L n )

S i z e

r C . L .  ( r )

L I (X T ) - 0 . 0 7 9 L I  -  3 . 7 0 8 - 0 . 0 0 2 D L - 0 . 0 3 1 ( - 0 . 1 9 6 , 0 . 1 3 6 ) 139

CR (X T ) - 0 . 1 2 9 L I  -  1 . 6 2 2 - 0 . 0 0 2 D L - 0 . 1 2 3 ( - 0 . 3 7 6 , 0 . 1 4 7 ) 55

N F (X T ) - 0 . 1 3 1 L I  = 1 . 1 8 1 - 0 . 0 0 1 D L - 0 . 1 5 1 ( - 0 . 5 5 6 , 0 . 3 1 2 ) 20

A L L (X T ) - 0 . 0 8 1 L I  -  2 . 9 3 9 - 0 . 0 0 2 D L - 0 . 0 4 6 ( - 0 . 1 7 9 , 0 . 0 8 9 ) 214

L I (B) 0 . 2 9 2 L I  -  3 . 8 5 1 + 0 . 0 0 4 D L 0 . 2 0 8 ( - 0 . 0 5 3 , 0 . 4 4 2 ) 58

Table 5.3.5.2: Correlation results for dimension LW (and L2 = 0) for Case (C) under SMAW
[defect locations SW and SWC1

T y p e r L I  -  a 1+ a 2 ( D e f . L e n )

T r a n s f o r m e d  d a t a  ( L n )

S i z e

r C . L .  ( r )

L I  (X T ) 0 . 0 9 3 LW -  6 . 9 8 1 + 0 . 0 0 6 D L 0 . 1 5 1 ( - 0 . 1 1 2 , 0 . 3 9 4 ) 58

CR  (X T ) - 0 . 2 9 6 LW -  5 . 3 7 1 - 0 . 0 0 7 D L - 0 . 2 0 4 ( - 0 . 6 7 9 , 0 . 3 9 1 ) 13

N F  (X T ) - - - - 3

A L L  (X T ) 0 . 0 6 6 LW -  6 . 7 5 2 + 0 . 0 0 4 D L 0 . 1 1 8 ( - 0 . 1 1 3 , 0 . 3 3 7 ) 74

Table 5.3.5.3: Correlation results for dimension LW (and L2 = 0) for Case (C) under GMAW
[defect locations SW and SWC1

T y p e r L I  — a , + a 2 ( D e f . L e n )

T r a n s f o r m e d  d a t a  ( L n )

S i z e

r C . L .  ( r )

L I (X T ) - 0 . 0 6 7 LW -  1 1 . 7 7 6 - 0 . 0 0 3 D L - 0 . 1 3 8 ( - 0 . 5 4 7 , 0 . 3 2 4 ) 20

CR (X T ) - 0 . 5 5 5 LW -  5 . 1 5 4 - 0 . 0 4 3 D L - 0 . 4 9 2 ( - 0 . 8 8 9 , 0 . 3 2 5 ) 8

NF (X T ) - - - - 1

A L L (X T ) 0 . 0 4 1 LW -  9 . 3 5 6 + 0 . 0 0 2 D L - 0 . 1 6 1 ( - 0 . 4 9 8 , 0 . 2 1 8 ) 29
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Table 5.3.5.4: Correlation results for dimension L3 for Case (D)
[defect location STA1

T y p e r L I  — a i + a 2 ( D e f . L e n )

T r a n s f o r m e d  d a t a  ( L n )

S i z e

r C . L .  ( r )

L I ( X T ) - - - - 1

CR ( X T ) - 0 . 0 4 6 L3 = 2 . 1 4 6 - 0 . 0 0 0 4 D L - 0 . 0 3 1 ( - 0 . 6 1 9 , 0 . 5 8 0 ) 11

N F (X T ) 0 . 3 3 2 L3 = 1 . 1 7 1 + 0 . 0 1 8 D L 0 . 3 9 0 ( - 0 . 5 1 4 , 0 . 8 8 4 ) 7

A L L (X T ) - 0 . 0 6 2 L3 -  2 . 2 7 1 - 0 . 0 0 0 6 D L - 0 . 1 0 3 ( - 0 . 5 3 2 , 0 . 3 6 8 ) 19
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statistically insignificant to support a linear relationship .

F u rth e rm o re , statistical tests on  the transform ed data using the T  statistic (see section  

5.1 .3) h igh ligh t the com plete  independence o f  the logarithm  o f  the defect length and  

depth  variables in  a ll cases. 95% confidence intervals fo r  the co rre la tion  coeffic ient  

o f  the  transform ed data are shown in  tables 5.3.5.1 to 5 .3 .5 .4 .

F igures 5 .3 .5.1  to 5 .3 .5 .8  show  selective plots o f  defect depth  versus defect length  

and o f  the ir natural logaritham s. T h e  com plete  scatter in  the data is apparent in  all 

plots. T h e  end  points o f  the regressions curve are m arked  as Y  and are shown in  

the two vertica l scales o f  the plots.

5 .3 .6  C on clus ion s

T h e  depth  o f  su rface-b reak ing  defects has been show n to be strongly dependent on  

the defect type category ( C R , N F ,  LI) and on  defect location  (toe defects in  the 

continuous and  abutting m em bers and weld defects) as discussed below . Converse ly , 

d ifferences betw een cru ciform s and tee butts have been found  to be virtually  

n o n -ex is ten t across defect type and location . F o r  this reason, d istribution param eters  

were obta ined fo r  the m erged sam ple o f cru ciform s and tee butts. D ifferen ces

betw een fabricators and m ain  node locations have also been shown to be insignificant. 

H ow e ve r, it is evident that the sam ple sizes w ere often  too sm all to a llow  firm  

conclusions to be draw n about the in fluence o f  the oth er param eters such as orig inal 

w elding procedure  and w elding position  .

P late  butt toe defects w ere fou nd  to be all o f  the linear in d ication  type and  showed 

a m ean  depth  o f  4 .2 m m , 0 .7 m m  in  excess o f  the corresponding  value fo r  cruciform s  

and tee butts. In the latter case, there was little  variation  betw een crack  and

n o n -fu s io n  defects where the m ean  depth  is about one th ird  o f  the above value. 

G re a te r  variations between defect types were observed in  toe defect angles. Average  

values fo r  C R  and N F  defects w ere about 20*, whereas in  linear ind ications the m ean

angle was 29* fo r  cru ciform s and tee butts and 41* fo r  p late butts. It should be

noted that angles fo r  a ll defects types in  cru ciform s and tee butts range fro m  3* to 

45* w hile  the L I  flaws in  plate butts cover an interval o f  15* to 90*.

In m ost cases exam ined, the w elding process was n ot found  to have a significant 

in flu en ce  and  it has been shown to be in fluentia l o n ly  in  defects occu rring  in  the 

weld (i.e . the S W  and S W C  positions). T h e  m ean  defect depth  observed fo r  the L I  

type in  X T  welds was 8 .3 6m m  but was found  to be m arked ly  d ifferen t fo r  the two 

w elding processes (7.36m m  fo r  S M A W  and 11 .50m m  fo r  G M A W ) .
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T h e  sam ple sizes fo r  toe defects in  the abutting m em ber w ere very sm all in  

com parison  w ith those fo r  the S T ( S T C )  and S W (S W C )  positions. T h e  m ean  defect 

depth  was nevertheless found  not to be sign ificantly  d ifferen t fo r  the n o n -fu s io n  and  

crack  defects, both  values being in  the order o f 2m m .

N o  sign ificant d ifferences in  defect length were fou nd  fo r  toe defects, betw een defect 

types, the m ean values a ll being in  the reg ion  o f  85m m . Som ew hat low er average 

values w ere observed fo r  w eld defects fo r both  w elding processes (about 65m m ).

T h e  d ifferences in  the values o f defect depth  and length exhib ited  the toe (ST  and  

S T C )  and w eld (SW  and S W C )  defect locations resulted in  sm all m ean  aspect ratios 

fo r  the latter (about 12) but appreciab ly  fo r  the fo rm e r (about 60 in  cru ciform s and  

tee butts and 23 in  plate butts).

T h e  lo gnorm al and W e ib u ll distributions were the m ain  m odels w h ich  w ere fitted to  

the data. T h e  K o lm o g o ro v -S m irn o v  g o o d n e ss-o f-fit  test showed on  average a better 

fit fo r  the lognorm al m odel. O n e  o f the reasons fo r the relative ly  h igh  K S T  values 

fo r  the depth  d im ension  is the lum ping  o f defect sizes in to  a num ber o f  discrete  

(rounded) values. T h is  is an unfortunate consequence o f  the m easuring lim itations.

F in a lly , very little statistical evidence was fou nd  fo r  any linear relationship  between  

defect depth  and length , and their d istributions have been found  to be statistically  

independent in  a ll three defect locations.

5 .3 .7  C om parison s w ith other Published D ata

In the light o f the results o f  the previous sections, the fo llow ing  classification is 

in troduced  to m ake com parisons with other m odels d irect and feasible.

C A S E  A1 : S u rface-break in g  toe defects ( S T ,S T C )  in  a continuous m em ber  

[cruciform s and  tee butts, fig . 5 .3 .1 .2  see (B)]

C A S E  A 2  : S u rface-break in g  toe defects ( S T A )  in  an  abutting m em ber

[cruciform s and tee butts, fig . 5 .3 .1 .2  see (D)]

C A S E  A 3  : S u rface-break in g  weld defects (S W ,S W C )  w elded w ith the S M A W  

process [cruciform s and tee butts, fig . 5 .3 .1 .2  see (C)]

C A S E  A 4  : S u rface-break in g  weld defects (S W ,S W C )  w elded w ith the G M A W
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process [cruciform s and tee butts, fig . 5 .3 .1 .2  see (C)]

C A S E  A 5  : S u rface -b reak in g  toe defects ( S T .S T C )  in  a continuous m em ber  

[plate butts, fig . 5 .3 .1 .2  see (A)]

F igures 5.3 .7.1 and 5 .3 .7 .2  show  the com plem entary  lognorm al cum ulative  distriutions 

respectively  fo r  defect depth  and  defect length fo r  the above five cases. F ig . 5.3.7.1  

shows also the W e ib u ll probabilities obtained by Rogerson  and W o n g  [71] from  data 

due to  K ih a ra  et a l [83]. T h e  sam e figure also shows the lognorm al fit by  H ansen  

[81] to the B ech e r and  H ansen  data [80] and  the M arsh a ll d istribution  [79]. It is 

interesting to note that apart from  the extrm e case fo r  the data due to K ih a ra  et a l, 

there is a broad sim ilarity  betw een the various distributions in  o ffshore structures and  

in  reacto r vessels. H ow e ve r, data from  various sources show that the distribution o f  

defect size varies considerably  fro m  one app lication  to another. F o r  exam ple, the 

distributions show  that the probab ility  o f  a defect exceeding a depth  o f  20m m  varies 

betw een about 10-1  to 10- 4 .

A  detailed  exam ination  o f  fig . 5.3.7.1 shows that the com p lem entary  cum ulative  

probabilities fo r  w eld defects under thw  S M A W  process obtained in  the present study 

(fig. 5 .3 .7.1 case A 3 ) are  very sim ilar to the M arsh a ll estim ates whereas the  

probabilities fo r  toe defects in  an abutting m em ber (fig. 5 .3 .7.1 case A 2 )  are alm ost 

identica l to those obtained by H ansen . F u rth e rm o re , toe defects in  a continuous

m em ber (case A l )  fa ll m id -w a y  between the estimates by  M a rsh a ll and H ansen . T h e  

highest probabilities are seen to correspond to the su rface-b reak ing  w eld defects under  

G M A W  (case A 4  o f fig . 5 .3 .7 .1 ) w hich  were obtained in  the present study.
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5 .4  E m b e d d e d  D e fec ts

5.4.1 D e fe c t Characteristics

T h e  defects w hich  are analysed in  this section were detected and  subsequently sized 

by ultrasonice ( U T ) .

T h e  total n um ber o f  em bedded defects fo r  each m ain  location  (node, see section 3.1) 

and type o f  w elded jo in t ( X ,T ,B  see section 3.2) is shown below  in  table 5 .4 .1 .

L o c a t  io n T y p e  o f  W e l d e d  J o i n t

X T B T O T A L

N ode  1 896 689 98 1683

N o d e  2 1401 685 204 2 2 9 0

N ode  3 92 2 572 23 2 1726

N o d e  4 787 497 231 1515

N o d e  5 333 240 29 60 2

N o d e  6 293 178 14 485

A l l  N o d e s 4 6 3 2 2861 808 8301

T a b le  5.4.1 N u m b er o f  em bedded defects detected by  U T

T h is  shows the absolute num ber o f  defects detected, as opposed to the n um ber o f  

defective welds.

T h e  defect characteristics w hich have been included  in  the analuysis are as fo llow s:

-  defect w idth , w

-  defect length , L  (in d irection  o f  welding)

-  defect aspect ratio , e (taken as L/w)

T h e  lognorm al and  W e ib u ll d istributions were fitted to the data. H o w e ve r, greater 

em phasis was given to the lognorm al d istribution  fo r  w hich  there is a theoretical 

justification  fo r  its use (see section 5 .1 .1).



192

F o r  the purpose o f  d istribution  fitting, the data have been su b -d iv id e d  accord ing to 

type o f  welded jo in t ( X ,T ,B ,  see section 3.2), defect type ( N F , S L ,  C R ,  IP, P O ,  see 

section 3.3), w eld ing process ( S M A W , G M A W ,  see section 3 .4), orig ina l w elding  

procedure (W 6, W 8 , W 3 , W 5 , see section 3.5), defect zone (X , Y ,  see section 3.6), 

lo cation  in  the structure (nodes 1 to 6, see section 3.1) and  fab rica tor (see section  

3.6). T h e  in flu en ce  o f each one o f these param eters was ca re fu lly  exam ined.

T h e  three quantities, defect w idth, defect length and defect aspect ratio , are discussed 

below  in  turn .

5 .4 .2  D e fe c t W id th

P re lim in ary  analysis o f  the data fo r  the param eter w  showed that the sam ple statistics 

fo r  defect w idth do  not d iffe r  s ign ificantly  between d ifferent locations in  the structure  

(nodes 1 to 6) o r  betw een the d ifferent defect zones X  and Y .  T h is  result is o f  

considerable interest since the defect occurrence rate was fou nd  to be sign ificantly  

differen t fo r  d ifferen t positions in  the structure (see chapter 4). It should also be  

noted that the frequency  o f  occurrence o f the various defect types was found  in  

chapter 4 to depend on  defect zone. In addition , to  the above, the statistics fo r  

defect w idth w ere fou nd  to be reasonably independent o f  fabricator.

F o r  the purpose o f  d istribution  fitting, the data have been su b -d iv id e d  accord ing  to  

w elding process, defect type and accord ing  to types o f  w elded jo in t. Because the  

sam e w elding procedures were used fo r  both tee butt and  cru c ifo rm  jo ints and  

because o f the sim ilarities in  th e ir sum m ary statistics fo r defect w idth , the data fo r  

tee butts (T) and cru ciform s (X) have been m erged (X T ) . P late  butts (B) have been  

kept and treated separately.

T h e  data fo r  defect w idth w  are shown in  the form  o f  histogram s in  figures 5.4.2.1  

and 5 .4 .2 .2  fo r  the S M A W  w elding process and in  figures 5 .4 .2 .3  and 5 .4 .2 .4  fo r  the  

G M A W  w elding process, and include defects o f a ll types. Particu la rly  im portant are  

the d ifferences in  defect w idth statistics fo r  the various defect types, w hich  app ly  

across a ll types o f w elded jo ints and w elding processes. S lag inclusion  defects have  

the sm allest m ean  w  d im ension  w ith values ranging from  2.7 m m  to  2.9  m m . W ith  

the exception  o f  the incom plete  penetration  (IP) defects in  X T  jo ints u nder the 

S M A W  process (F ig  5 .4 .2 .1 ), c ra ck - lik e  defects (C R )  have the largest m ean z  

dim ensions ranging from  8.5  m m  to 10.8 m m . Com parison s betw een the two types 

o f  w elded jo in t X T  and B  show  that the m ean value statistics fo r B  Jo in ts  are  

consistently sm aller than the corresponding ones in  the X T  jo in ts fo r  both  w elding  

processes and fo r  a ll defect type categories.
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SYMBOL COUNT
MV A 1484
SL ■ 481
CR C 72
IP 0 55
PO > 2 0
EAOI SYMBOL REPRESENTS

M M  ST.DCV.
5.449 4.439
2.784 1.544
10.417 7.142
4.527 5.784
4.450 5.354 

1 OBSERVATIONS

INTERVAL FREQUENCY PERCENTAGE
NAME 5 10 15 20 25 30 35 40 1NT. CUN. INT. CUN.

2.20000 583 583 25.2 25.2
3.30000 484 1249 29.7 54.9
4.40000 ♦AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA* 272 1541 11.8 44.7
5.50000 ♦AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA* 194 1737 8.5 75.1
4.40000 ♦AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA* 92 1829 4.0 79.1
7.70000 ♦ AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA* 74 1903 3.2 82.3
8.80000 ♦AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA* 57 1940 2.5 84.8
9.90000 • AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACCCDDE 37 1997 1.4 84.4
11.0000 ♦AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA* 110 2107 4.8 91.1
12.1000 ♦AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACCCCD 38 2145 1.4 92.8
13.2000 ♦AAAAAAAAAAACDE 14 2159 .4 93.4
14.3000 ♦AAAAAAAAAAAAAAAAACCCD 21 2180 .9 94.3
15.4000 ♦AAAAAAAAAAAAAAAAAAAAAAAAAAACCCCCCDOO 34 2218 1.4 95.8
14.5000 ♦AAAAAAAAADEE 12 2228 .5 94.4
17.4000 ♦AAAAACC 7 2235 .3 94.7
18.7000 MftfWWSftWWWtfCT 27 2242 1.2 97.8
19.8000 ♦AA 2 2244 .1 97.9
20.9000 •AAAAAAAAAAABC 13 2277 .4 98.5
22.0000 ♦AAAAAAB 7 2284 .3 98.8
23.1000 ♦AACCC 5 2289 .2 99.0
24.2000 ♦A 1 2290 .0 99.0
25.3000 ♦AAAAACCCC 9 2299 .4 99.4
24.4000 *D 1 2300 .0 99.5
27.5000 0 2300 .0 99.5
28.4000 ♦A 1 2301 .0 99.5
29.7000 ♦A 1 2302 .0 99.4
30.8000 ♦AAAAD 5 2307 .2 99.8
31.9000 0 2307 .0 99.8
33.0000 0 2307 .0 99.8
34.1000 ♦A 1 2308 .0 99.8
35.2000 ♦AA 2 2310 .1 99.9
34.3000 0 2310 .0 99.9
37.4000 ♦C 1 2311 .0 100.0
38.5000 0 2311 .0 100.0
39.4000 0 2311 .0 100.0
40.7000 ♦A 1 2312 .0 100.0
41.8000 0 2312 .0 100.0
42.9000 0 2312 .0 100.0

5 10 IS 20 25 30 35 40

: IISTOGRAN FOR DEPICT U10TI IN XT J01ITTS 
UNDER THE CHAM PROCESS

FIGURE 5.4.2.3

INTERVAL
NAME

SYMBOL COUNT 
NF A 58 
SL B 27 
CR C O  
IP D O  
PO E 0 
EACH SYMBOL REPRESENTS

5 10 15 20 25

K A N  ST.DCV.
3.584 2.504 
2.704 .724 
.000 .000 
.000 .000 
.000 .000 
1 OBSERVATIONS

FREQUENCY PERCENTAGE
30 35 40 INT. CUM. INT. CUN.

.500000 0 0 .0 .0
1.00000 ♦A 1 1 1.2 1.2
1.50000 0 1 .0 1.2
2.00000 ♦AAAAAAAAAAAAAAAA1BBB888B88B 27 28 31.8 32.9
2.50000 0 28 .0 32.9
3.00000 BBS 40 48 47.1 80.0
3.50000 0 48 .0 80.0
4.00000 ♦AAB 3 71 3.5 83.5
4.50000 0 71 .0 83.5
5.00000 ♦AAAAAAAAB 9 80 10.4 94.1
5.50000 0 80 .0 94.1
4.00000 ♦A 1 81 1.2 95.3
4.50000 0 81 .0 95.3
7.00000 ♦A 1 82 1.2 94.5
7.50000 0 82 .0 94.5
8.00000 ♦A 1 S3 1.2 97.4
8.S0000 0 83 .0 97.4
9.00000 0 S3 .0 97.4
9.50000 0 S3 .0 97.4
10.0000 ♦A 1 84 1.2 98.8
10.5000 0 84 .0 98.8
11.0000 0 84 .0 98.8
11.5000 0 84 .0 98.8
12.0000 0 84 .0 98.8
12.5000 0 84 .0 98.8
13.0000 0 84 .0 98.8
13.5000 0 84 .0 98.8
14.0000 0 84 .0 98.8
14.5000 0 84 .0 98.8
15.0000 0 84 .0 98.8
15.5000 0 84 .0 98.8
14.0000 0 84 .0 98.8
14.5000 0 84 .0 98.8
17.0000 0 84 .0 98.8
17.5000 0 84 .0 98.8
18.0000 ♦A 1 85 1.2 100.0
18.5000 0 85 .0 100.0
19.0000 0 85 .0 100.0

5 10 15 20 25 30 35 40

FICURE 5.4.2.4 : HISTOCRAM FOR DEPICT MIDTE IN B JOINTS 
UNDER THE Q4AM PROCESS

/
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T a b le s  5.4.2.1 and 5 .4 .2 .3  show  the lognorm al and W e ib u ll param eters fo r  all defect 

categories. T h e y  also include tw o-sided  95% confidence  intervals fo r  the param eters  

and the corresponding  g o o d n e ss-o f-fit  statistic (K S T ) . O n e  o f  the reasons fo r  the  

re lative ly  h igh  K S T  values fo r  the w idth dim ension  is the lu m pin g  o f defect sizes into  

a n um ber o f  discrete (rounded) values. T h is  is an unfortunate  consequence o f  the  

m easuring lim itations. T a b le  5 .4 .2 .2  shows in  add ition  the coeffic ients o f  skewness 

and kurtosis, together w ith their standard errors, fo r the transform ed d im ension  fin 

(width). T h e se  statistics can be used as tests o f n orm a lity  in  add ition  to the K S T  

values shown in  table 5 .4 .2 .1 .

F igures 5 .4 .2 .5  to 5 .4 .2 .13  show  the various com p lem entary  cum ulative w idth  

distributions fo r  the lognorm al fit. T h e se  plots were grouped in a num ber o f ways 

to enable com parisons to be m ade across all param eters w hich  were involved in  the 

analysis. F igures 5 .4 .2 .5  to 5 .4 .2 .8  contain  plots o f the distributions w ith in  each jo in t  

type and w elding process. F ro m  these figures the im portance  o f  defect type on  the 

defect w idth statistics is further h igh lighted. A s  a result o f  this, the com plem entary  

cum ulative w idth probabilities fo r the various categories were regrouped and are  

show n fo r  each  defect type ( N F , S L ,  C R ,  IP, P O )  in  figures 5 .4 .2 .9  to 5 .4 .2 .13 .

F ro m  these plots it is evident that fo r  a ll widths o f  defect:

-  T h e  com p lem entary  cum ulative probabilities are sm aller in  B  jo ints as com pared

with X T  jo ints across each defect type and w eld ing process category (Figures

5 .4 .2 .9  to 5 .4 .2 .13),

Slag inclusion  defects are associated with the sm allest probabilities and their

distributions are very sim ilar fo r  a ll jo in t types and fo r  both  w elding processes 

(Fig . 5 .4 .2 .10),

-  T h e  w elding process has very little effect except in  the cases o f incom plete

penetration  and porosity defects (Figures 5 .4 .2 .12  and 5 .4 .2 .13).
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T y p e S a m p le /* C . L a 2 C . L K . S . T

X T -N F-S M A W 3 4 9 8 1 . 5 1 9 ( 1 . 4 9 7 , 1 . 5 4 1 ) 0 . 4 2 3 ( 0 . 4 0 4 , 0 . 4 4 4 ) 0 . 1 8

X T -S L-S M A W 858 0 . 9 9 4 ( 0 . 9 6 9 , 1 . 0 1 9 ) 0 . 1 3 9 ( 0 . 1 2 7 , 0 . 1 5 4 ) 0 . 2 6

X T-C R -S M A W 154 2 . 1 7 2 ( 2 . 0 6 4 , 2 . 2 8 0 ) 0 . 4 7 1 ( 0 . 3 8 1 , 0 . 5 9 7 ) 0 . 0 9

X T -IP -S M A W 197 2 . 3 2 0 ( 2 . 2 0 4 , 2 . 4 3 6 ) 0 . 6 9 4 ( 0 . 5 7 5 , 0 . 8 5 5 ) 0 . 1 9

X T-P O -SM A W 44 1 . 7 4 4 ( 1 . 6 1 5 , 1 . 8 7 3 ) 0 . 1 7 9 ( 0 . 1 2 2 , 0 . 2 8 7 ) 0 . 1 9

B -N F-SM A W 40 9 1 . 2 2 0 ( 1 . 1 7 3 , 1 . 2 6 7 ) 0 . 2 3 1 ( 0 . 2 0 2 , 0 . 2 6 6 ) 0 . 2 4

B -S L-S M A W 254 0 . 9 6 5 ( 0 . 9 2 5 , 1 . 0 0 5 ) 0 . 1 0 6 ( 0 . 0 9 0 , 0 . 1 2 7 ) 0 . 2 4

B -CR -SM A W 12 1 . 9 3 4 ( 1 . 5 2 7 , 2 . 3 4 1 ) 0 . 4 1 0 ( 0 . 2 0 6 , 0 . 1 8 1 ) 0 . 1 9

B -IP -S M A W 13 1 . 4 5 2 ( 1 . 1 6 2 . 1 . 7 4 2 ) 0 . 2 3 0 ( 0 . 1 1 8 , 0 . 6 2 7 ) 0 . 2 3

B-PO -SM AW 5

X T-N F-G M A W 1684 1 . 4 5 6 ( 1 . 4 2 5 , 1 . 4 8 7 ) 0 . 4 1 3 ( 0 . 3 8 6 , 0 . 4 4 2 ) 0 . 1 9

X T -S L-G M A W 481 0 . 9 4 8 ( 0 . 9 1 6 , 0 . 9 8 0 ) 0 . 1 2 6 ( 0 . 1 1 1 , 0 . 1 4 4 ) 0 . 2 7

X T-CR -G M A W 72 2 . 1 1 6 ( 1 . 9 5 2 , 2 . 2 8 0 ) 0 . 4 8 6 ( 0 . 3 5 9 , 0 . 6 9 6 ) 0 . 0 9

X T -IP -G M A W 55 1 . 5 9 9 ( 1 . 4 0 7 , 1 . 7 9 1 ) 0 . 5 0 6 ( 0 . 3 5 9 , 0 . 7 6 8 ) 0 . 1 6

XT-PO -G M AW 20 1 . 5 6 0 ( 1 . 1 9 3 , 1 . 9 2 7 ) 0 . 6 1 8 ( 0 . 3 5 7 , 1 . 3 3 6 ) 0 . 2 2

B-N F-G M AW 58 1 . 1 4 3 ( 1 . 0 1 9 , 1 . 2 6 7 ) 0 . 2 2 4 ( 0 . 1 6 0 , 0 . 3 3 6 ) 0 . 2 8

B -S L-G M A W 27 0 . 9 6 3 ( 0 . 8 6 3 , 1 . 0 6 3 ) 0 . 0 6 4 ( 0 . 0 4 0 , 0 . 1 2 1 ) 0 . 3 0

Table 5.4.2.1: Lognormal parameters -  Defect Width
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T y p e S a m p le S k e w n e ss S . E K u r t o s i s S . E

X T -N F-S M A W 3 4 9 8 0 . 7 3 9 0 . 0 4 1 - 0 . 1 6 5 0 . 0 8 3

X T -S L -S M A W 858 1 . 5 7 8 0 . 0 8 4 4 . 0 7 3 0 . 1 6 7

X T -C R -S M A W 154 - 0 . 4 2 9 1 . 1 9 7 - 0 . 2 2 2 0 . 3 9 5

X T -IP -S M A W 197 - 0 . 5 3 0 1 . 1 7 4 - 1 . 2 1 2 0 . 3 4 9

XT-P O -S M A W 44 0 . 7 4 0 0 . 3 6 9 - 0 . 2 2 8 0 . 7 3 8

B -N F-S M A W 40 9 1 . 0 8 8 1 . 1 2 1 1 . 7 8 9 0 . 2 4 2

B -S L -S M A W 254 0 . 0 6 6 0 . 1 5 4 0 . 8 5 7 0 . 3 0 7

B -CR -SM A W 12 0 . 5 9 6 0 . 7 0 7 - 1 . 1 6 9 1 . 4 1 4

B -IP -S M A W 13 0 . 3 1 9 0 . 6 7 9 - 1 . 1 5 9 1 . 3 5 9

B -PO -SM AW <

X T-N F-G M A W 1684 0 . 8 1 9 0 . 0 6 0 - 0 . 0 2 2 0 . 1 1 9

X T -S L-G M A W 481 1 . 2 6 9 0 . 1 1 2 4 . 7 5 3 0 . 2 2 3

X T -C R -C M A W 72 - 0 . 0 9 9 0 . 2 8 9 - 0 . 8 3 4 0 . 5 7 7

X T -IP -G M A W 55 0 . 6 0 6 0 . 3 3 0 - 0 . 5 0 7 0 . 6 6 1

XT-PO -G M A W 20 0 . 4 0 5 0 . 5 4 8 - 1 . 4 2 3 1 . 0 9 5

B-N F-G M AW 58 1 . 0 3 5 0 . 3 2 2 2 . 2 1 2 0 . 6 4 3

B -S L-G M A W 27 0 . 3 8 0 0 . 4 7 1 - 0 . 5 3 5 0 . 9 4 3

Table 5.4.2.2: Coefficients of skewness and kurtosis for In (Width)
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T y p e S a m p le
A

0 C . L c t C . L K . S . T

X T -N F-S M A W 3 4 9 8 1 . 3 9 2 ( 1 . 3 5 5 , 1 . 4 3 1 ) 6 . 4 5 6 ( 6 . 2 8 8 ,  6 . 6 2 8 ) 0 . 1 8

X T -S L -S M A W 858 1 . 8 9 7 ( 1 . 7 9 8 , 2 . 0 0 7 ) 3 . 3 3 5 ( 3 . 2 0 7 ,  3 . 4 6 8 ) 0 . 2 7

X T -C R -S M A W 154 1 . 6 7 4 ( 1 . 4 8 2 , 1 . 9 2 3 ) 1 2 . 1 8 5 ( 1 0 . 9 7 7 , 1 3 . 5 2 6 ) 0 . 0 9

X T - IP-SMAW 197 1 . 5 8 9 ( 1 . 4 2 6 , 1 . 7 9 4 ) 1 5 . 0 0 8 ( 1 3 . 6 1 7 , 1 6 . 5 4 1 ) 0 . 1 6

XT-P O -S M A W 44 2 . 1 7 1 ( 1 . 6 3 3 . 2 . 6 8 7 ) 7 . 1 4 8 ( 6 . 0 7 8 ,  8 . 3 6 4 ) 0 . 1 9

B -N F-SM A W 40 9 1 . 6 4 3 ( 1 . 5 2 2 , 1 . 7 8 5 ) 4 . 3 9 7 ( 4 . 1 1 9 ,  4 . 6 9 4 ) 0 . 2 2

B -S L -S M A W 254 2 . 9 2 9 ( 2 . 6 6 1 , 3 . 2 5 7 ) 3 . 0 9 4 ( 2 . 9 5 3 ,  3 . 2 4 1 ) 0 . 2 7

B -CR -SM A W 12 1 . 5 6 4 ( 0 . 8 2 6 , 2 . 2 5 0 ) 9 . 5 6 7 ( 5 . 9 1 5 , 1 5 . 5 7 3 ) 0 . 1 6

B -IP -S M A W 13 2 . 1 7 5 ( 1 . 1 8 8 , 3 . 0 9 4 ) 5 . 4 1 7 ( 3 . 9 0 1 ,  7 . 5 3 9 ) 0 . 1 9

R DO CMA11/ <

X T -N F-C M A W 16 84 1 . 3 8 2 ( 1 . 3 3 0 , 1 . 4 3 8 ) 6 . 0 4 5 ( 5 . 8 1 8 ,  6 . 2 8 1 ) 0 . 1 9

X T -S L-G M A W 481 1 . 9 0 9 ( 1 . 7 7 9 , 2 . 0 6 0 ) 3 . 1 3 4 ( 2 . 9 7 6 ,  3 . 3 0 1 ) 0 . 2 5

X T -C R -C M A W 72 1 . 5 7 2 ( 1 . 2 7 1 , 1 . 8 6 9 ) 1 1 . 6 7 4 ( 9 . 8 3 8 , 1 3 . 7 9 1 ) 0 . 1 0

X T -IP -G M A W 55 1 . 3 2 0 ( 1 . 0 2 9 , 1 . 6 0 4 ) 7 . 1 7 1 ( 5 . 6 6 1 ,  9 . 0 1 4 ) 0 . 1 5

XT-PO -G M AW 20 1 . 3 2 8 ( 0 . 8 4 1 , 1 . 7 8 7 ) 7 . 0 7 4 ( 0 . 6 2 3 ,  4 . 6 7 9 ) 0 . 2 0

B-N F-G M AW 58 1 . 6 6 3 ( 1 . 3 0 6 , 2 . 0 1 1 ) 4 . 0 5 4 ( 3 . 3 7 9 ,  4 . 8 3 8 ) 0 . 2 7

B -S L-G M A W 27 3 . 7 7 2 ( 2 . 5 8 0 , 4 . 9 0 5 ) 2 . 9 7 6 ( 2 . 5 3 2 ,  3 . 3 5 3 ) 0 . 2 5

Table 5.4.2.3 : Weibull parameters -  Defect Width
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FIGURE 5.4.2.5 VARIOUS COMPLEMENTARY CUMULATIVE WIDTH DISTRIBUTIONS

IN XT JOINTS UNDER THE SMAW PROCESS
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FIGURE 5.4.2.6 VARIOUS COMPLEMENTARY CUMULATIVE WIDTH DISTRIBUTIONS

IN B JOINTS UNDER THE SMAW PROCESS
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FIGURE 5.4.2.7 VARIOUS COMPLEMENTARY CUMULATIVE WIDTH DISTRIBUTIONS

IN XT JOINTS UNDER THE GMAW PROCESS
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FIGURE 5.4.2.8 VARIOUS COMPLEMENTARY CUMULATIVE WIDTH DISTRIBUTIONS
IN B JOINTS UNDER THE GMAW PROCESS
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FIGURE 5.4.2.9 VARIOUS COMPLEMENTARY CUMULATIVE WIDTH DISTRIBUTIONS
IN NON FUSION DEFECTS ( NF )
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FIGURE 5.4.2.10 VARIOUS COMPLEMENTARY CUMULATIVE WIDTH DISTRIBUTIONS
IN SLAG INCLUSION DEFECTS ( SL )
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FIGURE 5.4.2.11 VARIOUS COMPLEMENTARY CUMULATIVE WIDTH DISTRIBUTIONS
IN CRACK LIKE DEFECTS ( CR )
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FIGURE 5.4.2.12 VARIOUS COMPLEMENTARY CUMULATIVE WIDTH DISTRIBUTIONS
IN INCOMPLETE PENETRATION DEFECTS ( IP )
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FIGURE 5.4.2.13 VARIOUS COMPLEMENTARY CUMULATIVE WIDTH DISTRIBUTIONS
IN POROSITY DEFECTS ( PO )
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5.4 .3  D e fe c t Len gth

T h e  defect length d im ension  was also exam ined fo r  the sam e categories o f defects as 

in  section 5 .4 .2 . F ro m  pre lim inary  sum m ary statistics it becam e evident, as in  the 

case o f  defect w idth , that param eters such as the location  o f  the defect in  the 

structure, the defect zone and the fabricator have relative ly  little effect on  the 

statistical d istribution  o f defect length.

T h e  data on  defect length are presented in  the fo rm  o f histogram s (Figs. 5.4.3.1 to 

5.4 .3 .4) w h ich  involve grouping the data accord ing  to defect type, type o f  welded

jo in t and w eld ing process. F ro m  the figures it can be seen that, com pared  with 

defect w idth , the in fluence o f  particu lar param eters is less m arked. T h e  data are 

seen to have a w ide range giving rise to h igh values fo r  the standard deviations.

H ow ever, slag inclusion  defects are on  average shorter than other defect types; 

porosity defects show  a sim ilar tendency. M e a n  values fo r  slag inclusion  defects

range fro m  169 m m  to 320 m m .

In contrast to the above, incom plete  penetration  and c ra ck -lik e  defects typ ica lly  have 

the highest m ean lengths. M e a n  values fo r  the latter range from  260 m m  to 414

m m .

T h e  o n ly  questionable result is that fo r  incom plete  penetration  defects in X T  joints

under S M A W  process. T h is  category o f defects has a m ean length o f  1 .6m  and a 

standard deviation  o f about 2.1 m . M a k in g  com parisons betw een w elding processes it 

can be seen that in  X T  jo ints N F ,  S L  and C R  defects appear to be longer under the 

G M A W  as opposed to the S M A W  process.

T h e se  general conclusions can also be derived from  the com plem entary  cum ulative  

length probabilities, fo r the lognorm al fit , w h ich  are shown in  figures 5 .4 .3 .5  to 

5.4 .3 .1 3 . H ow e ve r, care should be taken in  in terpreting  the p robab ility  values

because the plots have been extrapolated beyond the range o f  the data.

T h e  estim ated param eters for the lognorm al and W e ib u ll distributions, together with  

add itional statistics, are shown in  tables 5.4.3.1 to 5 .4 .3 .3 .



HP
STMOL

A
COUNT
349*

SL B 838
CR C 134
IF D 197
PO E 44
EACH STOOL REPRESENTS

W A N  ST.DEV.
290.20* *5*.351
227.347 31*.41*
274.4SS 293.3*4

1371.1*2 2134.4*2
283.977 321.333

1 OBSERVATIONS
interval r u g u D G r  m a n K i
NAME 3 10 13 20 23 30 33 40 INT CUH. urr. CUH.
373.000 3747 7*.9750.000 *40 4387 13.3 92.31123.00 212 43*91500.00
1873.00 •AAAAAAAAAAAABBB IS 4*3* .3 98.02250.00 •AAAAAAAAAADDDDDOOO 18 4674 .4 98.42625.00 •AAAAAAAABDDDD 13 4*87 .3 98.73000.00 0 4687 .0 *8.73375.00 •AADDDD • 4693 .1 98.83750.00 •DODD 4 4697 .1 98.94123.00 0 4697 .0 98.94500.00 •DODDDODO * 4703 .2 99.04875.00 • DDDDDD • 4711 .1 99.25230.00 ♦AADDDDDDDOOOOOOO 1* 4727 .3 *9.33623.00 0 4727 .0 99.3*000.00 •ABDOO 3 4732 .1 99.66375.00 ♦ DDDDD 3 4737 .1 *9.7*750.00 0 4737 .0 99.77125.00 •AAD 3 4740 .1 99.87500.00 0 4740 .0 99.87875.00 0 4740 .0 99.8*250.00 •AD 2 4742 .0 99.88625.00 • D 1 4743 .0 99.89000.00 0 4743 .0 99.*9373.00 0 4743 .0 99.89750.00 0 4743 .0 99.810125.0 •A 1 4744 .0 99.910300.0 0 4744 .0 99.910873.0 0 4744 .0 99.911250.0 0 4744 .0 99.911625.0 •AAAD 4 474* .1 99.912000.0 0 4748 .0 99.912375.0 0 474* .0 99.912750.0 •AA 2 4730 .0 100.013125.0 0 4750 .0 100.013300.0 0 4730 .0 100.013875.0 •A 1 4731 .0 loo.o14250.0 0 4731 .0 100.0

3 10 13 20 23 30 33 40
n a m i  5 .4 .3 .1  : histogram van defect lsmcts in  r r  joints

UNDER THE SHAW FROCKS*

SYHBOL COUNT KEAN ST.DEV.
NF A 409 170.373 186.344
SL B 234 181.224 192.536
CR C 12 260.000 236.297
IP D 13 311.538 240.610
PO E 3 132.200 85.813
EACH SYMBOL REPRESENTS 1 OBSERVATIONS

INTERVAL FREQUENCY PERCENTAGS
NAME 3 10 13 20 23 30 33 40 INT. CUH. INT. CUH.
66.0000 23* 23* 36.9 36.9
99.0000 ♦AAAAAAAAAAAAAAAAAAAAAAAAABBBBBBBBBBBBBBB* SO 306 7.2 44.2
132.000 • AAAAAAAAAAAAAAAAAAAAAAAAAABBBBBBBBBBBBBB* 61 3*7 *.* 33.0
165.000 76 443 11.0 63.9
198.000 •aaaaaaaaaabbbbbbbbbb 20 463 2.9 66.8
231.000 31 314 7.4 74.2
264.000 • JUUUUUUUUUUUUUUUUUUUUUUUUtAABBBBBBBBBBBBC* 43 337 6.2 80.4
297.000 •AAABBC 6 3*3 .9 81.2
330.000 •AAAAAAAAAAAAABBBBBBB 20 383 2.9 84.1
363.000 •AAAAAABBBBB 11 394 1.6 83.7
396.000 •AAAAAABBBBD 11 603 1.6 87.3
429.000 » AAAAAAAAAAAABBBBBBBD 20 623 2.9 90.2
462.000 •AAAB 4 *29 .6 90.8
495.000 ♦8 1 630 .1 90.9
528.000 •AAB 3 633 .4 91.3
561.000 •BBBBBB 6 639 .9 92.2
594.000 0 639 .0 92.2
627.000 •AAAAAABBBC 10 649 1.4 *3.7
660.000 •AAAAABBBBBCCD 13 662 1.9 93.3
693.000 •AAAABB 6 668 .9 96.4
726.000 •AAAAAAABBBBBBDO IS 683 2.2 98.6
759.000 •AAAB 4 687 .6 99.1
792.000 • BBB 3 690 .4 99.6
825.000 •A 1 *91 .1 99.7
858.000 0 691 .0 99.7
891.000 0 691 .0 99.7
924.000 0 691 .0 99.7
957.000 0 691 .0 *9.7
990.000 0 *91 .0 99.7
1023.00 0 691 .0 99.7
1056.00 0 691 .0 99.7
10*9.00 0 691 .0 *9.7
1122.00 •AA 2 *93 .3 100.0
1155.00 0 693 .0 100.0
1188.00 0 693 .0 100.0
1221.00 0 693 .0 100.0
1254.00 0 *93 .0 100.0
1287.00 0 693 .0 100.0♦ ------ ------------------------------------ 1-------»-------»

3 10 13 20 23 30 33 40
FIGURS 3.4.3.2 : HISTOGRAM FOR DEFECT LENGTH IN ■ JOINTS 

UNDER THE SHAW PROCESS

2
0

9



INTERVAL
NAME

•8.0000
174.000
264.000
352.000
440.000
328.000
614.000
704.000 
7*2.000 
•80.000
968.000
1056.00
1144.00
1232.00
1320.00
1408.00 
14*6.00
1384.00
1672.00
1760.00
1848.00
1936.00
2024.00
2112.00 
2200.00
2288.00
2376.00
2464.00
2332.00
2640.00
2728.00
2816.00
2904.00
2992.00
3080.00
3168.00
3236.00
3344.00

STWOL COUNT W A N ST.DEV.
NT A 1684 319.003 471.924
SL ■ 481 319.726 473.441
CR C 72 413.778 439.647
IF D S3 392.818 387.433
FO E 20 180.350 183.842
EACH STMOL REPRESENTS 1 OBSERVATION*

3 10 13 20 23 30 33 40 INT. CUM. INT. CUM.
634
1442

28.3
34.1

28.3
42.4AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA* 780

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA* 190 1632 8.2 70.6
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA* 122 1734 3.3 75.9
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA* 72 1626 3.1 79.0

38 1864 1.4 80.6
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAB* 46 1910 2.0 82.4
AAAAAAAAAAAAAAAAAAAAAAAAAAABBBBBBCDB 34 1946 1.4 •4.2

33 197* 1.4 •3.6
31
73

2030
2103

•7.8
91.0AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA* 3.2

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA* 78 2181 3.4 94.3
AAAAAAAAAAAAAAAAAAD 19 2200 .8 95.2
aaaaaaaaaaabbo 14 2214 .4 93.8
AAAAAAAAAAABCCD 13 2229 .4 96.4
AAAABBCD • 2237 .3 96.8
AAAAAAAAAAA 11 2248 .3 97.2
AAAAS 3 2233 .2 97.4
AABC 4 2237 .2 97.6
vuuut 3 2262 .2 97.8
A* 2 2264 .1 97.9
AAR 3 2267 .1 98.1
A 1 2248 .0 98.1
AAC 3 2271 .1 98.2
A* 2 2273 .1 98.3
AS BBS 3 2278 .2 98.3

0 2278 .0 98.3
3 2283 .2 98.7
0 2283 .0 98.7

AA 2 2283 .1 98.8
AAAAAAACC * 2294 .4 99.2
ASBSC 3 2299 .2 *9.4

0 2299 .0 99.4
3 2304 .2 *9.7
0 2304 .0 *9.7
3 2309 .2 99.9

AA 2 2311 .1 100.0
A 1 2312 .0 100.0

3 10 13 20 23 30 33 40
FIGURE 3.4.3.3 : HISTOGRAM VON DEFECT LENCTN IN XT JOINT* 

UNDEN THE O M W  PROCESS

SYMBOL COUNT MEAN ST.DEV.
HP A 58 236.690 283.133
SL B 27 168.630 204.033
CR C 0 .000 .000
IF D 0 .000 .000
PO E 0 .000 .000
EACH SYMBOL REPRESENT* 1 OBSERVATION*

INTERVAL FREQUENCE PERCENTAGE
NAME 3 10 13 20 23 30 33 40 INT. CUM. INT. CUM.
25.0000 •AAAAAAAAABBBB 13 13 13.3 13.3
50.0000 *AAAAAABBBB 10 23 11.8 27.1
73.0000 *AAAAAAAAAABB 12 33 14.1 41.2
100.000 »AAAAABBBBB 10 43 11.8 32.9
125.000 *AABBB 3 SO 3.9 58.8
130.000 »AAAB 4 34 4.7 63.3
173.000 »B 1 S3 1.2 64.7
200.000 «AAAABB 4 41 7.1 71.6
223.000 ♦* 1 62 1.2 72.9
250.000 «AA 2 64 2.4 73.3
273.000 * 0 64 .0 73.3
300.000 • 0 64 .0 73.3
323.000 ♦ 0 64 .0 73.3
330.000 * 0 64 .0 73.3
373.000 • 0 64 .0 73.3
400.000 »A 1 63 1.2 76.3
423.000 »A 1 64 1.2 77.6
430.000 ♦* 1 67 1.2 78.8
473.000 . 0 47 .0 78.8
300.000 * 0 67 .0 78.8
523.000 »A 1 68 1.2 80.0
330.000 ♦ 0 68 .0 80.0
373.000 ♦ 0 68 .0 80.0
600.000 •* 1 69 1.2 81.2
623.000 »A 1 70 1.2 82.4
630.000 »AA 2 72 2.4 84.7
673.000 »B 1 73 1.2 •3.9
700.000 • 0 73 .0 83.9
725.000 »A 1 74 1.2 •7.1
730.000 «AAAAAAA 7 •1 8.2 93.3
773.000 ♦* 1 •2 1.2 96.3
800.000 «AAA 3 •3 3.3 100.0
823.000 ♦ 0 83 .0 100.0
830.000 * 0 •3 .0 100.0
873.000 • 0 •3 .0 100.0
900.000 • 0 •3 .0 100.0
923.000 ♦ 0 83 .0 100.0
930.000 » 0 •3 .0 100.0

♦ -----*----♦-- * - * -------
3 10 15 20 23 30 33 40

FICURI 5.4.3.4 : HISTOGRAM TON DEFECT LENGTH IN 8 JOINT* 
UNDER THE GMAM PROCESS
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T y p e S a m p le P ■ C . L . a 2 C . L . K . S . T .

X T -N F -S M A W 3 4 9 8 5 . 0 4 1 ( 5 . 0 0 5 , 5 . 0 7 7 ) 1 . 1 9 1 ( 1 . 1 3 7 , 1 . 2 4 9 ) 0 . 0 8

X T -S L -S M A W 858 4 . 8 8 4 ( 4 . 8 1 2 , 4 . 5 9 6 ) 1 . 1 4 8 ( 1 . 0 4 7 , 1 . 2 7 3 ) 0 . 0 6

X T -C R -S M A W 154 5 . 0 6 0 ( 4 . 8 8 4 , 5 . 2 3 6 ) 1 . 2 3 7 ( 1 . 0 0 1 , 1 . 5 6 9 ) 0 . 0 8

X T -IP -S M A W 197 6 . 2 4 7 ( 6 . 0 2 5 , 6 . 4 6 9 ) 2 . 5 3 6 ( 2 . 1 0 0 , 3 . 1 2 4 ) 0 . 1 2

XT-P O -S M A W 44 5 . 0 4 3 ( 4 . 6 8 3 , 5 . 4 0 3 ) 1 . 4 0 0 ( 0 . 9 5 6 , 2 . 2 4 9 ) 0 . 0 9

B -N F-S M A W 409 4 . 5 0 5 ( 4 . 3 8 5 , 4 . 6 2 5 ) 1 . 5 3 9 ( 1 . 3 4 8 , 1 . 7 7 4 ) 0 . 1 2

B -S L -S M A W 25 4 4 . 6 3 0 ( 4 . 4 9 0 , 4 . 6 2 5 ) 1 . 2 9 0 ( 1 . 0 9 2 , 1 . 5 4 8 ) 0 . 0 6

B-CR -SM A W 12 5 . 0 8 5 ( 4 . 3 4 0 , 5 . 8 3 0 ) 1 . 3 7 4 ( 0 . 9 6 1 , 3 . 9 5 9 ) 0 . 1 5

B -IP -S M A W 13 5 . 4 0 2 ( 4 . 8 4 3 , 5 . 9 6 1 ) 0 . 8 5 6 ( 0 . 4 4 1 , 2 . 3 3 4 ) 0 . 1 0

B-PO -SM AW 5 - - - - -

X T-N F-G M A W 1684 4 . 9 8 1 ( 4 . 9 2 0 , 5 . 0 4 2 ) 1 . 6 1 2 ( 1 . 5 0 8 , 1 . 7 2 7 ) 0 . 0 9

X T -S L-G M A W 481 5 . 0 1 8 ( 4 . 9 1 0 , 5 . 1 2 6 ) 1 . 4 7 2 ( 1 . 3 0 2 , 1 . 6 7 8 ) 0 . 0 9

XT-CR -G M A W 72 5 . 1 3 3 ( 4 . 8 2 3 , 5 . 4 4 3 ) 1 . 7 2 8 ( 1 . 2 7 5 , 2 . 4 7 4 ) 0 . 2 0

X T -IP -G M A W 55 5 . 5 1 9 ( 5 . 2 6 4 , 5 . 7 7 4 ) 0 . 8 9 4 ( 0 . 6 3 4 , 1 . 3 5 7 ) 0 . 1 7

XT-PO -G M A W 20 4 . 5 4 2 ( 3 . 9 0 8 , 5 . 1 7 6 ) 1 . 8 3 9 ( 1 . 0 6 2 , 3 . 9 2 1 ) 0 . 1 2

B -N F-C M A W 58 4 . 7 9 7 ( 4 . 4 4 6 , 5 . 1 4 8 ) 1 . 7 8 6 ( 1 . 2 7 6 , 2 . 6 7 8 ) 0 . 1 3

B -S L-G M A W 27 4 . 5 4 4 ( 4 . 1 0 0 , 4 . 9 8 8 ) 1 . 2 5 2 ( 0 . 7 7 7 , 2 . 3 5 9 ) 0 . 0 9

T a b le  5 .4 .3 .1 : Lo g n o rm a l Param eters -  D e fe c t Len g th
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T y p e S a m p le S k e w n e ss S . E . K u r t o s i s S . E .

X T -N F -S M A W 3 4 9 8 - 0 . 1 1 1 0 . 0 4 1 0 . 7 2 7 0 . 0 8

X T -S L -S M A W 858 - 0 . 2 1 6 0 . 0 8 4 0 . 2 2 5 0 . 1 7

X T -C R -S M A W 154 - 0 . 1 6 9 0 . 1 9 7 - 0 . 3 3 7 0 . 3 9

X T -IP -S M A W 197 0 . 2 0 1 0 . 1 7 4 - 1 . 0 9 4 0 . 3 5

X T-P O -S M A W 44 - 0 . 1 9 6 0 . 3 6 9 - 0 . 5 2 1 0 . 7 4

B-N F-S M A W 409 - 0 . 2 9 5 0 . 1 2 1 - 0 . 7 9 7 0 . 2 4

B -S L -S M A W 254 - 0 . 1 4 0 0 . 1 5 4 - 0 . 7 7 8 0 . 3 1

B-CR -SM A W 12 - 0 . 7 5 3 0 . 7 0 7 0 . 1 3 7 1 . 4 1

B -IP -S M A W 13 - 0 . 2 9 7 0 . 6 7 9 - 1 . 3 1 0 1 . 3 6

B -PO -SM AW 5 - - - -

XT-N F-G M A W 1684 0 . 0 6 0 0 . 0 6 0 - 0 . 1 7 2 0 . 1 2

X T -S L-G M A W 481 0 . 2 2 1 0 . 1 1 2 - 0 . 3 0 9 0 . 2 2

X T -C R -C M A W 72 0 . 4 3 7 0 . 2 8 9 - 0 . 6 8 9 0 . 5 8

X T -IP -G M A W 55 0 . 4 6 6 0 . 3 3 0 - 1 . 3 1 3 0 . 6 6

XT-PO -G M AW 20 - 0 . 5 2 9 0 . 5 4 8 - 0 . 6 8 4 1 . 0 9

B-N F-G M AW 58 - 0 . 0 3 1 0 . 3 2 2 - 1 . 1 8 9 0 . 6 4

B -S L-G M A W 27 0 . 0 5 6 0 . 4 7 1 0 . 6 7 8 0 . 9 4

T a b le  5 .4 .3 .2 : C oe ffic ien ts  o f skewness and kurtosis fo r  I n  (Length)
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T y p e S a m p le 0 C . L . a C . L . K . S . T .

X T -N F -S M A W 3 4 9 8 0 . 8 7 4 ( 0 . 8 5 1 , 0 . 8 9 8 ) 2 6 5 . 2 8 4 ( 2 5 4 . 3 8 1 , 2 7 6 . 0 5 4 ) 0 . 0 9

X T -S L -S M A W 858 0 . 9 6 7 ( 0 . 9 1 7 , 1 . 0 2 3 ) 2 2 3 . 4 5 0 ( 2 0 6 . 9 7 5 , 2 4 1 . 2 3 6 ) 0 . 1 0

X T -C R -S M A W 154 0 . 9 8 4 ( 0 . 8 7 1 , 1 . 1 3 0 ) 2 7 2 . 3 1 5 ( 2 2 7 . 9 9 1 , 3 2 5 . 2 5 7 ) 0 . 1 3

X T -IP -S M A W 197 0 . 6 6 6 - 1 1 5 8 . 1 1 2 - 0 . 1 4

X T -P O -S M A W 44 0 . 9 3 9 ( 0 . 7 0 6 , 1 . 1 6 2 ) 2 7 5 . 1 5 1 ( 1 8 9 . 1 3 3 , 3 9 5 . 6 2 7 ) 0 . 1 2

B-N F-G M A W 409 0 . 9 3 0 ( 0 . 8 6 2 , 1 . 0 1 0 ) 1 6 4 . 6 8 8 ( 1 4 6 . 7 4 7 , 1 8 4 . 8 2 2 ) 0 . 0 7

B -S L-G M A W 254 0 . 9 7 6 ( 0 . 8 8 7 , 1 . 0 8 5 ) 1 7 9 . 1 6 7 ( 1 5 5 . 8 4 4 , 2 0 5 . 9 8 1 ) 0 . 0 7

B-CR -SM A W 12 1 . 1 1 6 ( 0 . 5 8 9 , 1 . 6 0 6 ) 2 7 0 . 8 0 5 ( 1 3 8 . 0 4 3 , 5 3 3 . 0 3 2 ) 0 . 1 4

B -IP -S M A W 13 1 . 3 4 7 ( 0 . 7 3 6 , 1 . 9 1 6 ) 3 4 0 . 2 8 4 ( 2 0 0 . 2 7 9 , 5 8 0 . 3 0 8 ) 0 . 1 1

B-P O -SM A W 5 - - - - -

X T-N F-G M A W 1684 0 . 8 0 3 ( 0 . 7 7 3 , 0 . 8 3 6 ) 2 7 6 . 1 2 3 ( 2 5 8 . 5 3 0 , 2 9 4 . 9 1 3 ) 0 . 1 4

X T -S L -C M A W 481 0 . 8 1 9 ( 0 . 7 6 3 , 0 . 8 8 4 ) 2 8 0 . 5 9 0 ( 2 4 8 . 6 6 8 , 3 1 6 . 6 1 0 ) 0 . 1 2

X T -C R -C M A W 72 0 . 7 4 7 ( 0 . 6 0 4 , 0 . 8 8 8 ) 3 3 4 . 2 0 1 ( 2 3 3 . 1 3 9 , 4 7 4 . 6 0 3 ) 0 . 2 1

X T -IP -G M A W 55 1 . 0 7 9 ( 0 . 8 4 1 , 1 . 3 1 1 ) 4 0 5 . 9 4 8 ( 3 0 4 . 0 1 2 , 5 3 7 . 0 6 2 ) 0 . 1 8

XT-P O -G M A W 20 0 . 9 3 2 ( 0 . 5 9 0 , 1 . 1 5 4 ) 1 7 4 . 8 0 0 ( 9 6 . 9 8 8 , 3 1 2 . 0 1 2 ) 0 . 0 9

B-N F-G M A W 58 0 . 8 4 3 ( 0 . 6 6 2 , 1 . 0 1 9 ) 2 3 3 . 9 0 2 ( 1 6 3 . 2 8 1 , 3 3 1 . 5 1 0 ) 0 . 1 3

B -S L-G M A W 27 0 . 9 4 1 ( 0 . 6 4 4 , 1 . 2 2 4 ) 1 6 3 . 3 9 9 ( 9 9 . 8 9 0 , 2 6 3 . 5 9 4 ) 0 . 1 3

T a b le  5 .4 .3 .3 : W e ib u ll Param eters -  D e fe c t Len gth
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FIGURE 5.4.3.5 VARIOUS COMPLEMENTARY CUMULATIVE LENGTH DISTRIBUTIONS
IN XT JOINTS UNDER THE SMAW PROCESS

POROSITY DEFECTS (  PO )

DEFECT LENGTH L (MM)

214



P
R

O
B

A
B

IL
IT

Y
 (

D
E

FE
C

T 
LE

N
G

TH
 

>
 

L 
M

M
)

FIGURE 5.4.3.6 VARIOUS COMPLEMENTARY CUMULATIVE LENGTH DISTRIBUTIONS

IN B JOINTS UNDER THE SMAW PROCESS

DEFECT LENGTH L (MM)
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FIGURE 5.4.3.7 VARIOUS COMPLEMENTARY CUMULATIVE LENGTH DISTRIBUTIONS
IN XT JOINTS UNDER THE GMAW PROCESS

—  —  —  POROSITY DEFECTS ( PO )

DEFECT LENGTH L (MM)
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FIGURE 5.4.3.8 VARIOUS COMPLEMENTARY CUMULATIVE LENGTH DISTRIBUTIONS
IN B JOINTS UNDER THE GMAW PROCESS

DEFECT LENGTH L (MM)
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FIGURE 5.4.3.9 VARIOUS COMPLEMENTARY CUMULATIVE LENGTH DISTRIBUTIONS

IN NON FUSION DEFECTS ( NF )

DEFECT LENGTH L (MM)
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FIGURE 5.4.3.10 VARIOUS COMPLEMENTARY CUMULATIVE LENGTH DISTRIBUTIONS
IN SLAG INCLUSION DEFECTS ( SL )

DEFECT LENGTH L (MM)
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FIGURE 5.4.3.11 VARIOUS COMPLEMENTARY CUMULATIVE LENGTH DISTRIBUTIONS
IN CRACK LIKE DEFECTS ( CR )

DEFECT LENGTH L (MM)
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FIGURE 5.4.3.12 VARIOUS COMPLEMENTARY CUMULATIVE LENGTH DISTRIBUTIONS
IN INCOMPLETE PENETRATION DEFECTS ( IP )

DEFECT LENGTH L (MM)
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FIGURE 5.4.3.13 VARIOUS COMPLEMENTARY CUMULATIVE LENGTH DISTRIBUTIONS
IN POROSITY DEFECTS ( PO )

DEFECT LENGTH L (MM)
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5 .4 .4  D e fe c t A sp ect R a tio

F igures 5.4 .4.1 to 5 .4 .4 .4  show histogram s fo r  defect aspect ratio  fo r  all categories o f  

defect w hich  have been exam ined in  sections 5 .4 .2  and 5 .4 .3 . T h e  defect aspect

ratio  is defined  as the ratio  o f defect length (L) to defect w idth (w). M e a n  values,

together w ith standard deviations, are show n above each histogram . T h e se  values are 

seen to vary fro m  category to category because o f  their dependence on  both  length

and w idth. T h e  lowest m ean ratios range fro m  35 to 50 and are seen to be

associated w ith c ra c k - lik e  defects. T h is  is m ain ly  due to the fact that this type o f 

defect was found  to have a larger than average w idth w.

T h e  lognorm al and W e ib u ll distributions have been fitted to values o f the defect 

aspect ratio . T h e  superiority  o f the lognorm al fit is shown by the relative ly  low  K S T  

values across a ll defect types and w elding processes (tables 5 .4 .4.1 and 5 .4 .4 .3). T h e  

good fit fo r  the lognorm al m odel is also dem onstrated by the coeffic ients o f skewness 

and  kurtosis (table 5 .4 .4 .2) w hich together with their standard errors provide  

alternative tests o f n orm a lity  fo r the natural logarithm s o f the data.



STOOL COUNT W A N ST.DEV.
HP A 3490 71.141 143.754
SL ■ •SO OS.974 114.40S
CR C 1S4 33.300 49.441
IP 0 197 109.263 ai4.413
PO E 44 53.299 71.157
EACH STOOL REPRESENTS 1 OBSERVATIONS

interval prequenct r n e n nuc i
NAME S 10 IS 20 2S 30 3S 40 INT CUN. INT. CUM.
113.000 3911 02.3 82.3
334.000 SS4 4447 11.7 94.0339.000 175 4442 97.7
453.000 ♦AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAABBBBBBBBB* 47 4489 1.0 98.754S.000 ♦AAAAAAAAAAAAAAAAAAAAABBBBBBB 28 4717 .8 99.3
478.000 13 4730 .3 99.4791.000 ♦AAAAAB 4 4734 .1 99.7
904.000 ♦AA 2 4730 .0 99.71017.00 0 4738 .0 99.7
1130.00 ♦A 1 4739 .0 99.71243.00 •A 1 4740 .0 99.0
1354.00 0 4740 .0 99.01449.00 •A 1 4741 .0 99.8
1582.00 0 4741 .0 99.01495.00 •A 1 4742 .0 99.8
1808.00 0 4742 .0 99.81921.00 «B 1 4743 .0 99.0
2034.00 0 4743 .0 99.82147.00 0 4743 .0 99.02240.00 0 4743 .0 99.82373.00 ♦AAA 3 4744 .1 99.92484.00 0 4744 .0 99.93599.00 ♦A 1 4747 .0 99.92712.00 0 4747 .0 99.92825.00 0 4747 .0 99.92938.00 ♦D 1 4748 .0 99.93031.00 0 4748 .0 99.93144.00 ♦A 1 4749 .0 100.03277.00 0 4749 .0 100.03390.00 0 4749 .0 100.03503.00 0 4749 .0 100.03414.00 0 4749 .0 100.03729.00 9 0 4749 .0 100.03842.00 0 4749 .0 100.03955.00 ♦AA 2 4791 .0 100.04048.00 0 4751 .0 100.04181.00 0 4751 .0 100.04294.00 0 4751 .0 100.0

s 10 is ao as so 35 40

PICURE S.4.4.1 : HISTOCRAM PON ASPECT RATIO IN XT JOINTS 
UNDER THE SHAN PROCESS

STOOL COURT M A N ST.DEV.
NP A 409 52.107 57.478
SL B 254 75.310 90.745
CR C 12 48.189 55.898
IP D 13 87.942 100.795
PO E 5 38.983 49.034
EACH STOOL REPRESENTS 1 OBSERVATIONS

INTERVAL PREOUINCT PtRCINlAOB
NAME 5 10 IS 20 25 30 35 40 INT. CUN. INT. CUN.
28.0000 300 300 44.4 44.4

77 385 11.1 55.4
56.0000 69 454 10.0 65.5
70.0000 ♦AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAABBBBBBBBB* 45 499 4.5 72.0
84.0000 ♦AAAAAAAAAAAAAAAAABBBBBBBBBBBBBBBBBBBBCD 39 538 5.6 77.4
98.0000 ♦AAAAAAAABBBBBBBB 16 554 2.3 79.9
112.000 ♦AAAAAAAAAAAAABBBBBBBB 21 575 3.0 83.0
126.000 ♦ AAAAAAAAAAAABBBBBBBBE 21 598 3.0 86.0
140.000 ♦ AAAAAAAAAABBBBB IS 611 2.2 88.2
154.000 ♦AAAAAABBCD 10 621 1.4 89.6
168.000 ♦ AAAAAB BC 8 429 1.2 90.0
182.000 ♦AAAABBB 7 636 1.0 91.0
196.000 ♦AAAABB 6 642 .9 92.4
210.000 ♦AAAAAAAAABBBBS 14 654 2.0 94.7
224.000 ♦ABBBB 5 641 .7 95.4
238.000 ♦ABBBBBB 7 668 1.0 96.4
252.000 ♦ AAAAAABBD 9 677 1.3 97.7
266.000 ♦ BO 2 679 .3 98.0
280.000 ♦ 0 679 .0 98.0
294.000 ♦ 0 679 .0 98.0
308.000 ♦00 2 681 .3 98.3
322.000 ♦BO 2 683 .3 98.4
336.000 ♦ BO 2 685 .3 96.0
350.000 ♦ ABO 3 688 .4 99.3
364.000 ♦ 0 688 .0 99.3
378.000 + 0 688 .0 99.3
392.000 ♦ 0 1 689 .1 99.4
406.000 «BB 2 491 .3 99.7
420.000 ♦ B 1 693 .1 99.9
434.000 ♦ 0 692 .0 99.9
448.000 ♦ 0 692 .0 99.9
462.000 ♦ 0 692 .0 99.9
476.000 ♦ 0 492 .0 99.9
490.000 ♦ 0 692 .0 99.9
504.000 ♦ 0 692 .0 99.9
518.000 ♦ 0 692 .0 99.9
532.000 ♦ 0 692 .0 99.9
546.000 ♦0 1 693 .1 100.0

♦--- ♦----♦ ----- ♦ - ----« ------------ « — ----- »
s 10 i s  ao as 30 33 40

PICURE 5.4.4.a : HISTOGRAM PON ASPECT RATIO IN R JOINTS 
UNDER THE SHAM PROCESS
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INTERVALNAME
50.0000
100.000
150.000
200.000
250.000
300.000
350.000
400.000
450.000
500.000
550.000 
•00.000 
•50.000
700.000
750.000 
•00.000 
•50.000 
•00.000 
•50.000
1000.00
1050.00
1100.00
1150.00
1200.00
1250.00
1300.00
1350.00
1400.00
1450.00
1500.00
1550.00 
1*00.00 
I t50.00
1700.00
1750.00 
1*00.00 
1*30.00
1900.00

NP
SYMBOL
A

COUNT
14*4

MEAN
•7.413

ST.DEV. 
150.430

SL B 4«1 124.5*1 174.919
cx C 72 4«.545 •2.022
IF D 55 •«.04« 94.M9
to E 20 37.104 54.20*
EACH STOOL REPRESENTS 1 OBSERVATIONS

5 10 IS 20 25 30 35
FREQ

40 UR.
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA«1441 1441
U A M M A A M M A A M M U A M M M A A A A M U M M *  329 1770
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA* 141 1911

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAABB*
AAAAAAABBBBBD
AAAAAAAAAAAAAAAAAAAAAABBBBBBBBBBBBB
N U M M M M W U U M M M B C

AABBBB
ABBBB
AAAABBB

A M M M M M M M M M M A M M A M M M M A M M ' 102 2013 MAAMAMAMAA1MAMAUAMAMAMAAMAMA* «1 2074
3S 2112 
54 2144
29 2195 
13 220B 
35 2243 21 22 t4
• 2270
• 2279
•  22«5 
5 2290 
7 2297 2 2299
0 2299 
2 2301 
5 2304 
2 230*
1 2309 
0 2309

2309
2309
2310 
2310 
2310 
2310 
2310
2310
2311 
2311 
2311
2311
2312 
2312 
2312

UR. CUN.
42.3 42.3
14.2 74.4
4.1 •2.7
4.4 •7.1
2.4 •9.7
1.4 91.3
2.3 •3.7
1.3 94.9
.4 95.5

1.5 97.0
.9 97.9
.3 94.2
.4 9«.4
.3 ••■•
.2 •9.0
.3 99.4
.1 99.4
.0 99.4
.1 99.5
.2 99.7
.1 99.•
.0 99.9
.0 99.9
.0 99.9
.0 99.9
.0 •9.9
.0 99.9
.0 99.9
.0 99.9
.0 99.9
.0 99.9
.0 100.0
.0 100.0
.0 100.0
.0 100.0
.0 100.0
.0 100.0
.0 100.0

—  . . . . . . . . — ♦

5 10 IS  20 25 30 35 40
FIGURE 5.4.4.3 : HISTOGRAM FOB ASPECT RATIO IN XT JOURS 

UNDO! THE CHAW PROCESS

SYMBOL COUNT K A N ST.DEV.
NP A 5« 91.530 117.SS4
SL B 27 70.>44 92.27*
a t c 0 .000 .000
IP D 0 .000 .000
PO E 0 .000 .000
eacb s t o o l  represents i observations

interval frequency percentag e
NAME 5 10 15 20 25 30 35 40 IIR. CUM. UR. CUM.
22.0000 29 29 34.1 34.1
33.0000 •AAAAAABBBB 10 39 11.0 45.9
44.0000 «AAAABBBBB 9 48 10.4 54.5
55.0000 •AAAABB 4 54 7.1 43.564.0000 ♦AAB 3 57 3.5 47.1
77.0000 •AAB 3 40 3.5 70.4•a.oooo «AA 2 •2 2.4 72.999.0000 0 42 .0 72.9110.000 ♦AABB 4 •4 4.7 77.4
121.000 ♦A 1 47 1.2 70.•
132.000 0 47 .0 78.*
143.000 0 47 .0 78.•
154.000 ♦AAA 3 70 3.5 •2.4
165.000 ♦A 1 71 1.2 •3.5
176.000 0 71 .0 •3.5
187.000 0 71 .0 •3.5198.000 0 71 .0 •3.5
209.000 ♦A 1 72 1.2 *4.7
220.000 ♦AB 2 74 2.4 •7.1
231.000 0 74 .0 •7.1
242.000 0 74 .0 •7.1
253.000 0 74 .0 •7.1
264.000 ♦B 1 75 1.2 •a. 3275.000 0 75 .0 ••.2286.000 0 75 .0 M . 3297.000 0 75 .0 ••.2308.000 ♦ B 1 74 1.2 •9.4319.000 •AA 2 7* 2.4 91.*330.000 • B 1 79 1.2 92.9341.000 0 79 .0 92.9352.000 0 79 .0 93.9
363.000 0 79 .0 92.9374.000 ♦AAAAA 5 •4 5.9 9*.S385.000 0 •4 .0 98.*396.000 ♦A 1 •5 1.2 100.0407.000 0 •5 .0 100.0418.000 0 •5 .0 100.0429.000 0 as .0 100.0

5 10 IS 20 25 30 35 40
FIGURE 5.4.4.4 : HISTOGRAM FOR DEFECT ASPECT RATIO H  B JOURS 

UNDER THE CHAM PROCESS
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T y p e S a m p le £ C . L . a 2 C . L . K . S . T .

X T -N F-S M A W 3 4 9 8 3 . 5 2 2 ( 3 . 4 8 3 , 3 . 5 6 1 ) 1 . 4 0 1 ( 1 . 3 3 8 , 1 . 4 6 9 ) 0 . 0 2

X T -S L-S M A W 858 3 . 8 8 9 ( 3 . 8 1 5 , 3 . 9 6 3 ) 1 . 2 3 6 ( 1 . 1 2 7 , 1 . 3 7 1 ) 0 . 0 4

X T -C R -S M A W 154 2 . 8 8 8 ( 2 . 7 0 1 , 3 . 0 7 4 ) 1 . 3 9 5 ( 1 . 1 2 8 , 1 . 7 6 9 0 . 0 6

X T -IP -S M A W 197 3 . 9 2 7 ( 3 . 7 4 0 , 4 . 1 1 4 ) 1 . 7 8 9 ( 1 . 4 8 2 , 2 . 2 0 4 ) 0 . 0 9

X T-P O -S M A W 44 3 . 2 9 9 ( 2 . 9 2 3 , 3 . 6 7 5 ) 1 . 5 2 1 ( 1 . 0 3 8 , 2 . 4 4 3 ) 0 . 1 0

B -N F-SM A W 409 3 . 2 8 5 ( 3 . 1 6 1 , 3 . 4 0 9 ) 1 . 6 3 5 ( 1 . 4 3 2 , 1 . 8 8 5 ) 0 . 0 9

B -S L-S M A W 254 3 . 6 6 5 ( 3 . 2 1 7 , 3 . 8 1 3 ) 1 . 4 4 0 ( 1 . 2 1 9 , 1 . 7 2 8 ) 0 . 0 5

B -CR -SM A W 12 3 . 1 5 1 ( 2 . 3 5 0 , 3 . 9 5 2 ) 1 . 5 9 0 ( 0 . 7 9 9 , 4 . 5 7 8 0 . 1 3

B -IP -S M A W 13 3 . 9 5 1 ( 3 . 2 9 9 , 4 . 6 0 3 ) 1 . 1 6 2 ( 0 . 5 9 8 , 3 . 1 6 9 ) 0 . 1 3

B-PO -SM AW 5 - - - - -

XT-N F-G M A W 1684 3 . 5 2 5 ( 3 . 4 5 8 , 3 . 5 9 1 ) 1 . 9 3 9 ( 1 . 8 1 4 , 2 . 0 7 7 ) 0 . 0 4

X T -S L-G M A W 481 4 . 0 7 0 ( 3 . 9 5 9 , 4 . 1 8 1 ) 1 . 5 3 5 ( 1 . 3 5 8 , 1 . 7 4 9 ) 0 . 0 7

X T-C R -C M A W 72 3 . 0 1 8 ( 2 . 6 9 9 , 3 . 3 3 7 ) 1 . 8 3 5 ( 1 . 3 5 4 , 2 . 6 2 8 ) 0 . 0 6

X T -IP -G M A W 55 3 . 9 2 0 ( 3 . 6 1 0 , 4 . 2 3 0 ) 1 . 3 1 8 ( 0 . 9 3 4 , 2 . 0 0 0 ) 0 . 1 4

XT-PO -G M AW 20 2 . 9 8 3 ( 2 . 4 5 0 , 3 . 5 1 5 ) 1 . 3 0 2 ( 0 . 7 5 2 , 2 . 7 7 6 ) 0 . 1 1

B-N F-G M AW 58 3 . 6 5 3 ( 3 . 2 8 3 , 4 . 0 2 3 ) 1 . 9 8 5 ( 1 . 4 1 9 , 2 . 9 7 6 ) 0 . 0 7

B -S L-G M A W 27 3 . 5 8 1 ( 3 . 1 0 2 , 4 . 0 6 0 ) 1 . 4 5 9 ( 0 . 9 0 5 , 2 . 7 4 9 ) 0 . 1 1

Table 5.4.4.1: Lognormal Parameters -  Length to Width Ratio
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T y p e S a m p le S k e w n e ss S . E . K u r t o s i s S . E .

X T -N F-S M A W 3 4 9 8 0 . 1 0 3 0 . 0 4 1 0 . 0 3 3 0 . 0 8 3

X T -S L -S M A W 858 - 0 . 3 0 8 0 . 0 8 4 0 . 3 6 7 0 . 1 6 7

X T -C R -S M A W 154 - 0 . 0 2 2 0 . 1 9 7 0 . 0 2 7 0 . 3 9 5

X T -IP -S M A W 197 - 0 . 2 7 5 0 . 1 7 4 - 0 . 7 9 1 0 . 3 4 9

X T-P O -S M A W 44 0 . 1 5 3 0 . 3 6 9 - 0 . 9 0 5 0 . 7 3 8

B -N F-S M A W 40 9 - 0 . 2 9 6 0 . 1 2 1 - 0 . 7 8 4 0 . 2 4 2

B -S L -S M A W 254 - 0 . 0 1 3 0 . 1 5 4 - 0 . 8 0 1 0 . 3 0 7

B-CR -SM A W 12 0 . 1 0 7 0 . 7 0 7 - 1 . 2 5 0 1 . 4 1 4

B -IP -S M A W 13 0 . 1 2 1 0 . 6 7 9 - 1 . 0 1 5 1 . 3 5 9

B -PO -SM AW 5

X T-N F-G M A W 1684 0 . 0 6 9 0 . 0 6 0 - 0 . 0 6 6 0 . 1 1 9

X T -S L-G M A W 481 0 . 1 4 6 0 . 1 1 2 - 0 . 4 2 4 0 . 2 2 3

XT-CR -G M A W 72 - 0 . 0 2 6 0 . 2 8 9 - 0 . 2 4 3 0 . 5 7 2

X T -IP -G M A W 55 - 0 . 3 3 6 0 . 3 3 0 - 0 . 3 4 6 0 . 6 6 1

XT-PO -G M A W 20 0 . 1 6 1 0 . 5 4 8 - 0 . 7 0 3 1 . 0 9 5

B-N F-G M AW 58 0 . 0 5 0 0 . 3 2 2 - 1 . 0 9 4 0 . 6 4 3

B -S L-G M A W 27 0 . 0 7 0 0 . 4 7 1 - 0 . 5 9 1 0 . 9 4 3

Table 5.4.4.2: Coefficients of skewness and kurtosis for In (Ratio)
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T y p e S a m p le 0 C . L .
aa C . L . K . S . T

X T -N F-S M A W 3 4 9 8 0 . 8 1 4 ( 0 . 7 9 3 , 0 . 8 3 7 ) 6 1 . 3 9 8 ( 5 8 . 6 9 3 , 6 4 . 2 2 8 ) 0 . 0 8

X T -S L -S M A W 858 0 . 9 5 6 ( 0 . 9 0 6 , 1 . 0 1 1 ) 8 4 . 0 0 6 ( 7 7 . 7 4 4 , 9 0 . 7 7 3 ) 0 . 0 8

X T -C R -S M A W 154 0 . 8 6 9 ( 0 . 7 6 9 , 0 . 9 9 8 ) 3 2 . 3 7 7 ( 2 6 . 4 7 7 , 3 9 . 5 9 1 ) 0 . 1 0

X T -IP -S M A W 197 0 . 8 2 1 9 6 . 4 2 7 0 . 0 6

X T-P O -S M A W 44 0 . 8 5 0 ( 0 . 6 4 0 , 1 . 0 5 2 ) 5 0 . 2 5 6 ( 3 3 . 2 1 5 , 7 5 . 0 6 1 ) 0 . 1 5

B -N F-SM A W 40 9 0 . 9 0 4 ( 0 . 8 3 7 , 0 . 9 8 2 ) 4 9 . 5 5 1 ( 4 4 . 0 0 7 , 5 5 . 7 9 4 ) 0 . 0 6

B -S L-S M A W 254 0 . 8 9 5 ( 0 . 8 1 3 , 0 . 9 9 5 ) 7 0 . 9 2 4 ( 6 0 . 9 1 8 , 8 2 . 5 1 4 ) 0 . 0 6

B-CR -SM A W 12 0 . 8 7 7 ( 0 . 4 6 3 , 1 . 2 6 2 ) 4 2 . 9 6 7 ( 1 8 . 2 2 8 , 1 0 2 . 4 4 3 ) 0 . 1 4

B -IP -S M A W 13 0 . 9 9 6 ( 0 . 5 4 4 , 1 . 4 1 7 ) 8 7 . 7 8 0 ( 4 2 . 8 6 1 , 1 8 0 . 6 7 9 ) 0 . 1 3

B-PO -SM AW 5 - - - - -

XT-N F-G M A W 1684 0 . 7 2 7 ( 0 . 7 0 0 , 0 . 7 5 7 ) 6 8 . 5 6 7 ( 6 3 . 7 5 8 , 7 3 . 7 3 9 ) 0 . 1 0

X T -S L-G M A W 481 0 . 8 1 9 ( 0 . 7 6 3 , 0 . 8 8 4 ) 1 0 9 . 6 9 8 ( 9 2 . 2 1 9 , 1 2 3 . 2 8 1 ) 0 . 1 1

X T-CR -G M A W 72 0 . 7 6 3 ( 0 . 6 1 7 , 0 . 9 0 7 ) 4 0 . 0 3 1 ( 2 8 . 1 3 7 , 5 6 . 4 3 2 ) 0 . 1 0

X T -IP -G M A W 55 0 . 9 8 4 ( 0 . 7 6 7 , 1 . 1 9 6 ) 8 7 . 3 9 7 ( 6 3 . 6 4 9 , 1 1 8 . 7 9 2 ) 0 . 1 0

XT-PO -G M AW 20 0 . 8 9 2 ( 0 . 3 6 5 , 1 . 2 0 0 ) 3 4 . 6 8 7 ( 1 8 . 7 4 4 , 6 3 . 5 4 5 ) 0 . 0 8

B-N F-G M AW 58 0 . 7 7 2 ( 0 . 6 0 6 , 0 . 9 3 3 ) 7 7 . 7 0 5 ( 5 2 , 4 8 0 , 1 1 3 . 7 2 1 ) 0 . 1 0

B -S L-G M A W 27 0 . 8 6 8 ( 0 . 5 9 4 , 1 . 1 2 9 6 5 . 2 7 0 ( 3 8 . 2 8 7 , 1 0 9 . 6 1 4 ) 0 . 1 4

Table 5.4.4.3: Weibull parameters -  Length to Width Ratio
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5 .4 .5 . Corre la tion s  betw een D e fe c t W id th  and D e fe c t Length

C o rre la tio n  analysis shows that there is alm ost no linear relationship  betw een defect 

w idth  and  defect length. T h e re  is generally  a tendency fo r  positive corre la tion  but 

this m ust be interpreted very carefu lly  because o f the large sam ple sizes.

O f  particu lar im portance  are the statistical tests on  the transform ed data using the T  

statistic (see section 5 .1 .3). T h e se  were perform ed at the 95% level and those values 

found  to be statistically s ign ificant are m arked w ith an asterisk in  table 5 .4 .5 . T h e  T  

statistic, how ever, is very sensitive to the sam ple size N ,  and care should be taken in  

in terpreting  the sign ificance o f  these values from  the practica l po in t o f  view . D u e  to 

the large sam ple sizes, it w ould be a too strong conclusion  that the two distributions  

are indeed corre lated . F ro m  the practica l po in t o f view , it can  be stated that there  

is a tendency  fo r positive corre la tion  w hich  needs to be investigated by exam in ing  

fu rth er sets o f  data from  other structures.

T w o  cases that deserve special m ention  are the ones belonging to the categories 

X T - I P - S M A W  and X T - P O - G M A W .  In these cases the co rre la tion  betw een the 

variables defect w idth and defect length exceeds the value o f  50% , but it is n ot clear 

w hether this is due to the defect type (IP ,P O )  o r  the w elding process

( S M A W .G M A W ) .

F igures 5.4 .5.1  to 5 .4 .5 .8  show selective plots o f  defect w idth versus defect length  

and o f  their natural logarithm s. A l l  the plots show  a w ide scatter. T h e  end points 

o f  the regression curves are m arked w ith Y  and are shown on  the two vertical scales 

o f  the plots.

5 .4 .6  C om parison s and C onclus ions

T h e  statistical d istribution  o f the param eters defect w idth w , defect Len gth  L ,  and  

aspect ratio  e were found  to be reasonably independent o f  factors such as orig inal 

fabricator, general position in  the structure and the position  o f the defect w ith in  the 

w eld. In add ition , very close sim ilarities were found  betw een the probability  

distributions fo r  the dim ensions o f defects in  cru c ifo rm  (X) and tee butt (T) welds; 

and as a result, data from  these two sources were m erged into one category (X T ) .

T h e  effect o f d ifferen t welding processes on  the w idth o f em bedded defects has been  

found  to be re lative ly  un im portant. In contrast, defect type and w eld jo in t type have  

been found  to be the m ain  governing factors. T h e  narrow est defects were the slag 

inc lusion  defects with m ean values fo r  w  ranging from  2 .7m m  to 2 .9 m m . C ra c k - lik e
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T y p e r W=a n +a 2 (De f . L e n )

T r a n s f o r m e d  D a t a  (L n )

S i z e

r C . L .  ( r )

X T -N F-S M A W 0 . 0 3 2 W=5.7 5  + 24 x  1 0 “ eDL 0 . 1 5 0 * ( 0 . 1 1 7 , 0 . 1 8 2 ) 34 98

X T -S L -S M A W 0 . 0 5 4 W=2. 8 8  + 29 x  1 0 " 6DL 0 . 0 6 4 ( - 0 . 0 0 3 , 0 . 1 3 0 ) 858

X T -C R -S M A W 0 . 2 8 1 W=9.0 5  + 0 . 0 0 6  DL 0 . 2 0 5 * ( 0 . 0 4 8 , 0 . 3 5 2 ) 154

X T -IP -S M A W 0 . 5 8 6 W=9.9 1  + 0 . 0 0 2  DL 0 . 5 4 3 * ( 0 . 4 3 6 , 0 . 6 3 5 ) 197

X T -P O -S M A W - 0 . 1 6 0 W=6. 7 4  - 0 . 0 0 1  DL 0 . 0 5 7 ( - 0 . 2 4 4 , 0 . 3 4 8 ) 44

B-N F-S M A W 0 . 1 5 7 W=3. 4 9  + 0 . 0 0 2  DL 0 . 1 1 3 * ( 0 . 0 1 6 , 0 . 2 0 8 ) 409

B -S L -S M A W - 0 . 0 8 6 W=2.8 4  -  43 x  1 0 “ 6DL - 0 . 0 6 0 ( - 0 . 1 8 2 , 0 . 0 6 4 ) 254

B-CR -SM A W - 0 . 2 0 3 W=9. 8 9  -  0 . 0 0 5  DL 0 . 1 3 0 ( - 0 . 4 8 0 , 0 . 6 5 5 ) 12

B -IP -S M A W - 0 . 0 4 9 W - 4 . 9 3  -  50  x  1 0 _ 6 DL - 0 . 0 8 6 ( - 0 . 6 0 8 , 0 . 4 8 8 ) 13

B -PO -SM AW - 0 . 6 4 3 W=7.2 3  -  0 . 0 1 5  DL 0 . 5 6 8 ( - 0 . 9 6 6 , 0 . 6 3 0 ) 5

X T-N F-G M A W - 0 . 0 2 6 W=5.5 3  -  25 x  1 0 " eDL 0 . 0 5 2 * ( 0 . 0 0 4 , 0 . 0 9 9 ) 1684

X T -S L-C M A W 0 . 0 5 8 W=2.7 2  + 19 x  1 0 - 6 DL 0 . 0 7 2 ( - 0 . 0 1 7 , 0 . 1 6 0 ) 481

XT-CR -G M A W 0 . 2 2 8 W=9.3 6  + 0 . 0 0 2  DL 0 . 2 0 7 ( - 0 . 0 2 6 , 0 . 4 1 9 ) 72

X T -IP -G M A W 0 . 0 8 6 W=6.0 2  + 0 . 0 0 1  DL 0 . 0 6 1 ( - 0 . 2 0 8 , 0 . 3 2 1 ) 55

XT-PO -G M A W 0 . 3 9 9 W=4. 3 7  + 0 . 0 1 1  DL 0 . 5 4 2 * ( 0 . 1 3 1 , 0 . 7 9 4 ) 20

B-N F-G M AW - 0 . 0 1 6 W=3.6 2  -  14 x  1 0 " 6DL 0 . 0 2 0 ( - 0 . 2 3 9 , 0 . 2 7 7 ) 58

B -S L -C M A W - 0 . 2 4 8 W=2.8 5  -  88 x  1 0 _ e DL - 0 . 2 5 3 ( - 0 . 5 7 7 , 0 . 1 4 0 ) 27

T a b le  5 .4 .5  : Results fo r C o rre la tion  between D e fe c t W id th  and D e fe c t Len gth
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defects w ere found  to have the largest w idths, w ith m ean values o f  w  ranging from  

8 .5 m m  to 10 .8m m . Com parisons between types o f  welded jo in t have shown that 

defects in  p late butts were consistently narrow er than in  cru c ifo rm s and tee butts 

(category X T )  T h e se  differences were fou nd  fo r  both  w elding processes, S M A W  and  

G M A W ,  and  fo r  a ll defect types.

In the case o f  the defect length param eter L ,  greater variations w ere fou nd  between  

the various defect type categories than in  the case o f  the param eter w. In general, 

slag inclusion  defects were found  to be shorter than other defect types. A  sim ilar 

trend  was fou nd  fo r  porosity  defects. M e a n  values fo r  L  fo r  slag inclusions ranged  

fro m  169m m  to 320m m . In contrast, the m ean lengths o f  c ra c k - lik e  defects varied  

between 260m m  and 414m m , w ith incom plete  penetration  defects having sim ilar 

characteristics.

T u rn in g  n ow  to the defect aspect ratio e(=L/w), this was found  to vary  considerably.

H ow ever, the sm allest values o f L  were found  in  c ra ck -lik e  defects, w ith  m ean  values

ranging fro m  35 to 50. T h e  m ain  reason fo r  this was the larger values o f  w  found  

in  this class o f defects.

F in a lly , tests on  the co rre la tion  between defect length  and defect w idth  have been  

perform ed  fo r  each category o f  defect. These  have shown that there is a tendency  

fo r  positive corre la tion  (i.e . long  defects tend to be w ider than short defects, and

v ice -versa), but there are large variations and this fin d in g  is n ot o f  practica l

sign ificance.

U n fo rtu n a te ly  there are very few  data on  defect w idth in  the literature to enable  

com parisons to be m ade with the findings in  this study. H ansen  [81 ] fitted the 

lognorm al d istribution  to the width o f slag inclusion  efects in  butt weld joints  

m easured on  radiographs. F o r  a total o f  131 slag defects in  welds o f  25.4m m  

thickness fro m  fou r d ifferen t structures he obtained the param eters -  0.117 and cr 

= 0.748. T hese  correspond to a m ean  value o f  1 .5m m  estim ated by  m axim um  

like lih ood . T h is  is low er than 2 .8 m m , the m id p o in t for the range o f  m ean  values 

observed fo r  slag inclusion  defects in  this study. F ig u re  5.4 .6 .1  shows the

co m p lem entary  cum ulative w idth distributions fo r  slag inclusions due to H ansen  [81] 

and the various estimates in  the present study. It can  be seen that because o f the 

high  value o f  the param eter a  in  the fo rm er case, the probabilities o f  exceeding a 

value o f  about 6m m  are m uch  h igher in  H an sen 's  case than in  a ll cases o f the 

present study, whereas the reverse is true fo r  defects with widths sm aller than 6m m . 

A  possible exp lanation  fo r  this is that the H ansen  data were n on-ho no geneou s.
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A n o th e r  source o f  in fo rm ation  on  the w idth o f  weld defects is due to D u fresne  et al 

[84]. B y  analysing data fro m  338m  o f  P W R  and shell welds, inspected by ultrasonics 

o r X - ra y s , they fou nd  that the probability  o f  occu rren ce  o f long  defects increases as 

the w idth increases. E x a m in a tio n  o f fig . 10 o f re f [84] shows that fo r  3, 6 and  

12m m  wide defects, the probabilities o f having a flaw  o f  length sm aller than 512m m  

are 96% , 0.14%  and 0.005%  respectively. T h is  conclusion  im p lies  a degree o f

corre la tion  between the tw o dim ensions L  and w  w hich  was in d irectly  revealed in  the  

present study.
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C H A P T E R  6

P R O B A B I L I S T I C  M O D E L S  F O R  D E F E C T  D E T E C T I O N  A N D  S I Z I N G

6.1 Statistical T h e o ry

T h e  p rob lem  o f m odellin g  detection efficiencies deserves special attention because the 

basic observations are proportions fo r  w hich  the fo rm  o f ran dom  variations is very  

like ly  to be b inom ia l.

In a non-destru ctive  exam ination  program m e a num ber o f specim ens contain ing  nj 

defects o f  size xj are subjected to test and a count is m ade o f the num ber o f defects 

w hich  have been detected. Such  data give rise to m any d ifficu lties like  n on-co nstan t 

variance and n o n -n o rm a l d istributions to a llow  standard statistical m ethods to be used, 

as discussed in  Section  6 .2 .3 .

N o n - lin e a r  relationships are also another p rob lem  because regression curves o f the 

observed p roportion  q/nj against the defect sizes are very un like ly  to be linear since 

any changes in  the defect sizes at the lowest or highest values o f  xj do not usually  

produce  m uch  change in  the p roportion . G ra p h s  o f  'sigm oidal' shape are in  fact 

very like ly  to be fou nd . In order to linearise the observed p roportion s several types 

o f  transform ations are used w hich  have very sim ilar effects. Su ch  transform ations are 

very  well know n in  statistical theory and have been used extensively in  b io log ical 

assay and m an y  other fie lds for a num ber o f years. T h e  standard textbook on  

b in ary  data by C o x  [31 ] provides valuable in form ation  on  th e ir properties and  

app lications. A lso  the book  by M c C u lla g h  and N e ld er [86] describes the theory o f  

linear m odels and  gives detailed descriptions o f  fitting  a lgorithm s. F in a lly  the book  

by C o x  and Sn e ll [85] contains app lications o f  linear m odels w ith  num erous exam ples.

6.1.1 B in o m ia l D istribu tion

Suppose that the response from  the outcom e o f an experim ent is m easured on  an 

attribute basis, where the random  variab le Y  is defined as:

r 1 i f  the  r e sp o n se  i s  p r e s e n t  ( e . g .  a rea l  d e f e c t  i s  d e t e c t e d  
1 0  i f  th e  r e sp o n se  i s  absent  ( e . g .  a r e a l  d e f e c t  i s  not d e t e c t e d  .

If there are n  independent identica lly  d istributed random  variables ( i.i.d .r .v .)  with  

t  = P r  [Y  = 1] then the r .v . R  denoting the num ber o f outcom es w ith the attribute 

present has a b in om ia l d istribution:
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R ~ B ( n , x )  i . e .  Pr[R = r] = (p)7rr (1 -  x ) n - r  r = 0,  1, . . . ,n  

w i t h  E[R] — m r and Var(R) — nx ( 1 - x )

T h e  sam ple p roportion  P  can  be identified  w ith  the sam ple m ean  o f  Y  and it can be 

easily shown

E[P] = x and Var[P] -

F o r  p robab ility  ca lcu lations the analytical approach  can be used w hen n  is sm all or  

use m ay be m ade o f  read ily  tabulated values [87].

W h e n  n  is large, use o f  the norm al d istribution  N  (nx, n x ( l- x ) )  can  be m ade. T o  

calcu late the probab ility  P r( R   ̂ r0 ) we can  use the area u nder the approxim ate  

n orm al curve over the range (rQ , «)

i.e. 1 -
r n - nx

. A ix ( 1- x )  .

A  better approxim ation  is obtained by integrating over the range (rQ -  1/2, »)

i.e. 1 - $
' r Q -  1 /2  -  nx 
. ^ n x ( l - x )

T h e  correction  o f  1/2 is usually called the continu ity  correction  and its e ffect becom es  

neglig ib le as n  increases. T h e  accuracy o f  the n orm a l approxim ation  is a function  o f  

the param eters n , and  the range o f R  used fo r  integration. T h e  accuracy  im proves  

as n  becom es large and x tends to 0 .5 . F o r  a discussion o f  the use o f  the norm al 

distribution  as an  approxim ation  to the b in om ia l see W eth erill [88].

C o n fid e n ce  intervals fo r  x  can  be obtained in  a num ber o f  ways. F o r  a sam ple size 

o f n , if  the n um ber o f  outcom es with the attribute present is r then x  w ill obviously  

be close to r/n. A  tw o-sided  confidence  interval fo r  x  is (x l , x j j ) where

Pr[R > rix - x l] - Pr[R < r|x = xj|] = ct/2

w ith 1-0! the size o f  the confidence level and xl(*h ) the lowest (highest) value o f x 

that we are prepared  to consider, given any value o f  R ,  nam ely  R = r. If r > n x  and  

the p robab ility  in  the b inary  distribution with param eters x and n are P0, P,, ...,Pn
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the values o f  x l  and x j j  are given by: 

x H = p r  + P r +1 + • • • + p n

TL -  pr ' + pr ' - l  + • • • + po

w here r '  = 2 n x - r  if  this is an integer and the highest integer less than this quantity  

otherwise.

F u rth e rm o re , the use o f the n orm a l approxim ation  gives:

Z - r ~ n?r - N(0,1)
J  n x ( l - x )

w hich  leads to

T h e  solution  o f the above equation is quadratic in  x ; nevertheless a sim ple solution is

T h e  in troduction  o f the continu ity  co rrection  fo r  confidence  intervals is done in  a 

sim ilar fashion  as in  the ca lcu lation  o f probabilities previously investigated.

6 .1 .2  B in a ry  Regression M ode ls

C o n s id e r again the responses r j . . . ,  rn  w hich  correspond to the independent r .v . 

R l , . . . R n associated with the num ber o f  outcom es with the attribute present in  N  

d ifferen t groups. Suppose fu rther that the probab ility  x  depends on  the covariate  

vector xj ; j = l , . . . , k  with the relation

P r  -  Z a / 2  < r  '  ™  <  Z a / 2  -  1 -  a
J  n x ( l - x )

i. e.

n  n

to rep lace x  in  the variance by  x  = r/n. T h is  is not a too drastic step as x ( l- x )
A A

changes re lative ly  slow ly w ith changes in  x  especially  fo r values o f  x  close to 1/2.

k

g(xi) -.L xij i=1....N
J - l  J J

T h e  fu nction  g(7r) could  take several form s, the m ost co m m on  o f  w hich  are:

L o g i t 6.1.2.1

Probi t g 2 (* ) -  fc'^Cx) 6 .1 .2 .2
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C o m p le m e n ta r y  g 3 (x )  ~ £n  [ - f i n ( l - x ) ]  6 . 1 . 2 . 3

l o g - l o g

A s  an  im portant additional rem ark , the transform ation

Zj — fin
n i " r i

ca lled  the em p irica l logistic transform ation  (C ox  [31]) gives a variab le Z ,  with 

variance approxim ate ly  equal to

Var(Zi) n j x j ( 1 - x j )

an estim ate o f w hich  is taken to be

n j 1 1

r i ( n i - r i ) rj  n j - r i

T h e  approxim ation  is im proved  (if rj=0 or n j, fo r  then xj=0 or 1 and  Zj=-<» or °o 

respectively) by taking the m od ified  transform ation

i*i + 1/2
Zj - fin --------

nj-rj+1/2

and an estim ate o f variance

(n j+1)(nj+2)
Var[Z{] --------------------

(r j+1)(nj-r j+1)

w hich  gives an alm ost unbiased estim ate o f  Var[Zj]. Plots o f Zj against the covariate  

vectors are p re lim inary  essentials in  investigating the suitability o f  the logistic m odel. 

F u rth e r  details and im portant app lications o f  this transform ation  are given by  C o x  

[31].

F o r  any fo rm  o f g(x) the lo g -lik e lih o o d  is

U *  ; r) -Jj [rien[ir^-] + ( 1 - * , )  + C n (" |)] 6 .1 .2 .4
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Con sidering  the case where the relationship betw een the b inom ia l probabilities and the 

covariate vectors takes the form  o f 6 .1 .2 .4 ,

i.e .

the lo g -lik e lih o o d  function  6 .1 .2 .4  becom es

L ( £  ; r )  = I 2r i x i j 0j  -  [ 2 n i Cn ( 1+ e x p 2 x i j 0 j ) l  + c o n s t
i  j  * J

where the probabilities r  are expressed in  term s o f the param eters £ . 

T h e  m axim u m  like lih ood  estim ate £  satisfies the equation

§. " § 0

w hich  fo r  the linear logistic m odel yields:

l  ( r  j - n j x  j ) x  j j  -  0 j “ l , . . . , k

i

6.1.2.5

w i t h

exP 2 X jj
J

x i  "  ----------------------- —
1+exp J  x j j  § j

j

E stim ation  o f ^  is obtained via the solution o f 6 .1 .2 .5 . T h is  can  be done by using 

the N e w to n -R a p h so n  m ethod and solving the weighted equations at each iteration  with  

weights wj = x i( l-x j)/ n j. T h e  calculations can  be perform ed  using the statistical 

package G L I M  [34] w ith b inom ia l errors, lo g it- lin k . S im ila rly , fits can  be obtained  

fo r  the other two m odels. F o r  details o f  the fitting  a lgorithm  see M c C u lla g h  and  

N e ld er [86].

T o  m easure the goodness o f  fit o f  the m odel, if  ^  are the m axim u m  like lihood  

estim ators o f  the param eters £ , the deviance D  is o f the fo rm :

N

D(- : £>- 2 ilj {rifin[f}] +
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F o r  a m ode l w hich  involves k  independent param eters, the fit o f  the m odel is 

assessed by  com parin g  D  with the critica l values o f  the x $ - k  d istribution .

T o  test the adequacy o f  the proposed m odel, the standard residuals

Oi - Ei
d i ------------------

(EiCl-EiVni)1/*

w hich  have approxim ate ly  zero m ean and  unit variance can  be used fo r  diagnostic 

checks. O j  and E j  denote respectively the observed proportions and the proportions  

estim ated fro m  the data. T h e  distribution o f dj is how ever far fro m  n orm a l. F o r  

m ore com plicated  residuals w hich  are nearly  n orm a lly  d istributed and  give alm ost 

linear plots on  probab ility  paper; see C o x  and Sne ll [89].

In the sim plest case where one concom itant variab le is invo lved  the three m odels  

reduce to:

exp(cH -ffx)

l+ exp(o+ /3x)
L o g i t  M o d e l

x  -  $ ( q !+/3x )  P r o b i t  M o d e l

x  -  l-e x p [ -e x p ( o !+ / 3 x )  ] C o m p le m e n ta r y  L o g - L o g  M o d e l

T h e  com plem entary  lo g -lo g  function  is the inverse o f the cum ulative  distribution o f  

the extrem e value distribution  and unlike  the two other m odels it is not sym m etric  

about

x  = 0 .5 . T h e  latter functions for m ost purposes agree closely over the w hole range. 

T h e  o n ly  exception  is w hen attention focuses to the regions w here the probab ility  x  

is e ither very  sm all o r  very near to one. F o r  sm all x  the co m p lem entary  lo g -lo g  

fu nctio n  is very sim ilar to the logit but as x  approaches on e, it approaches in fin ity  

m ore slow ly than e ither o f the other two m odels.

6 .2  D e fe c tio n  E ffic ie n c ie s

Several national and international test program m es have been conducted  on  welded  

sam ples contain ing  various flaws fo r the purpose o f  determ in ing  the re liab ility  o f  

n on-destru ctive  exam ination  with respect to the detection , sizing and  position ing  o f  

defects.
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H ow e ve r, these program m es were concerned  m ostly  with artific ia lly  induced  defects 

rather than natural ones, and it m ust be em phasised that the response from  artific ia l 

defects m ay d iffe r from  that o f natural defects because o f shape variations, orientation  

and m icroscop ic  roughness, as investigated by A lle n  and B ran d fo rd  [90]. Such  

differences have been found  to be h igh ly  m arked in  the data fro m  a ircra ft specim ens 

reported  by N o rris , especially  w ith u ltrasonic testing (Figures 8 and  9 o f  R e f. 91). 

T h e  im portance  o f  exam in ing  realistic defects was appreciated by  several teams and 

recently  a new  program m e, P IS C  III, was in itiated [92] to evaluate the N D E  

re liab ility  by considering n ot o n ly  real flaws but real flaws in  typ ica l surroundings.

A lth o u g h  m odellin g  the detection  e ffic iency  o f  an N D E  device is not easy due to the 

large n um ber o f uncertainties involved , in  add ition  to the defect dim ensions  

them selves, a variety o f m athem atical m odels have previously been proposed. In 

som e cases, n um erical values have been given fo r  detection probabilities fo r  d ifferent 

defect categories. A  review  o f  previous w ork is given below  in  Section  6 .2 .1 .

6.2.1 L ite ra ture  R ev iew

T h o m a s  and  K loste r [93] com pared  the re liab ility  o f m agnetic rubber, m agnetic 

partic le  and ultrasonic techniques in  the detection  o f  very sm all induced  flaws on  

forged steel. A n  85% detection  probab ility  is reported fo r  a 0 .76m m  long  flaw  with  

the m agnetic techniques. F o r  u ltrasonic testing, the same probab ility  corresponds to a 

flaw  area o f  2 .4 9 m m 2.

B e ch e r and  Pedersen [74] suggested a m odel in  conjun ction  w ith the in itia l crack  size 

distribution  entering service u nder w hich  the probab ility  o f detecting a crack  o f depth  

20m m  is 90% .

O 'N e i l l  and Jo rd a n  [94] suggested that the probability  o f  m issing a potentia lly  

dangerous defect by ultrasonics is som ew here betw een 1 and 0.01.

T a n k  [78] derived the m odel:

p d n ( z )

0 z  < 0

5 z  0 < z  < 0 . 0 2 i n .

9 z - 0 . 0 8  0 . 0 2  i n .  < z  < 0 . 1 2 i n .

1 . 0  z  > 0 . 1 2 i n .

6.2.1.1

based on  u ltrasonic data fro m  a lum in ium  specim ens.
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R u m m e l e t  a l  [95] published data on  sm all tight cracks on  a lu m in iu m  a lloy  

specim ens. T h e  specim ens w ere between 1 .52m m  to 5 .32m m  in  thickness and  

contained  fatigue cracks ranging from  0 .18m m  to 12 .7m m  long  and  0 .03m m  to 

4.51m m  deep. F o r  the u ltrasonic inspection F ig . 9 o f  R e f. [95] reveals that cracks 

o f depths 0 .13m m  and 0 .76m m  have probabilities o f  detection  o f  50% and 90%  

respectively.

K au p p in e n  and A a ltio  [96] and Forsten  and A a lt io  [97] reported results reflecting  the 

dependence o f  the detection  e ffic ien cy  on  the defect size, type and location  as well 

as o n  the inspection  tim e used by the U T  operator. L a c k  o f  fusion  defects 

exceed ing  a length o f 40m m  are reported to have 100% detection  p robab ility , whereas 

fo r  sm aller defects the probab ility  reduced to 75% . Slag inclusions in  general gave 

stronger ind ications. In bu tt-w elded  plate seams, defects 50m m  long  had a 100%  

detection  probab ility  whereas in  tee jo ints the corresponding  detection  e ffic iency  was 

clearly  less than 100% . T h e  average detection p robab ility  fo r  1 0 -3 0 m m  long  defects 

in  m ore  co m p lex  geom etries was recorded as being about 50% . R o o t area defects 

were show n to be m ore  d ifficu lt to detect. A  root area defect o f  length 35m m  was 

detected w ith 30% probability . T h e  im portance o f  inspection  tim e was found  to be  

distinct. A n  increase fro m  one h our to two hours resulted in  an 18% increase in  

detection  probability .

Packm an  e t  a l  [98, 99] reported  data on  artific ia lly  induced  surface e llip tica l fatigue  

cracks inspected by  a lu m in iu m  penetrant, titan ium  penetrant and m agnetic particle  

m ethods. T h e y  assessed the N D E  re liab ility  by assum ing a b in om ia l d istribution  and  

suggested a test p rogram m e fo r  obtain ing detection  probabilities.

M a rsh a ll [79] tried to estim ate the detection fu nction  b y  m eans o f  a questionaire sent 

out to independent experienced  ultrasonic operators asking each in d iv idu a l operator fo r  

his estim ate o f  the e ffic ie n cy  w ith w hich  he w ould detect defects o f  specified  size and  

location . T h e  overa ll detection  e ffic iency  was estim ated by averaging overa ll detection  

probabilities fo r  each  defect size and  location .

T h e  fu nction :

PND<Z ) "  6 + 0 - 0  e x p - ( j t z )
w i t h  c — 0 . 0 0 5  6 . 2 . 1 . 2

(i -  2.88 in”l
was suggested as representing the largest average probab ility  values fo r  n ot detecting a 

defect o f  depth  z.
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M a rr io t  and  H udson  [100] assumed a general exponential m odel in  the ir w ork fo r  

pred ictin g  the fa ilure  risk in  pressure vessels. T h e  m odel was treated theoretically

w ith general defect d im ension  C  and param eters a  and /3 to be estim ated from  the 

data. T h e  function  is o f  the form :

P d n ( c ) -  Of + (1 —or) e x p -(/ 3 c)  6 . 2 . 1 . 3

and  its fo rm  is seen to be identica l to that suggested by M arsha ll [79].

H a rr is  [77] suggested the use o f  the lognorm al m odel:

PND<Z) “ \ erfc [v Cn “*] 6.2.1.4

where z* is the crack  depth  in  inches fo r w hich  = 0.5 and  erfc  is the

co m p lem entary  error function .

T h e  above m odel was fitted to the U T  data reported by T a n k  [78]. T h e  data are 

in  the range z <  0.1 in . (2.5m m ) fo r  3 in . (7.62cm ) O D  tubes o f  0 .25 in . (6.4m m ) 

w all th ickness. T h e  calculated values fo r  the param eters w ere u = 1.33, z* = 

0.063in . (1.6m m ). H e  also obtained a least squares fit fo r the m odels:

W e i b u l l  P n d ( z )  ”  e x p - ( z / 7 ) Tl  ̂ z *  _  y ^ Q n l ) 1 ^  6 . 2 . 1 . 5

k - 1  (/zz)n

G a m m a  P ^ p ( z )  -  e x p - ( / * z )  J  --------------  6 . 2 . 1 . 6
n=0 n !

w ith param eters estim ated from  the data:

W e i b u l l  y  -  0 . 0 7 i n .  , rj -  2

Gamma / x * = 7 4 i n . -  ̂ , k - 5

A lth o u g h  the three m odels fit the data w ell w ith in  the range reported , the behaviour 

o f the m odels at larger values o f z d iffe r  s ign ificantly . F o r  z  = l/ 4 in . (6.35m m ) the 

n o n -  detection  probabilities are:

L o g n o r m a l : 4 . 6  x  1 0 ” ^

W e i b u l l  : 2 . 9  x  1 0 " 6

Gamma : 6 . 5  x  1 0 “ ^
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T h e  P la te  Inspection Steering C om m ittee  (PISC I) [101] published results o f  an N D E  

program m e on  test b locks contain ing various w elding defects. It was reported that 

fo r  sm all vo lum etric defects ranging fro m  1 to 10m m  there is a lm ost no  correlation  

betw een detection  p robab ility  and crack  depth . F o r  defects p erpen d icu lar to the 

inspection  surface and o f  depth  greater than 10m m  the co rre la tion  is very h igh , and  

it  can  be confidently  stated that fo r  cracks greater than 50m m  the detection  

probab ility  is h igher than 95% . F o r  cluster defects grouped together by  the A S M E  

X I p ro x im ity  rules the detection  probability  was sign ificantly  low er and ranged between  

0 and 50% .

T o w n e n d  [12] m odelled  and com pared  the perform ance  o f  the P V R C  [102] and  

P IS C  I [101] program m es by least square fit o f  the m odels:

P D n ( z )  =  l - e x p - ( z / 5 7 )  f o r  P I S C  I  6 . 2 . 1 . 7

P d n ( z )  “  l - e x p - ( z / 6 . 3 )  f o r  P V R C  6 . 2 . 1 . 8

w here z  is the depth  o f the defects in m m .

H a rr is  and L im  [103] incorporated  the area A  o f  the crack  in to  the n on -d ete ction  

fu n ctio n . T h e y  suggested the lognorm al m odel:

pNd(z> “ c + \  t1"*] erfc [uCn £*] 6.2.1.9

T h e y  assumed p art-c ircu m feren tia l cracks and evaluated the area fro m  A  = x/4 

D b z.
T h e  beam  diam eter D g  was assumed to be l i n .  (25.4m m ) and to be always sm aller 

than the defect length. A *  corresponds to a depth o f z* having  a detection  

probab ility  o f  50% . W ith  values o f  e = 0, u = 1.60 and A *  = 0 .9 8 in .2 (622 .3m m 2) 

correspond ing  to z* = 1 .25 in . (31.75m m ) the m odel predicts m uch  sm aller detection  

probabilities than any previously  suggested fu nction  and  assumes that a crack  would  

have to be h a lf way through the wall thickness before it w ould  have a 50%  

p robab ility  o f being detected.

D u fresn e  [104] argued that the detection p robab ility  increases w ith  the length o f the 

defect because o f  the greater num ber o f upcrossings o f the u ltrasonic transducer. H e  

m odelled  this idea m athem atica lly  suggesting the expression:

PD n  -  1 - O - P D l )  2 b / D b 6 . 2 . 1.10
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W h e re p D n  = the detection p robab ility  a fter n  crossings

P D1 = the detection probab ility  at each  crossing

E>b = the beam  diam eter

2b the length o f the defect

B y  poo lin g  data from  d ifferen t trial program m es he plotted the detection  probability  

as a function  o f  crack  length fo r  various crack  depths. H is  F ig u re  2 (page 521 o f  

R e f. [104]) is reproduced  here as F ig . 6.2.1 fo r further reference . T h e  beam  

diam eter was taken to be 40m m  and the 50% detection  probab ility  to correspond to 

a 9m m  long  defect.

F ig . 6.2.1 : D e fe c t D e te ctio n  Probab ility  as a function  o f crack  length fo r  various

crack depths (D ufresne [104])
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T e m p le  [105] analysed data obtained by ultrasonics and liquid penetrant techniques on  

a lu m in iu m  a lloy. T h e  depth  and length o f  the defect w ere treated separately and  

three m odels were fitted b y  m in im ising  the least square error. M o d e ls  6 .2 .1 .12  and  

6.2 .1 .1 3  are identica l to those suggested by  H a rr is  [77].

l + e x p ( - a x * )
PND(X) --------------- 6.2.1.11

l + e x p ( o : ( x - x * )

PND(X) “  5  e rfc  [uCn ] 6.2.1.12

Pn d (*> “  e x P [ - [ | P ]  6 . 2 . 1 . 1 3

w here x denotes the d im ension  o f  interest in  m m  and a ,  x * ,  v ,  y ,  rj the m odel 

param eters estim ated fro m  the data. T h e  values o f the param eters fo r  the u ltrasonic  

inspection  as extracted fro m  T a b le  IV , page 262 o f  R e f. [105] are shown below  in  

T a b le  6 .2 .2 .

UT

D i m e n s i o n

E q u a t  io n  3 . 1 . 1 1 E q u a t  io n  3 . 1 . 1 2 E q u a t  io n  3 . 1 . 1 3

a X* u X* 7 V

D e p th 1 . 7 7 3 0 . 0 1 2 0 . 5 8 5 0 . 2 5 1 0 . 5 3 3 8 . 6 9

L e n g t h 0 . 2 6 2 0 . 1 4 9 0 . 5 1 2 1 . 4 3 7 2 . 7 6 2 8 . 8 6

I_____________ I___________________ I------------------- L

T a b le  6 .2 .2  : M o d e l param eters obtained by T e m p le  [105]

H e  also proposed the m ore  general em p irica l m odel:

pn d (x)
1+exp^- S cqxj*]

l+ e x p [  2  [ x i - X j * ] ]

w ith 2n constants cq and  xj*, and xj a vector o f  n  s ize-re la ted  variables.

6 . 2 . 1 . 1 4

B eren s and H o v e y  [106] fitted a variety o f  m odels on  surface cracks on  a ircra ft data 

tested by eddy current inspections. B y  perform ing  transform ations to the detection  

probabilities and m in im is ing  the least square error o f the regression curve the best fit  

was obtained by  the logistic m odel:
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pDN(a> exp(aH-fflgna)

l+ ex p (o H -0 fin a )
6 . 2 . 1 . 1 5

w here a  and 0  are the m odel param eters and a is the crack  length . T h e  param eters  

a  and 0  are n ot specified  but a crack  length o f  25m m  is reported  to have a 90%  

chance  o f being detected. T h is  m odel w ill be discussed fu rther in  Section  6 .2 .2 .

W o o  and S im onen  [107] fitted a m odel based on  the n orm a l d istribution  function  fo r  

data on  ferritic  and  stainless steel. T h e y  app lied  the m odel separately on  the results 

w hich  were obtained fo r  each  m aterial type and accord ing  to three team s identified  as 

p o o r, good and advanced team s. It is n ot how ever c lear w hether this classification is 

based on  team  perform an ce  under identica l U T  procedures. T h e  function  is 

dependent on  the crack  depth  to p ipe w all thickness ratio  z/t and is o f the fo rm :

pd n (x) *<x)
x

1
-CO / 2x

- t  2/2

d t 6 . 2 . 1 . 1 6

w i t h  x  - a  +  0f in [|]

T h e  p a r a m e t e r s  a  a n d  0  a r e  g i v e n  i n  T a b l e  6 . 2 . 3  b e l o w

Team

M a t e r i a l

F e r r i t i c  S t e e l S t a i n l e s s  S t e e l

P o o r
a -  0 . 4 3 2  

0  -  0 . 1 6 3

a  = 0 . 2 4 0  

0 «= 1 . 4 8 5

G o o d
a  -  1 . 7 5 0  

0 = 0 . 5 8 3

a  -  1 . 5 2 6  

(3 = 0 . 5 3 3

A d v a n c e d
ct -  3 . 6 3 0  

0 = 1 . 1 0 6

a  = 3 . 6 3 0  

0  -  1 . 1 0 6

T a b le  6 .2 .3 : M o d e l Param eters O b ta in ed  by W o o  and S im o nen  ri071

Boka lru d  and K arlsen  [76] suggested the use o f  the norm al d istribution  in  re lation  to  

the echo height. F ro m  w ork invo lv ing  the u ltrasonic exam ination  o f 70m  o f steel 

butt welds by tw elve operators, they observed that the logarithm s o f the echo height 

fo r  the sam e defect size are n orm a lly  distributed with a  = 0.693 (6 D B ) . B y
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assuming that the echo amplitude increases linearly with the height of the defect they
proposed a detection model as a function of the reference level:

P r [E > E o ]

00

1
C n E 0

e x p {[ fin E 0 -  (fin x+ fin ji)  ] 2 / 2 a 2 } 6 . 2 . 1 . 1 7

where E 0 = reference level

x = defect size corresponding to the echo height E

f1 constant ; E  = /ix

D iffe ren ces  in  detection  effic iencies w ith in  defect types and operators are also 

highlighted in  the acceptance curves (probability  o f n on -d e te ction )  presented by  F o r li 

and Pettersen [108,109]. In particu lar, F igure  8 o f R e f. [109] reveals a rough ly  

constant 60% d ifference  in  detection  e ffic iency  betw een operators over a ll defect 

heights.

T h e  plate inspection  steering com m ittee (PISC) has recently  published results o f a 

m ore detailed program m e (Phase 2) [110] in  w hich  the in fluences o f several factors  

such as: record ing  level, scanning surface, defect category, defect orientation ,

co m p lex  and  advanced testing procedures in  addition  to those in  the sp irit o f  A S M E  

X I [111] are investigated. T h e  results o f  this study are given and  discussed in  detail 

in  the P IS C  II R ep o rt N o . 5 [110]. A  range o f conclusions were reached o f  w hich  

the m ost im portant are:

R ed u ction  o f the record ing  threshold from  50% to 20% D A C  increases the 

detection  rate by  as m uch  as 25% [Fig. 5 .7 , R e f. [110]] but no significant 

im provem en t is observed by a fu rther reduction.

Procedures in  the sp irit o f  A S M E  X I appear to p erfo rm  better i f  a 70%  

long itud ina l angle probe is added, e ither in  the sim ple echo technique o r  with  

dual beam .

D e fe c t category was the m ost im portant param eter w hich  dom inated  the 

perfo rm an ce  o f  the N D E  program m e. Sm ooth  cracks w ith sharp edges (fatigue 

cracks) were the m ost d ifficu lt to detect whereas sm all vo lum etric defects (slag 

inclusions and  porosity) gave on  average stronger ind ications. F igs. 9.10 and

9.11 o f  R e f. [110] contain  plots fo r  the regression curves o f  defect detection  

probabilities versus defect height fo r  the two categories w ith ranges fro m  10 to 

30m m  fo r  the fo rm er and up to 5m m  fo r the latter. T h e  slopes o f  the two
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lines estim ated fro m  the figures were found  to be 0 .025m m -  ̂and 0 .2 5m m “ l

respectively, using the best results fro m  each team  (Fig . 9.10) and 0 .0 25 m m “ l ,  

0 .0 43 m m “ l  fo r  the group o f procedures in  the spirit o f  A S M E  w ith 20% D A C  

(F ig . 9.11).

-  Inspection through the unclad  surface showed that defects near to the clad  side 

are d ifficu lt  to detect. T h e  m ost d ifficu lt case for detection was the fatigue  

crack  defect category o f depth  25m m  or m ore , situated near to the internal

surface.

T h e  results o f  these program m es are discussed fu rther in  Section  6 .2 .2 .

6 .2 .2  A p p lica tio n s  o f B in a ry  Regression M ode ls

T h e  results fro m  the various non-destru ctive  exam ination  program m es review ed in  

Section  6.2.1 revealed m an y  o f the factors w h ich  in fluence the perform an ce  o f  

n on-destru ctive  exam ination  techniques. T hese  factors are obviously  not exhaustive,

but the in flu en ce  o f  several o f  them  has been w ell established. T h e  perform an ce  o f

the various program m es in  term s o f detection  probabilities has been show n to vary,

and  the sam e m odels w hen app lied  on  separate occasions give sign ificantly  d ifferent

results (see Section  6.2 .1).

T h e  log istic, p rob it and com plem entary  lo g - lo g  m odels have been app lied  to two 

m ain  categories o f  defect data, m ain ly  on  a lu m in iu m  (see T e m p le  [105]) and steel 

specim ens (see P V R C  [102], P IS C  I [101], and P IS C  H  [110]).

T h e  m ode llin g  and perform an ce  o f  the P V R C  and P IS C  I program m es have been

discussed extensively by T o w n en d  [12]. T h e  results from  these program m es together 

w ith the m ost recent findings o f the P IS C  II p ro ject are used here again  to fit the 

m odels o f  Section  6 .1 .2 . T h e  m odel param eters estim ated by the m ethod  o f  M . L . E .  

together w ith  their standard errors are shown in  T ab les  6.2.2.1 to  6 .2 .2 .4 . T h e

deviance fro m  each fit when com pared  with the appropriate  ch i-sq u ared  distribution  

shows that n one  o f  the m odels can  be rejected. C lo se r fits w ere obta ined w hen the 

defect depth  is rep laced by its natural logarithm  (m odified  m odels), w ith the 

exception  o f  the P IS C  II results where the statistic is low er fo r  the n on-transfo rm ed  

depth . T h e  detection  probabilities fro m  the m od ified  m odels are  p lotted  as a 

fu nction  o f  defect depth  and are shown respectively in  F igs. 6.2 .2.1 to 6 .2 .2 .3 .

C o m p ariso n  o f  F igs. 6.2 .2.1 and 6 .2 .2 .2  shows that the logistic and p rob it detection  

m odels are  closely s im ilar fo r  each o f  the fou r data sets. H ow e ve r, the



FIGURE 6.2.2.1 THE LOGISTIC AND OTHER DETECTION MODELS
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FIGURE 6.2.2.2 THE PROBIT AND OTHER DETECTION MODELS
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FIGURE 6.2.2.3 THE COMPLEMENTARY LOG-LOG AND OTHER DETECTION MODELS

o
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com p lem entary  lo g - lo g  m odel (Figs 6 .2 .2 .3 ) shows the detection  probability

appro ach ing  the value o f 1 .0  m ore  rap id ly  that the other m odels fo r  two o f  the data 

sets.

T h e se  figures also show  the exponential m odels suggested by M a rsh a ll (see Section

6 .2 .1 , E q n . 6 .2 .1 .2) and T ow n en d  (see Section  6 .2 .1 , Eqns. 6 .2 .1 .7  and 6 .2 .1 .8). It 

can  be seen that fo r  the P V R C  data the m odels proposed in  this report predict 

som ew hat h igher detection  probabilities fo r  sm all defects (about 10m m  deep) as 

com pared  w ith the exponentia l m odel proposed by T ow n en d . F o r  h igher values o f  

defect depth  this trend reverses. It can  also be seen that the lowest detection  

probabilities o f a ll are observed fo r the cluster defects o f the P IS C  I program m e. 

V e rtica l defects fro m  the same program m e are com parative ly  easy to detect. 

T o w n e n d  has m erged these data from  the P IS C  I program m e in to  one inhom ogeneous  

category. H is  detection  m odel fo r  this data lies, not unexpectedly , betw een the other  

two curves.

D a ta  fro m  the P IS C  II program m e fo r  fatigue cracks (the type o f  defect w hich  was 

the m ost d ifficu lt to detect) show higher detection  probabilities than the m ost easily  

detected defects in  the P IS C  I program m e (vertical defects). F in a lly , it can be seen 

that the detection probabilities predicted by  the M arsha ll m odel are in  reasonably  

close agreem ent with those fro m  the P V R C  program m e.

T e m p le  [105] reports som e data on  defect depth  and length fro m  u ltrasonic inspection  

o f a lu m in iu m  a lloy  specim ens. T h e  results are reported to be due to M ag istra li e t  a l  

and be quite o ld , but are used here as an illustration.

T h e  log istic, p rob it and com plem entary  lo g - lo g  m odels were fitted to both  dim ensions. 

T h e  m odel param eters together with estim ates o f  their standard errors are given in  

T ab le s  6 .2 .2 .5  and 6 .2 .2 .6 . T h e  deviance o f each fit w hen com pared  w ith the

ch i-sq u ared  distribution on  6 d .f. shows that the m odified  m odels p rov ide  the best fit 

to the data. T h e  o n ly  exception  is with the com plem entary  lo g - lo g  m odel w hich  can  

o n ly  be accepted at the 0.001 sign ificance level. T h e  predicted detection  probabilities  

u nder the m odels are p lotted  against defect depth  and length and are shown in  

F igures 6 .2 .2 .4  and 6 .2 .2 .5  respectively. T h e  same figures also show  T e m p le 's

fu n ctio n  (see Section  6 .2 .1 , E q n . 6 .2 .1 .7 ), and the lo g -n o rm a l (see Section  6 .2 .1 , 

E q n . 6 .2 .1 .12) and W e ib u ll (see Section  6.2.1 E q n . 6 .2 .1 .13) m odels proposed by  

H a rr is  [77] and fitted by T e m p le  [105]. F ro m  both  figures it can  be seen that the 

m od ified  logistic, p rob it and com plem entary  lo g - lo g  m odels agree very closely over 

the entire range, whereas the rest o f the m odels d iffer sign ificantly . Particu larly

im portant is the behaviour o f  the W e ib u ll m ode l, w hich in  both  cases changes very  

slow ly fo r  very sm all values o f the defect d im ension, rising abruptly  over a short



FIGURE 6 .2 .2 .4  COMPARISON OF VARIOUS DETECTION MODELS BASED ON DATA REPORTED BY

TEMPLE [1 0 5 ]
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FIGURE 6 .2 .2 .5  COMPARISON OF VARIOUS DETECTION MODELS BASED ON DATA REPORTED BY

TEMPLE [1 0 5 ]
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range to reach the value o f  1 .0 quite rap id ly .

T h e re  are very few  exam ples o f  sets o f data w hich  give m ore  than  one characterising  

variab le  fo r  each  defect, o r  to m ore  than one inspection  technique. T h e  data

reported  by  P IS C  I provide  in form ation  on  the three defect dim ensions x , y , z. 

[T h e  defect d im ension  y  corresponds to the size o f  the defect in  the through  

thickness d irection ; the other two dim ensions were taken para lle l to the sides o f the 

plate]. T h e  generalised form s o f the functions 6 .1 .2 .1 , 6 .1 .2 .2  and 6 .1 .2 .3  were 

fitted  by M . L . E .  in  a stepwise m anner and  the goodness o f  fit statistic has shown no  

sign ificant im provem en t by  the in troduction  o f  the add itional param eters x and y. It 

is im portant to m ention , how ever, that the statistics have show n greater in flu en ce  o f  

the y  rather than the x  dim ension  but the additional contribution  o f  this param eter 

was still fou nd  to be statistically insignificant. D eta iled  results are presented in

T ab le s  6 .2 .2 .7  to 6 .2 .2 .1 2 .

T h is  particu lar analysis reinforces the usefulness o f  the generalised m odels in  

m odellin g  detection  efficiencies but som e o f  the findings are not particu larly  

surprising. It is reasonable to assume that the chance o f detecting a defect o f  given  

size (z) w ill also depend on  the other d im ensions o f the defect, since these w ill 

a ffect the chances o f  the ultrasound beam  being reflected. H ow e ve r, in  the case o f  

the data exam ined, a ll the defects were relative ly  long  and hence sm all changes in

length  are relative ly  un im portant.

F in a lly , in  this section, m ention  should be m ade o f  the characteristics o f  the new  

detection  p robab ility  m odels when fitted to previous data sets (e.g. F igures 3 .2 .4.1 to 

3 .2 .4 .5 ) w hen co m pared  with earlier m odels. F ro m  F igure  3 .2 .4 .5  it can  be seen 

that fo r  m ed ium  length defects (e.g. 20m m ) the probability  o f  n o n -d e te ctio n  predicted  

by the m odels is n ot insignificant. T h e  oth er figures show  s im ilar trends. S ince  

these new  m odels have been shown to fit the data better than  previous m odels, it 

m ust be concluded  that previous m odels m ay  be unconservative in  their predictions

fo r  the p robab ility  o f  detection o f  defects o f  a m oderate size. T h is  cou ld  have

im portant p ractica l im plications.

6 .2 .3  D iscussion

T h e  sim plest function  that one could  consider in  m odelling  detection  efficiencies is o f  

the fo rm :

k

Ti " jli XiJ i - 1 ...........N 6 . 2 . 3 . 1
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w here the relevant probabilities are estim ated by the observed p roportion s p p rj/ n j. 

U n d e r  this m odel the observed data are assumed to be linearly  related to the 

concom itan t variab le x jj.

A p p lica tio n  o f  o rd in a ry  least squares (O L S )  is in  m ost cases the conven ient way o f  

estim ating the unknow n param eters j8. H ow ever, this approach  is va lid  o n ly  under 

the strong assum ption that the independent random  variables p j are n orm ally  

distributed w ith constant variance; but the variance o f our observations rj/nj is not 

constant and  varies w ith the m ean x , being zero at x=0 o r 1 and rising to a 

m axim u m  at x=0.5, (see Section  6 .1 .1). A n o th e r draw back, p robab ly  the m ost 

serious, arises fro m  the restriction that the cond ition

O ^ x j ^ l  6.2.3.2

im poses o n  the predicted values. In fact, it is very like ly  that the least squares

estim ates, obta ined by  m in im ising  the sum  o f squares, cou ld  lead to fitted values 

w hich  do n ot co m p ly  with the restrictions o f 6 .2 .3 .2 . A n  approxim ate  solution could  

be obtained by using weighted regression in  w hich  each value o f  pj is weighted in  

inverse p ro p o rtio n  to its variance.

A n  even m ore  accurate m ethod is to use m axim um  like lih ood  estim ation, the basis o f  

generalised linear m odels (see C o x  [31], M c C u lla g h  and N e ld er [86] w hich  allows 

prob lem s to be tackled where variances o f  observations are functions o f the m eans. 

Fu rth er advantages o f  such m ethods are that M . L . E .  can  be perform ed  even when  

there is a single response i.e . n j= l fo r  each param eter com b ination  X jj/3 j. A lso  

goodness o f  fit statistics are read ily  available and fo r the b in om ia l d istribution the 

lo g -lik e lih o o d  ratio  statistic D  is com p lete ly  determ ined. T h is  enables the assessment 

o f  the overa ll goodness o f fit o f  the m odel as well as the assessment o f  the relative  

contributions fro m  various param eters. F in a lly , residuals can  be calcu lated to check  

fo r  outly ing  observations and so on.

In addition  to the prob lem  o f  non  constant variance is the question o f  linearity. A s  

was po inted  out in  the in troduction  to Section  6 J .  , linear relations are very unlike ly  

to occu r since the proportions range betw een the value o f 0 and  1 and changes in  

any o f the co ncom in ant variables at the extrem e ends are u n like ly  to  produce m uch  

change in  the p roportion . T h e  inclusion  o f  polynom ia ls in  one o r  m ore variables 

(see P IS C  I [101]) could  be an alternative approach , provided  allow ances are m ade  

fo r  the above prob lem s, but such considerations lack  interpretation  and restrict the 

valid ity  o f the m odel to other situations. T h e  three m odels w hich  have been  

proposed have the purpose o f linearising the observed proportions but with no  effect 

in  stabilising the variance. F o r  exam ple, the logistic m odel has approxim ate variance
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n i T i ( 1 - T i )

1

and app lication  o f  the o rd in ary  least squares to the transform ed p roportion s for  

estim ating the unkow n param eters is c learly  incorrect.

T h e  p rob it and/or the logistic m odels as a fu nction  o f  one variab le (depth or length) 

have been suggested by several authors, see fo r  exam ple  Berens and  H o v e y  [106],

W o o  and S im o nen  [107], H a rr is  [77]. Berens and H o v e y  report that in  add ition  they  

have fitted the W e ib u ll and m od ified  W e ib u ll functions but it is n ot obvious whether 

their m odel is the one proposed by H arris  [77] o r  the com plem entary  lo g - lo g  m odel 

(Eq n . 6 .1 .2 .3 , Section  6.1 .2).

It m ust be em phasised that in  addition  to the co rrect m ethod o f  estim ating the

param eters, the three m odels w hich have been proposed are new  w ith  respect to 

possible generalisations. T h e  vector x , fo r  exam ple, m ay include a num ber o f  

independent covariate variables both quantitative o r  qualitative such as N D E  operator, 

D A C ,  defect type, specim en thickness, length, depth , w idth , area, u ltrasonic beam  

diam eter etc. T h e  o n ly  other general m odel w hich  has been proposed is that due to 

T e m p le  [105]. Fu rth erm o re , it m ust be po inted  out that presenting such generalised  

m odels does not im p ly  loss o f the parsim ony o f  the fu nction  since it  has been

dem onstrated experim enta lly  (see Section  6 .2 .1) that the e ffic ie n cy  o f defect detection  

is indeed a fu nctio n  o f  a num ber o f  variables, the in flu en ce  o f  som e can be

contro lled . T h is  has been clearly  established. In addition  to such dem onstrations, 

D u ffresn e  [104] has show n m athem atica lly  that there exists a h igh  association between  

detection  p robab ility  and both defect depth  and  length (see Section  6 .2 .1 , F ig . 6 .2 .1). 

T h e  m ode llin g  o f  these trends by any  o f  the general m odes w hich  have been  

proposed is novel.



Table 6.2.2.1 : Model parameters for PISC I data flOll Vertical Defects
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Defeet 
Dimension Model a 0 s e (a) s e 03) d4 Notes

I -2.721 0.105 0.427 0.018 3.68 Depth of six vertical 
defects ranging

z II -1.612 0.060 0.234 0.009 3.28 from 11 to 236mm.
III -2.241 0.062 0.330 0.009 3.93 Ultrasonic Inspection 

with probe angles 45*
I -9.317 3.067 1.401 0.483 2.51 and 60 , frequency 

2MHz to 3MHz and
Gnz II -5.374 1.754 0.700 0.235 2.09 recording level 50% 

DAC, scanning from one
III -6.177 1.820 0.793 0.230 2.44 side.

Table 6.2.2.2 : Model Parameters for PISC I data flOl] Cluster Defects

Defect
Dimension Mode 1 a 0 s e (a) s e (0) d4 Notes

I -2.189 0.012 0.319 0.004 3.00 Depth of six cluster 
defects ranging from

z II -1.302 0.007 0.173 0.002 2.90 11 to 148mm.
III -2.212 0.011 0.293 0.003 3.11 Ultrasonic inspection 

with probe angles 45*
I -4.365 0.783 0.953 0.243 2.56 and 60 , frequency 

2MHz to 3MHz and
finz II -2.503 0.440 0.525 0.138 2.69 recording level 50% 

DAC, scanning from one
III -4.153 0.692 0.842 0.208 2.51 side.

Table 6.2.2.3 : Model parameters for data published by PVRC [1021

Defeet 
Dimension Mode 1 a 0 s e (a) s e (0) 05 Notes

I -0.007 0.131 0.586 0.088 6.99 Specimen 201 unclad 
plate scanned both

z II 0.056 0.067 0.345 0.045 7.22 sides by ultrasonics.
III -0.211 0.053 0.340 0.036 7.55 Seven defects of sev- 

veral defect types
I -0.670 1.021 0.741 0.466 4.10 ranging from 0.76 to 

20.32 deep. Probes
Qnz II -0.382 0.594 0.437 0.262 4.23 had operating 

frequencies of
III -0.670 0.533 0.492 0.263 4.72 2.25 MHz, scanning 

was done at 45 and 
recording level was 
set at 10% DAC



Table 6.2.2.4 : Model parameters loVdata published by PISC n fllOl 
Smooth cracks with sharp edges (fatigue cracks)

Defeet 
Dimension Model a 0 s e (a) s e (0) *5 Notes

I -1.674 0.124 0.441 0.024 5.93 Seven smooth cracks 
with sharp edges

z II -1.013 0.075 0.261 0.014 6.05 ranging from 3 to 29mm 
on plate no.3. Ultra-

III -1.491 0.078 0.332 0.015 6.65 sonic inspection as 
defined in ASME

I -3.529 1.489 0.874 0.319 8.29 Section V, Article 4, 
with the recording

Gnz II -2.063 0.879 0.486 0.177 8.49 level set at 20% of 
the DAC curve

III -3.002 1.077 0.668 0.227 6.93

Table 6.2.2.5 : Model parameters for data reported by Temple fl051

Defeet
Dimension Model a 0 s e (a) s e (0) °6 Notes

I -0.573 1.654 0.189 0.163 8.98 Depth of eight defects 
on aluminium alloy

a II -.0225 0.869 0.109 0.084 13.60 detected by ultra­
sonics. Various

III -0.383 0.670 0.100 0.068 21.47 defect types ranging 
from 0.2 to 3.5mm deep

I 1.335 1.730 0.089 0.155 5.97
Cnz II 0.786 0.994 0.050 0.086 4.82

III 0.382 0.885 0.046 0.080 4.71

Table 6.2.2.6 : Model parameters for data reported by Temple [1051

Defeet 
Dimension Model a 0 s e (a) s e (0) 06 Notes

I -0.081 0.147 0.145 0.015 57.34 Length of eight 
defects on aluminium

a II 0.088 0.070 0.083 0.007 70.39 alloy detected by 
ultrasonics. Various

III -0.099 0.050 0.075 0.005 85.28 defect types ranging 
from 0.5 to 37.5mmI -1.177 1.311 0.203 0.102 10.75 long.

Gna II -0.640 0.736 0.119 0.055 13.72
III -0.855 0.632 0.127 0.053 21.68



Table 6.2.2.7 : M odel parameters of the L O G I T  function for the PISC I Data [Vertical Defects]

Terms (T) a P 7 6 s.e.(a) s.e. ((3) s.e.(7 ) s.e.(6) D6-T-l

*1 -0.647 0.060 - - 0.227 0.011 - - 78.55

*1 -1.085 0.013 - - 0.297 0.004 - - 52.83

Zl -2.721 0.105 - - 0.427 0.018 - - 3.68

Yi+Zi -2.777 0.002 0.101 - 0.481 0.005 0.019 - 3.38

xi+za -2.720 -0.004 0.105 - 0.464 0.026 0.108 - 3.68

Xj+Y^+Zj -2.685 -0.023 0.005 0.096 0.559 0.041 0.009 0.021 3.05

QnXi -0.733 0.554 - - 0.279 0.118 - - 100.20

CnYj -6.719 1.618 - - 1.282 0.311 - - 61.71

QnZi -9.317 3.067 - - 1.401 0.483 - - 2.51

GnYj+CZj -10.37 0.360 2.932 - 2.305 0.544 0.521 - 2.01

CnX]+i2nZj -9.428 0.072 3.069 - 1.472 0.221 0.491 - 2.40

j2nXi+CnY|+finZi -11.75 -0.280 0.963 2.718 3.844 0.483 1.270 0.618 1.66
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Table 6.2.2.8 : Model parameters of the Probit function for the PISC I Data [Vertical Defectsl

Terms (T) ot 0 7 5 s.e.(a) s.e.(0) s.e.(7 ) s.e.(5) D6-T-l

*1 -0.405 0.038 - - 0.139 0.006 - - 76.74

*1 -0.644 0.007 - - 0.170 0.002 - - 52.08

Zl -1.612 0.060 - - 0.234 0.009 - - 3.28

Yi+Zi -1.629 0.0008 0.059 - 0.253 0.002 0.010 - 3.13

Xi+Zj -1.608 -0.0006 0.060 - 0.252 0.014 0.009 - 3.28

Xi+Yi+Zi -1.575 -0.011 0.002 0.056 0.292 0.022 0.004 0.011 2.90

CnXj -0.468 0.351 - - 0.173 0.070 - - 99.55

CnYj -4.055 0.975 - - 0.689 0.164 - - 59.97

CnZj -5.374 1.754 - - 0.700 0.235 - - 2.09

CnYj+CZj -5.922 0.188 1.683 - 1.142 0.276 0.263 - 1.58

CnX̂ +finZj -5.437 0.042 1.755 - 0.733 0.121 0.240 - 1.97

CnXi+CnYj+CnZi -6.519 -0.138 0.460 1.582 1.789 0.253 0.607 0.318 1.29
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Table 6.2.2.9 : Model parameters of the complementary log-log function
for the PISC I data [Vertical Defects]

Terms (T) a 0 y 6 s.e.(a) s.e. (/3) s.e.(7 ) s.e.(5) D6-T-l

*1 -0.898 0.042 - - 0.176 0.006 - - 71.45

*1 -1.051 0.007 - - 0.191 0.001 - - 50.76

Zl -2.241 0.062 - - 0.330 0.009 - - 3.93

Yi+Zj -2.241 0.00003 0.062 - 0.332 0.002 0.009 - 3.93

X1+Zj -2.210 -0.004 0.062 - 0.332 0.015 0.008 - 3.87

Xj+Yj+Zj -2.148 -0.016 0.001 0.059 0.384 0.034 0.003 0.011 3.70

CnX} -0.976 0.407 - - 0.215 0.074 - - 96.94

Cnyl -4.541 0.984 - - 0.694 0.156 - - 56.49

CnY! -6.177 1.820 - - 0.793 0.230 - - 2.44

CnYj+CZ! -6.516 0.125 1.766 - 1.091 0.247 0.261 - 2.15

CnXj+CnZ| -6.241 0.049 1.819 - 0.824 0.137 0.237 - 2.32

CnX|+CnY|+CnZ| -6.825 -0.116 0.299 1.690 1.516 0.353 0.590 0.345 2.04

«



265

Table 6.2.2.10 : Model Parameters of the Logit Function for the PISC I Data (Cluster Defects]

Terms (T) a 0 7 5 s. e. (a) s.e.(0) s.e.(7 ) s.e.(5) D6-T-l

*1 -2.748 0.047 - - 0.519 0.016 - - 3.57

Yl -2.659 0.020 - - 0.496 0.007 - - 6.10

Zl -2.189 0.012 - - 0.319 0.004 - - 3.00

Yi+Zj -1.325 -0.030 0.028 - 0.740 0.024 0.013 - 1.47

Xi+Zi -2.536 0.023 0.008 - 0.514 0.025 0.006 - 2.10

Xi+^i+Zi -1.565 0.007 -0.026 0.024 1.280 0.031 0.031 0.021 1.41

QriXi -3.081 0.535 - - 0.818 0.253 - - 7.23

CnYj -6.490 1.261 - - 1.989 0.492 - - 6.87

CnZj -4.365 0.783 - - 0.953 0.243 - - 2.56

CnY1+CZ1 -3.652 -0.304 0.915 - 2.255 0.877 0.459 - 2.44

CnX̂ +finZj -4.369 0.044 0.749 - 0.956 0.294 0.332 - 2.53

CnXi+finYj+finZi -3.645 -0.002 -0.306 0.918 2.506 0.327 0.988 0.646 2.44



266

Table 6.2.2.11 : Model Parameters of the Probit Function for the PISC I Data (Cluster Defectsl

Terms (T) a 0 7 5 s . e . (a) s . e .  (/3) s . e . (7 ) s . e . (5) D6- T- l

*1 -1 .5 51 0.025 - - 0 .263 0.009 - - 3 .94

*1 - 1 .5 6 3 0.012 - - 0 .278 0.004 - - 6 .19

Zl - 1 .3 0 2 0.007 - - 0 .173 0.002 - - 2 .90

Y1+Za - 0 .8 4 3 -0 .0 1 6 0.015 - 0.421 0.013 0.007 - 1.51

Xi+Zj - 1 .4 5 9 0.011 0.005 - 0.261 0.013 0 .004 - 2 .15

Xj +Yj +Zj - 0 .9 3 7 0.003 - 0 .0 1 4 0.014 0.683 0.017 0.017 0.011 1.48

CnXj - 1 .6 9 2 0.270 - - 0 .401 0.127 - - 8.03

GnYj - 3 .7 0 6 0.710 - - 1 .139 0.285 - - 7.01

CnZj - 2 .5 0 3 0.440 - - 0 .525 0 .1 38 - - 2 .69

CnYi+ Q Z 1 - 2 .2 7 9 - 0 .0 9 0 0.476 - 1 .289 0.479 0 .240 - 2 .66

Q n X i+ Q nZ j - 2 .5 0 3 0.021 0.424 - 0 .525 0.155 0 .186 - 2 .68

J2nXi+CnYj+finZi -2 .311 0 .010 - 0 .0 7 7 0.463 1.395 0.170 0 .526 0.329 2.65
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Table 6.2.2.12 : Model Parameters of the Complementary Log-Log Function for the PISC I Data
fCluster Defects]

Terms (T) a 0 7 5 s . e . (a ) s . e . (0) s . e . ( y ) s . e . (5) D6-T-l

*1 - 2 .7 7 8 0.044 - - 0 .489 0.015 - - 3 .33

*1 - 2 .6 3 8 0 .108 - - 0 .442 0.006 - - 6 .03

Zl - 2 .2 1 2 0.011 - - 0 .293 0.003 - - 3.11

Yi+Zi - 1 .3 9 7 - 0 . 0 2 9 0.025 - 0.661 0.002 0.012 - 1.46

*1+Zi - 2 .5 6 8 0.023 0.006 - 0 .489 0.023 0.005 - 2 .09

Xj + Y ^ Z j - 1 .6 6 7 0.008 - 0 .0 2 4 0.021 1.195 0 .029 0 .029 0.020 1.39

CnXj - 3 .1 2 6 0.513 - - 0 .785 0.240 - - 7 .54

finYj - 6 .0 9 6 1.133 - - 1 .725 0.421 - - 6 .74

CnZj -4 .1 5 3 0.692 - - 0 .842 0.208 - - 2.51

CnY1+CZ1 - 3 .3 4 5 - 0 .3 5 7 0.856 - 1 .972 0.795 0 .426 - 2.31

Q n X i+ Q n Z i - 4 .1 6 6 0 .050 0.655 - 0 .849 0.275 0 .289 - 2 .47

CnXi+CnY|+l2nZi - 3 .3 1 7 - 0 .0 0 8 - 0 .3 6 8 0.867 2.241 0 .3 09 0 .909 0.608 2.31
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6.3 Defect Sizing

T h e  m easurem ent o f  defect d im ensions by  a n on-destru ctive  exam ination  device  

requires skill and  is governed by  a large num ber o f  uncerta inties and  lim itations, 

som e o f  w hich  have been discussed in  previous sections. P rob e  m ovem ent techniques

[112] such as 6 D B  d rop , 2 0 D B , m axim u m  am plitude, etc. are extensively em ployed

fo r  sizing  flaws. A ccu racies  by  w hich  such m easurem ents are m ade are va lid  on ly  

fo r  particu lar categories o f  defect, but nevertheless in form ation  about the tendency to 

undersize o r  oversize defects can  be obtained by exam in ing trends betw een m easured  

and actual sizes o r  m eans and standard deviations o f sizing errors (m easured size -  

actual size), w hen data are available.

S iz ing  errors can  have serious consequences since, i f  insign ificant defects are

overestim ated, this cou ld  result in  unnecessary repairs causing fin anc ia l losses and

possibly lead to the in troduction  o f  further defects by the rep a ir  process. Converse ly , 

i f  insign ificant defects are overlooked  this cou ld  have serious effects on  overall 

structural integrity.

6.3.1 L ite ra ture  R ev iew

Based on  surface cracks detected and sized by  ultrasonics on  a lu m inu m  specim ens, 

T a n k  [78] suggested the ca lib ration  curve

E [ A c t u a l  d e p t h lm e a s u r e d  d e p th ]  -  0 .0 5 9 2  + 0 .8 3 9  M e a s u r e d  d e p t h

fo r defect sizes up to 0 .2 in ., w ith a n orm a lly  d istributed ca lib ra tion  erro r  o f  zero  

m ean and  s .d . o f  0 .0342in .. D e p th  m easurem ents were m ade by  long itud ina lly  

scanning and  observing the position  at w hich  the am plitude o f  the reflected signal 

dropped  o f f  to 50% o f  the m ax im u m  am plitude attained in  passing the defect.

O n  50% D A C  the results fro m  the P IS C  I program  showed that on  average sm all 

vo lu m etric  defects o f  depth  fro m  1 -1 0m m  were overestim ated whereas p lan ar defects 

ranging fro m  11-2 3 6 m m  in  size were underestim ated. T hese  conclusions were based 

on  m ean values fo r  the ratio  o f  the m easured to actual size o f  1.38 and 0.49 

respectively.

B u rd ek in  and T o w n en d  [113] have also noted that u ltrasonic sizing  errors (with 6 D B  

drop) fo r  defect height ranging fro m  4 -4 7 m m  in  steel railw ay ra il are dependent on  

the actual defect size. T h e y  observed that sm all defects were overestim ated and large 

defects underestim ated with a changeover at about 25m m . T h e y  m odelled  this trend
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w ith a linear regression curve o f sizing erro r versus actual defect sizes:

E r r o r  = 1 3 .8 6  - 0 . 5 4  A c t u a l  d e p t h

E rro rs  about this line  were n orm ally  d istributed with a s.d. o f  6 .3 m m .

Based on  a program  carried  out at the W eld ing  Institute [114, 115, 116] M u d g e  and  

W illiam s [117] observed that U T  sizing errors were also n orm a lly  d istributed but 

independent o f  the actual defect size. T h e y  noted that the depth  o f  p lanar defects 

cou ld  be underestim ated by as m uch  as 5 to 6m m  and n o n -p la n a r  defects by 7 to 

8m m . F o r  a 2 0 D B  d rop  sizing technique under laboratory cond itions, the m ean  error  

fo r  p lanar defects was -1 .7 m m  and n o n -p la n a r  defects -2 .3 m m . T h e  corresponding  

s.d . fo r  these values were calcu lated to be 1 .9m m  and 2 .6 m m  respectively. 

M easurem ents w ere undertaken on  defect sizes ranging fro m  1 .5 m m  to 12m m  and  

1m m  to 7m m  respectively fo r  p lanar and n o n -p la n a r  defects.

T h e  U K A E A  D e fe c t D e te ction  T r ia ls  [118, 119, 120] using several probe m ovem ent 

techniques w ere reported by B ow ker e t  a l  [119] to show a m ean  sizing erro r o f  

-1 .0 m m  and s.d . o f  2 .5m m .

K a to  e t  a l  [121] estim ated on  a 6 D B  drop  a m ean error o f  + 0.5m m  with a s.d . o f  

3 .2 m m . T h e ir  evaluation  was m ade on  butt welds in  splices contain ing  several defect 

categories ranging fro m  about 2 to 20m m  in  depth  (Fig . 7, R e f. [121]).

T h e  results fro m  the P IS C  II p ro ject [110] showed system atic trends fo r  undersizing  

o f  p lanar defects and oversizing vo lum etric defects. T hese  trends were characteristic  

o f  the dependence o f sizing errors on  the defect depth  w here sm all defects were 

generally  oversized and large defects were on  average undersized. T h e  s.d . o f  the 

m ean sizing errors as a function  o f  defect size range fo r  the A S M E  20% D A C  

procedure are show n below  in  T a b le  6 .3 .1 .1 , and were extracted from  F ig u re  9 .6  and  

T a b le  9.3 o f  R e f. [110].



270

T a b le  6 .3 .1.1 : M e a n  sizing errors and s.d. fo r  categories o f defects in

plate no . 3 fro m  R e f. f l l O l

D e f e c t  C a t e g o r y M e an  E r r o r  (mm) S t .  D e v . (mm)

F ro m  3 t o  10mm + 12 7

F ro m  105 t o  25mm -1 7

F ro m  2 5 .5  t o  80mm - 4 11

6 .3 .2  Analysis o f  D a ta  on  Fatigue C racks  in  T u b u la r  W elded  Jo in ts

T h e  D ep artm e n t o f  E n e rg y  has published data on  fatigue cracks obtained fro m  four  

typ ica l tubular w elded jo ints [122]. T h e  dim ensions o f  the cracks are presented here 

in  T a b le  6.3.2.1 and  were extracted fro m  T a b le  2 , Section  6.4 and T a b le  4 , Section

7 .2 .2  o f  R e f. [122].

T a b le  6 .3 .2 .1 : A ctu a l and pred icted  dim ensions o f  fatigue cracks fro m  R e f. [122]

A c t u a l  D e p th  

(mm)

( S e c t  i o n i n g )

P r e d i c t e d  D e p th  

(mm)

( U l t r a s o n i c s )

A c t u a l  L e n g t h  

(mm)

( S e c t  i o n i n g )

P r e d i c t e d  L e n g t h  

(mm)

(U11 r a s o n i c s )

8 .7 8 .8 2 2 2 .5 255

5 . 6 5 .7 215 22 6

9 . 2 9 .3 1 7 7 .5 23 8

5 .7 7 .2 2 2 8 .5 22 4

1 8 .6 1 4 .5 1 7 4 .5 172

1 9 .3 1 5 .5 1 8 8 .5 195

9 .3 4 .5 * 5 4 .5 57

7 .5 7 . 0 56 61

1 2 .7 1 2 .7 3 6 6 .5 95

4 . 2 6 .0 92 365

6 .7 6 .1 4 2 4 .5 5 7 *
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T a b le  6 .3 .2 .2  : C a lib ra tio n  details fo r  data o f T a b le  6.3 .2.1 R e f  |651

R e g r e s s i o n r  .m . s C a l i b r a t  io n E r r o r  m ean  

(mm)

E r r o r  s . d .

(mm)

dm -  2 .2 4  + 0 .6 8 d t 2 .6 4 d t -  - 3 . 2 9  + 1 . 4 7 d m - 0 . 9 3 2 .2 6

-  1 0 2 .8 4  + 0 . 3 7 2 t 8 9 6 4 .7 0 -  - 2 7 7 .9 5  + 2 . 70G m - 2 3 .1 8 1 1 5 .8 0

dm*= 2 .7 2  + 0 .6 7 d t * 0 .7 4 * d t *« - 4 . 0 6  + 1 .4 9 d m* - 0 .5 4 * 1 .9 6 *

Cm* “ 1 0 -6 6  + £ t * 4 6 0 .2 8 * Q. t  *= - 1 0 .6 6  + Gm* 1 1 .2 5 * 2 0 .2 3 *

It can  been seen that fo r  the case o f defect depth  in  both cases (including and  

exclud ing  the extrem e observation) sizing errors are dependent on  the actual defect 

size. D efects  o f  depth  up to about 7m m  are seen to be overestim ated whereas 

defects greater than this value to be underestim ated. In the case o f  defect length,

the m ost re liab le  case is the one w hich  excludes the extrem e observations and it is

seen that in  this case defects are usually overestim ated.

6 .3 .3  D iscussion

It fo llow s fro m  Sections 6.3.1 and 6 .3 .2  that there are large d ifferences in  the 

outcom e o f  various experim enta l program m es set up  to exam ine the re liab ility  o f

techniques fo r  sizing defects. These  d ifferences in  perform ance  are due to the fact 

that the data from  each exercise are not d irectly  com parab le , in  that d ifferen t test

procedures have been fo llow ed

and d iffe ren t m ateria l thicknesses or weld types have been studied.

S iz ing  errors are governed not on ly  by the characteristics o f  the flaw  detector and the 

defects them selves but also on  the com petence o f  the operator and the m ethods used 

to derive in fo rm ation  about the defect fro m  the signals obtained.

C o m p ariso n  o f  the data from  the various program m es show that:

-  T h e  range o f  defects w hich  have been exam ined in  each  program m e are 

d ifferent.

-  R eportin g  levels d iffe r betw een program m es.

T h e  num ber o f operators used are either d ifferent o r  not specified .
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-  V ariou s defect positions and geom etries result in  particu lar sizing  

problem s.

-  In som e cases testing was done from  one side o f  the p late and in other 

cases from  both sides. V e ry  often this in form ation  is not included  in  the 

description.

T h e  data published  by the D epartm ent o f  E n e rg y  are totally  in com patib le  with the 

rest o f  the data since the cracks induced are a ll su rface-break ing  defects w hich  have 

been detected by M P I  and subsequently sized by ultrasonics. F u rth erm o re , the 

defin ition  o f  defect depth differs from  that given in  the other program m es.

A lth o u g h  the w ork details and results d iffe r from  program m e to p rogram m e it can be 

stated that the size o f sm all defects is usually overestim ated, whereas large defects are 

usually underestim ated (Burdekin  and T o w n e n d , P IS C  I, P IS C  II). T h e  W eld ing  

Institute study, how ever, showed that the size o f both  sm all p lanar and n o n -p la n a r  

defects is usually  underestim ated.

F in a lly , it m ust be em phasised that m ost o f these program m es w ere perform ed  on  

artific ia lly  induced  defects. A p p lica tio n  o f the results to natura lly  occu rring  defects 

m ust th erefore  be undertaken w ith care.
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C H A P T E R  7 

C O N C L U S I O N S

T h ro u g h o u t this w ork conclusions o r  relevant discussions have been presented at the 

end o f  each  chapter. T h e y  represent a rather com plex  pattern o f  effects w hich  

can n ot easily be condensed fu rther, and the reader is referred to the sum m ary or  

conclusions o f  each relevant section fo r  detailed in form ation . H e re  on ly  m ain

features w ill be given.

G e n e ra l R em arks

T h e  m ajo r part o f  this w ork has been devoted to the analysis o f w eld defect data 

base o f  the H u tton  T L P  structure.

T h e  H u tto n  T L P  is unusual in  a num ber o f  respect. It was the first structure o f the 

tension leg type and was therefore very m uch  a prototype. T h e  detailed  construction  

o f the h u ll o f  the T L P  is rad ica lly  d ifferent fro m  that o f  the conven tiona l type o f  

jacket structure invo lv ing  a com plex  arrangem ent o f  steel p lating  and stiffening, 

especially  in  the six nodes. T h e  sim pler pontoon  sections are rather sim ilar to the 

cross-section  o f  a sh ip , w ith bulkheads, and long itud ina l stiffen ing betw een cross­

fram es. F o r  speed o f  construction  the low er h u ll was fabricated in  a num ber o f  

d iffe ren t yards, a ll w orking to the same specifications.

O th e r  unusual factors in  the construction  were the events w hich  led up to the 

extensive r e - N D E  o f  the low er h u ll, w h ich  are b rie fly  described in  [40]. It is now  

clear that n o t o n ly  were there inadequacies in  the orig ina l w elding but also in  the 

standards o f  the N D E  w hich  was carried  out im m ediate ly  fo llow ing  fab rica tion . T h e  

r e - N D E  w h ich  was undertaken by the m ain  contractor at a very late stage in  the 

construction  therefore covered: som e welds w hich  had  never been inspected before,

oth er than visually, som e welds w hich  had had partia l N D E ,  and  the rem ain ing  welds 

w hich  shou ld  a ll have received fu ll N D E  fo llow ing  fabrication .

A n  add itional com m en t w hich  m ust be m ade concerns the classification  o f  defect 

types. Because o f the very large num ber o f N D E  operators w ho carried  out the 

re -e x am in a tio n  o f  the low er h u ll, it is un like ly  that there w ould have been com plete  

consistency in  the classification o f defects. In particu lar, the term  'linear in d ication ' 

was used to  describe any  defect o f in itia lly  unknow n orig in  w hich  showed up as a 

linear trace on  the surface o f  the m etal during M P I . W hereas it m ight be expected  

that such ind ications m ight relate to defects o f  a m in o r nature, it has been found  in
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the analysis that these defects are typ ica lly  deeper than those orig in a lly  identified  as 

'cracks ' and  'n o n -fu s io n ' defects. Som e thought has been given to the classification  

o f  defects by  G roves  and C o n n e ll [24]. A s  fa r  as the T L P  data analysis is 

concerned  the linear in d ication  defects have been treated separately fro m  the others 

since they have been separately identified  and have d ifferent statistical characteristics.

D e fe c t  O ccu rre n ce

(1) D e fe c t rates fo r  welds o f  the sam e type (e.g. c ru c ifo rm , tee butt, p late butt

and fillet) varied considerably  betw een d ifferen t fabricators, even when other 

factors were apparently  the same (i.e. w elding process, w eld ing position , w elding  

procedure and percentage o f weld subjected to orig ina l N D E ) .

(2) T h e  in fluence  o f  the am ount o f  weld subjected to orig in a l N D E  varied

considerably  betw een fabricators -  in  som e cases the defect rate being reduced  

by a facto r o f  about 100, in  others h ard ly  at all.

(3) E x tre m e ly  lo w  defect rates can  be, but are not always, ach ieved  w hen welds

are subjected to 100% U T  and M P I  N D E .  It is not know n, how ever, whether 

this is the result o f

-  m ore  carefu l preparation  and w elding in  the first p lace , o r

-  the sam e standard o f  preparation  and w elding as fo r  oth er areas, fo llow ed  

by effective N D E  and subsequent repa ir, o r

-  a com bination  o f  these two factors.

(4) T h e  defect rates fo r  su rface-break ing  defects are typ ica lly  o n ly  10% o f those 

fo r  em bedded defects, fo r  welds o f  the sam e type p roduced  using the same 

w elding process, position  and procedure.

(5) D e fe c t rates depend sign ificantly  on  the type o f welded jo in t; and  fo r  the

H u tto n  Lo w e r H u ll cou ld  be c learly  ranked in  order o f  decreasing defect rate 

as follow s: cru c ifo rm  and/or tee butt, plate butt and fille t welds. T h e  defect

rates fo r  plate butt and fille t welds are typ ica lly  o n ly  10% o f  those fo r  tee

butt and cru c ifo rm  welds.

(6) D e fe c t rates depend sign ificantly  on  the w elding process used. In the analysis 

o f  the H u tto n  data, the autom atic subm erged arc w elding process (S A W ), used 

m ain ly  fo r  p late butt welds w elded in  the flat position, was fou nd  to give welds 

w hich  were practica lly  defect free. T h e  m anual shielded m etal arc process
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( S M A W )  showed sign ificant defect rates, particu larly  fo r  tee butt and cru ciform  

welds, but varying accord ing  to the other factors m entioned  in  (1) to (5) 

above. T h e  gas m etal arc process ( G M A W )  on  average showed even h igher 

defect rates than the S M A W  process, typ ica lly  2 -4  tim es as great. T h e  

G M A W  process was also found  to be associated with the occu rren ce  o f  m ultip le  

defects.

(7) S ign ificant d ifferences in  defect rate can  occu r between welds m ade in  the flat, 

h orizonta l, vertical and overhead positions, but w hich  are otherw ise sim ilar. 

D e fe c t rates betw een the flat and overhead positions were typ ica lly  found  to 

d iffe r  by  a facto r o f  about five. H ow ever, in  term s o f  m u ltip le  defects, welds 

m ade in  the horizonta l position, especially  w ith the G M A W  process, were m ost 

like ly  to be associated with m ultip le  defects.

(8) D e fe c t rates have also been shown to d iffe r accord ing  to w elding procedure, 

w hen other factors are the sam e. W e ld in g  procedures in vo lv ing  a large 

num ber o f  passes are like ly  to have a h igher defect rate than welds m ade  

u nder the sam e cond itions with a sm aller num ber o f passes. T h e  same applies 

with m u ltip ly  defective welds. H ow ever, this effect is m uch  less significant than  

the other factors m entioned  above.

(9) C le a rly , defect rates also depend to a certain  extent on  the skills o f  individual 

w elders, but no data were available to enable this effect to be quantified.

(10) A lth o u g h  som e structural details m ay be som ew hat m ore  prone  to w eld defects 

than others, the analysis o f the H u tto n  data showed that w hen the above have 

been taken in to  account, the defects w ere fa ir ly  evenly d istributed between all 

the details that were exam ined.

D e fe c t  Sizes

(1) Lengths and depths fo r  su rface-break ing  defects and lengths and widths for  

em bedded defects were found  to be o n ly  w eakly corre lated  and fo r  m ost 

practica l purposes they can  be considered to be independent variables.

(2) T h e  lognorm al and  W e ib u ll d istributions were the m ain  m odels w hich  were 

fitted  to the lengths, depths and aspect ratios for defects fou nd  by  m agnetic 

partic le  inspection  and lengths, widths and aspect ratios fo r  defects found by  

ultrasonic testing. T h e  K o lm o g o ro v -S m irn o v  g o o d n e ss-o f-fit  test showed on  

average a better fit fo r  the lognorm al m odel. O n e  o f  the reasons fo r  the
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re lative ly  h igh K S T  values fo r  the depth  o f su rface-break ing  defects and widths 

o f  em bedded defects is the lum ping  o f  defect sizes in to  a n um ber o f discrete 

values (i.e. m easurem ents rounded to the nearest m m ). T h is  is an unfortunate  

consequence o f  the m easuring lim itations.

(3) A  n um ber o f  strong conclusions were draw n from  the analysis o f  the surface­

breaking defect data in  the fo llow ing  areas: the dependence o f  defect size on

defect type, on  the position  o f  the defect in  the w elded jo in t and , in  som e  

jo in ts, on  the type o f  jo in t itself; the lack  o f dependence o f  defect size on  

the type o f  w elding process used, except fo r  defects occu rrin g  in  the weld  

m etal itself, and on  the particu lar yard  in  w hich  the w eld ing was carried  out; 

and the dependence o f  the orientation  o f  p lanar defects to the surface on  the 

type o f  w elded jo in t. T h e  depth o f defects has been show n to be strongly  

dependent n ot o n ly  on  the type o f  defect ( C R , N F ,  LI) but also on  the 

position  o f the defect in  the w elded jo in t. D efects  classified as 'linear

in d ications' were found  to be consistently deeper than 'cracks' and  n o n -fu s io n  

defects, but the actual depth  depended on  the position  o f  the defect in  the  

w elded jo in t. Su rface-break ing  defects in  the weld m etal w ere found  to be 

deeper on  average than weld toe defects.

(4) F o r  em bedded defects, the defect w idth , length and aspect ratio  were found to 

be strongly dependent on  the various defect type categories. F o r  exam ple, slag 

inclusions defects were found  to be the narrowest am ong a ll o ther defect types. 

T h e  above d im ensions how ever were found  to be independent o f  defect location  

in  the jo in t, overa ll node location , orig ina l w elding procedu re  and  fabricator.

(5) F ro m  the detailed results it was seen that, at least fo r  the structure w hich  has

been studied, w eld defects vary considerably  in  size, but m ore  im portantly  the 

statistics w h ich  contro l the d istribution  o f  size (e.g. m ean  and standard  

deviation) are them selves dependent on  other param eters such as defect type, 

type o f  w elded jo in t etc. T h e  fact that the structure was fabricated under 

cond itions typ ical fo r  large steel structures, especially  ships, m eans that the

results are like ly  to be o f  general va lid ity. H ow ever, it shou ld  be stressed that,

depending  on  the type o f  defect being considered, the p robab ility  o f  exceeding

a defect size o f, say z  m m , m ay vary by  several orders o f  m agnitude.

(6) T h e  results obtained are suitable fo r  use in  typ ica l p robabilistic  fracture  

m echanics analyses o f  structures but generally , it w ill be necessary to m odel not 

o n ly  the distribution  o f defect size, but also the defect occu rren ce  rate. A s  it 

was also show n, this latter quantity is also h igh ly  variab le , depending on  the
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various w eld ing param eters and the standards and  extent o f subsequent N D E  

and repair.

R e lia b ility  o f  N o n -D e stru c tiv e  Eva luation

(1) Published data from  several national and in ternational program m es set up  to 

determ ine the re liab ility  o f N D E  procedures fo r the detection  o f weld defects 

have been review ed. Fun ction s currently  used in  industry to m odel the 

probab ility  o f  n o n -d e te ctio n  have been critica lly  exam ined and new  generalised  

m odels have been proposed. T h e  proposed m odels can  be used to update the 

defect occurrence  and defect size distributions obtained fro m  raw  data.

(2) T h e  functions currently  used fo r  m odelling  detection e ffic iencies have been

show n to be in correctly  fitted by the app lication  o f  an  o rd in ary  least squares 

approach . T h is  approach  is in correct because the basic observations are 

proportions fo r  w hich  the fo rm  o f  random  variables is very  like ly  to be 

b in om ia l. T h e  variance o f such observations is not constant but varies w ith the 

m ean. T h is  gives rise to the p rob lem  o f n on -co n stan t variance w hich  can  be

tackled either by using weighted regression in  w hich  each value o f  the 

proportion  is weighted in  inverse p roportion  to its variance , o r by  using 

m axim u m  like lih ood  estim ation.

(3) T h re e  new  generalised m odels o f  sigm oidal shape have been  proposed for  

m odellin g  detection  effeciencies w hich  have the capab ility  o f accom m odating  a 

large num ber o f variables such as defect length, defect depth , defect w idth, 

defect areas, p late thickness, record ing  level, etc. T h e  three m odels are based 

on  the b in om ia l d istribution and the m ethods o f  estim ating the param eters are 

based on  m ax im u m  like lihood  estim ation, fo r  w hich  the g o o d n e ss-o f-fit  statistic 

(deviance) is com plete ly  determ ined. These  m odels have been app lied  and  

com pared  w ith existing m odels currently  in  use, by using data derived from  

presssure vessel re liab ility  program m es.

(4) S iz ing  errors using m agnetic partic le  inspection  have been assessed using data 

from  su rface-b reak ing  fatigue cracks in  tubular jo in ts typ ica l o f  offshore  

structures.

(5) T h e  su itab ility  o f  various p robab ility  d istributions fo r  m ode llin g  various defect 

param eters have been review ed and com pared . In particu lar, d istributions for  

defect depth  in  surface-break ing  defects in  offshore structures w ere found  to be 

very sim ilar to the distributions fou nd  fo r  other steel structures, m ain ly
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pressurised w ater reactors.

(6) V ariou s d istribution  functions fo r  m odelling  variations o f  defect sizes have been  

review ed on  the basis o f  the criteria  fo r  choosing one particu lar function  rather 

than another. T h e o re tica l criteria  fo r  using the lognorm al d istribution  fo r  weld  

defects have been proposed. T h e se  are based on  the law  o f  proportionate  

effect and the way that certain  defects are form ed  during  the fabrication  

process.

F u tu re  W o rk

Several areas w ere found  during  the present w ork, where add itional research is 

needed to co n firm , im prove  o r  extend the app licab ility  o f the conclusions reached in  

the present analysis. These  areas are b rie fly  sum m arised below :

(1) F u rth er data are required on  defect sizes fo r  both su rface-b reak ing  defects and  

em bedded defects from  add itional sources in  e ither the nuclear o r  offshore  

industry to co n firm  the generality  o f both defect size distributions and defect 

size corre lations derived in  the present w ork.

(2) T h e  conclusions reached on  the occurrence  o f  defects in  welds are based on  a

large n on-destru ctive  evaluation  program m e carried  out on  a single offshore  

structure and it is therefore unique. S im ila r program m es fro m  large N D E  

exercises in  other steel structures w ould be o f great value in  co n firm in g  the 

generality  o f  the conclusions in  the present analysis. In particu lar, additional 

in fo rm ation  o n  the perform ance  o f  N D E  operators and  ind iv idua l welders is 

needed to evaluate their in flu en ce  on  the overa ll occu rren ce  o f  defects. If

such program m es are not available because o f the h igh  fin anc ia l costs involved, 

the best p lan  fo r  the future w ould be Bayesian updating using the results from  

the present study as Bayesian priors.

(3) T h e  data on  n on-destructive  exam ination  for detection  and sizing o f defects are 

very few  and  vary from  one detection  program m e to another. F u rth er w ork in  

this area, especially  on  naturally  occu rring  defects, is required to assess the 

re liab ility  o f  the various n on-destru ctive  exam ination  procedures. It is hoped  

that when the results from  the recently  devised P IS C  III p ro ject -  on  real 

defects and surroundings -  becom e availab le , they w ill p rov ide  valuable input 

fo r  the latter analysis.

(4) Bayesian  re liab ility  analysis coup led  w ith fracture m echanics form ulations is
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needed fo r  devising quality  contro l schem es fo r  future inspections. These  

analyses should be based on  both the in itia l defect size and occurrence  

distributions w hich  have been derived in  the present analysis.
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