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x i

SUMMARY

The work descr ibed in this thesis concerns the app l i ca t ion  of  proven 

A dvanced  Level  II re l iabi l i ty  methods to specif ic  problems rel a ted  to the 

s t ruc tu ra l  in tegr i ty  of  of fshore  st ructures . The  two major  components  of  the 

work are

i) Connect ions (welded and  bol ted)

ii) Assessment  of  crack-l ike defects f o u n d  by inspection.

Connect ions

Safety requirements  fo r  the s tat ic s t rength  of  we lded  a n d  High 

St rength-F ric t ion Gr ip  bol ted connections on o f fshore  s t ruc tures  a re  es tabl ished 

for  the f i r s t  t ime. Ta rge t  re l iabil i t ies  are proposed by basing them  on the 

values  used fo r  br idge  s t ruc tures  and  making al lowances fo r  the d i f f e r e n c e  in 

design l i fe  and  greater  acceptable  risk. Stat ist ical  models  f o r  res is tance are  

es tabl ished by ana lys ing d a ta  on the slip of  bol ted connect ions a nd  ru p tu r e  of  

welded joints.  Loading  s ta t is t ical  models are selected to represen t  dead ,  live, 

and  env ironmenta l  loads. Pa r t i a l  fac tors  on s ta t ic  s t reng th  are  then  establ ished

to ensure a m in im um  spread of  re l iabi li t ies  abou t  the target .  On  the  basis of  

the da ta  analysed,  a revis ion to the s t rength fo rm ula t ion  is proposed f o r  f i l le t  

welded joints and  pa r t ia l  sa fe ty  factors  are re-calculated.  As a resul t  o f  the 

revis ion the scat ter  in the rel iabi li t ies  of  welded  joints  w i th  d i f f e r e n t  weld

orientat ions is shown to be s ign if icant ly  reduced.



X

Defect  Assessment

The  assessment of  crack-l ike defects has been approached  f ro m  an  ent i re ly  

new perspective and  const i tutes  a major  deve lopment  in the u n de rs t a nd ing  of

the safe ty  of  f lawed  s tructures.  The  work  descr ibed is the f i r s t  app l icat ion of  

re l i ab i l i ty  analysis  to embrace  all the re levant  uncertain t ie s  r e la t ing to a known 

defec t ,  viz: mate r ia l  toughness,  app l ied stress and  de fec t  size. F rom  this arise 

s ign i f ican t  insights into the relat ive importance of  the var iables  which  in tu rn  

will  enable operators  of  o f fshore  s t ructures  to make  more ra t iona l  decis ions on 

the allocation of  resources. Re l iabi l i ty  levels in exis t ing a nd  revised defec t

assessment  procedures  are  q u a n t i f i e d  and  targe t  re l i abi l i ty  levels are  appraised.

By a process of  ca l ib rat ion,  pa r t ia l  safety factors  are , fo r  the f i r s t  t ime, 

es tablished fo r  the inpu ts  into such assessments. A choice o f  methods is

p rov ided fo r  making assessments with un i fo rm  rel iab i l i ty  a t  the ta rge t  level. 

The  f i r s t  is more complex and  requires  the user  to make  subject ive  assessment  

of  the qua l i ty  of  the i n fo rm a t ion  on de fec t  size a nd  stress level. Using

tabu la ted  results,  a global f ac to r  of  safe ty  on de fec t  size may  then  be

establ ished.  A separate  calculat ion  of  safe ty f ac to r  is requ i red  fo r  each new 

defec t  bu t  the resul ting scat ter  of  rel iabi li t ies  is small. The  second method 

provides  blanke t  values  of  pa r t ia l  safety fac tors  to be app l i ed  fo r  all 

assessments and  the user  is only requi red  to dis t ingu ish be tween  ’a c cu ra te ’ or

’u n c e r t a in ’ es timates  of  de fec t  size and  stress. The  scat ter  in re l i abi l i t ies  for  

the revised procedure is shown to be s igni f icant ly  less t h a n  the assessment

methods used hi therto.
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R E L I A B I L I T Y  ANALYSIS:  APPLICATIONS TO S T R U C T U R A L  CONNECTIONS 

AN D D E FE C T  ASSESSMENT IN O F FSH O R E  ST R U C T U R E S



1

I N T R O D U C T IO N

This thesis is in two dis t inct  but  complementary  parts.  The f i r s t  part ,

Sections 2 to 4, deals with the stat ic s t rength of  o f fshore  s t ruc tura l  components  

a n d  the use of  re l iabi l i ty  theory to de te rmine  pa r t ia l  safe ty  factors  for  

Inclusion in f u tu r e  design guidel ines for of fshore  s t ructures .  Such use is well 

establ ished in the U K  and elsewhere for  l and  based concrete  and  steel

s t ructures .  As a review of  the procedures involved Section 2 examines the 

re l iab i l i ty  based eva lua t ion of  par t ia l  safety fac tors  fo r  steel h ighway br idges 

In  the U.K. Section 3 presents an account  of  the eva lua t ion  of  par t i a l  safety 

f ac to rs  for  o f fshore  s t ruc tu ra l  members. Section 4 presents a de tai led account  

of  the eva lua t ion of  pa r t i a l  safety factors fo r  the rup tu re  s t rength of  welded 

jo in t s  and  the slip res is tance of  high s t rength - f r i c t ion  grip bol ted connections 

on of fshore  s tructures.

The second pa r t  of  this thesis, Sections 5 to 8, considers  f a i lu re  by

f r a c t u r e  in i t ia t ing  f rom  weld defects  or fa t igue  cracks in ’hot  spot’ regions of  

t u b u l a r  joints.  Re l iab i l i ty  analysis is used to calcu late  suitable  factors  of  safe ty  

To be used with s tandardised  defec t  assessment procedures.  The approach aims 

t o  embrace all re levant  uncertain t ies  in de fec t  assessment  and is or iginal  in 

This respect. Section 5 introduces f rac tu re  mechanics  concepts and considers  the 

var ious f a i lu re  models which  relate remote stress, mater ia l  toughness and  defect  

size. Section 6 draws  on the experience of  component  s t rength rel iab i l i ty  to

f o r m u l a t e  a f a i lu re  func t ion  for  defect  assessment. An anomaly  is discovered 

reg a rd in g  the level of  stress and its e ff ec t  on the sa fe ty  index. In Section 7 a

s tudy  of  the sensi t ivi ty  of  safety index to d i f f e r e n t  amounts  of  u n c e r t a in ty  in 

The basic var iables  is presented. The stress anomaly  makes the s tudy

-part icular ly  convoluted. In Section 8 a solut ion to the stress anom aly  is

proposed ,  and,  on the basis of this, par t ia l  fac tors  are evaluated.

Section 1 is a general introduc t ion to the terms,  concepts and methods

used in the text.



SECTION 1

IN T R O D U C T IO N  TO LEV EL II RELIA BILITY

This  Section introduces  the basic concepts in Level  II re l iab i l i ty  and  

shows how they  are  appl ied to the ca l ib ra t ion  of  design codes. The f ina l  

sub-section, Prognosis,  presents an overview of  the s tand ing of  Level II 

re l iabi li ty analysis  in the engineer ing profession and  forecasts  fu tu re

appl icat ions and  developments.

1.1 Basic Concepts  in Level II Re l iab i l i ty  Analysis

1.1.1 Levels of  Re l iabi l i ty

In 1975 the Jo in t  Commit tee on S truc tu ra l  Safety,  whose recommenda t ions  

are summarised in Refe rence  1, sought  to c lass i fy the var ious means of  

ensuring re l i ab i l i ty  in s t ruc tura l  design. Three  re l i ab i l i ty  levels were descr ibed 

and their  terminology has now become widely accepted. In the lowest of  these, 

Level I, re l i ab i l i ty  is ensured by using sa fe ty  checking equa t ions  with  a

num ber  of  pa r t ia l  fac tors  typically  on load and  resistance variables .  These 

pa r t ia l  factors  would have been previously ca l ib ra ted  to the appropr ia te  

re l iabi l i ty  using one of  the higher  levels of  r e l i ab i l i ty  analysis.  The  f ac t  tha t  

most s t ruc tu ra l  design codes developed in the last decade are Level  1 codes

demonstrates  the engineers ’ performance.  The i r  pred i lect ion  fo r  sa fe ty  fac tors  

over the more real is t ic  concept  of  re l iabi l i ty  (complement  to un i ty  of  ’f a i lu re  

probab i l i t y ’) was ful ly  apprec ia ted by F reuden tha l(^ )  two decades p r io r  to the 

Joint  Commit tee  on St ruc tu ra l  Safety . He seemed to pre-empt  the concept  of

2



Level  1 codes by wri ting:

"... because the concept  of  safe ty is deeply rooted in engineer ing

design whereas the not ion of  a f in i te  (no m at te r  how small) 

probabi l i ty  of  f a i lu re  or at  least of unserviceabi l i ty  is repuls ive to

a major i ty  of engineers,  it appears  desirable  to re ta in  the concept

of ’sa fe ty ’ ra the r  than  to replace it by that  of ’p robab i l i t y  of

f a i l u r e ’ and to r e fo rmula te  the fo rm er  in terms of  the lat ter .  The 

sa fety factor  is thus t rans fo rm ed  into a pa ramete r  tha t  is a 

func t ion  of  the r andom varia t ion  of  all design characteristics. . ."

Levels II and III are  bone f ide appl icat ions of  re l iab i l i ty  analysis  to 

design. The  major  dis t inct ion between them is in the accuracy  they achieve.  

Monte Carlo s imulat ion is one Level III method which  calculates  the "exact" 

probab i l i t y  tha t  the load on a s t ruc tu re /m em ber  will  exceed the resis tance of 

th a t  s t ruc tu re  or member.  It does so by genera t ing a r t i f i c ia l  values  of  load and  

resistance whose probabi l i t ies  of  occurrence are au tomatical ly  selected accord ing  

to a specif ied  probabi l i ty  law. Depending upon relat ive values of  the load and  

resistance generated in each s imulat ion the s imulated event  can be classi f ied as 

fa i lu re  (i.e. load greater than  resis tance)  or non- fai lure .  As the num ber  of  

s imulat ions becomes in f in i t e  so the ’t ru e ’ f a i lu re  probabi l i ty  can be eva lua ted  

as the rat io  of  the number  of  fa i lures  to the total  num ber  of  s imulated  events.  

This  method is descr ibed here because it gives a clear  in tu i t ive  p ic tu re  of  the 

rel iab i l i ty  problem and the na tu re  of  its solution. It has two s ig n i f ican t  

drawbacks:  f i r s t ly  the computed rel iab i l i ty  is only accura te  in so f a r  as the 

probab i l i t y  laws descr ibing load and resis tance are  realistic;  secondly it is 

computa t iona l ly  ineff ic ient ,  taking a considerable  amount  of compute r  t ime to



4

produce an acceptable solution. Other  Level III methods have s imilar  drawbacks.  

Level II methods,  by making  cer ta in  approximations,  are  able to increase the 

computa t iona l  e ff ic i ency to a level where computer  t ime becomes almost  

negligible whils t  accuracy is m a in ta ined  at  a value approaching  tha t  of  Level

III. The  f i r s t  d raw back  still applies however.  Fur the rmore  the appa ren t

increased level of  complexity  of  the Level  II calculat ion makes the resul ts seem 

more suspect to some engineers.

1.1.2 U nce r ta in ty  in Engineer ing

U n c e r ta in ty  manifests  i tself in engineer ing  in two dis t inct  forms:  r andom

and systematic . Random  uncert a in ty  is usual ly  associated with scat ter  of  values  

about  some cen tral  point.  Examples  are  var ia t ions  in the thickness  o f  a 

re in forc ing  ba r  or the cube s t rength of  concrete f rom  the same batch. 

Systematic unce r t a in ty  on the other  hand  a ffec ts  all values to a s imi lar  degree.

This could arise as a resul t of  a defec t ive  measuring device bu t  more 

commonly,  in appl icat ions where rel iab i l i ty  is used, it describes the a m o u n t  by 

which  the nomina l  value d i f fe rs  f rom  the mean  of  actual  values. Examples  are  

the topside weight  of  an offshore  s t ruc ture  (the actual  weight  o f ten  d i f f e r s  

f rom the design weight  as more equipm ent  is brough t  aboard)  or the nom ina l  

or gua ran teed  min imum yield stress of  a mater ia l .  The d if fe rence  in s t r a in  ra te  

occuring f rom  service loading and that  used in mater ia l  tests is s imila r ly  

accounted  for  in terms of  systematic  error.

Systematic error  is measured by bias £ and  is re la ted to the s ta t is t ical  

pa ram ete r  of  location mx (e.g. the mean) by

mx ~ x n o m ^ +  ̂ ) ( 1 . 1 )
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where x nom is the nominal  value of  var iable  x. Bias is usual ly  quoted  as a 

percentage, i.e. $ x 100%, but  sometimes the term ’bias’ is used for the 

quan t i ty  (1+$). Alter ing  the bias results in the probab i l i t y  dens i ty  funct ion  

(pdf)  being shif ted  bodi ly  a long the var iable  (horizontal)  axis.

Random  erro r  is measured by s tandard  deviat ion  or coef f ic ien t  of 

va r i a t ion  (COV=standard  dev ia t ion /mean) .  The e f fec t  on the p d f  of  a change 

in s tandard  deviat ion  depends on the type of  d is t r ibut ion .  For  normal ly

dis t r ibu ted  var iables  the result  of an increase in s tanda rd  de v ia t ion  is a

f l a t ten ing  of the f am i l i a r  bell-shape. For  skewed d is t r ibut ions  remote f rom  the

f(x) axis the resul t is also a f la t tened  profi le . For  non-negat ive  skewed 

dis t r ibut ions wi th  long r igh t  hand  tails, close to the f(x) axis,  however ,  the 

resul t of  increasing the s tanda rd  deviat ion  is a more peaked mode f u r th e r  

towards the lef t  i.e. closer to the f(x) axis. The  tw o-parameter  Weibull 

d is t r ibut ion used to model  f r a c tu re  toughness in Section 6 of  this  thesis is of

this type.

Unce r ta in ty  in s t rength (or load) model ling is t rea ted  in the same way  as

other  uncertaint ies .  Systematic  error  in s t rength model ling is de te rm ined  from

the mean value of

a c t u a l  r e s i s  t a n c  e
p r e d i c t e d  r e s i s t a n c e

where the actua l  res is tance is de termined from a num ber  of  test  results.  When 

the number  of such results is reasonably large the r andom  model l ing e rro r  may 

be evaluated as the s tanda rd  deviat ion  of  this expression. The  random  va ri ab le

of  model  uncert ainty,  X m, is used in re l iabi l i ty  analysis  to ’correc t ’ any  bias 

in the s t rength formula t ion.  In this way the s impl ify ing assumptions made  in

deriving the s t rength model  are quan t i f ie d  and  the resul t ing conserva t ism (or 

non-conservat ism) corrected.



1.1.3 Def in i t ions  of Safety  Index and  the Development  of  the Firs t

Order-Second Moment  (FOSM) Methods

T o  fo rm ula te  the rel iabi l i ty  problem it is necessary to consider  a mapping 

g of  at ind ep e n d e n t  variables  Xj, i=l to n, to a single dependen t  var iab le  M.

g is a  ~ f a i lu re  funct ion  i f  it maps design pa rameters  (loads, s t rengths  and

dimens ions)  such that  combinat ions giving rise to fa i lu re  resul t  in M<0 and 

combina t ions  giving rise to non-fa i lu re  resul t in M>0. The surface  M=0 in the 

n-dimens iona l  design space of  x = ( x 1?...,xn) is called a f a i lu re  surface.  The 

reg ion  of  the design space for  which M < 0 is termed the fa i lu re  d om ain .

M  > ;0 .corresponds to the safe dom ain .

A fu n d am e n ta l  example of  a fa i lu re  func t ion  is

M — f ( L o a d ( L ) , R e s i s t a n c e ( R ) ) = R - L

M  - m a y  be Termed the safety margin.  In Level III methods the join t  

•vldistrjfcnTion of  the n basic var iables  is requ ired.  In Level  II methods  the 

a pp rox im a te  rel iab i l i ty  is calculated using only the f i rs t  and  second moments  of  

ithe pi iL:  of  each design var iable  t reated as a random  variable.  Gene ral ly  these

a r e  t h e  mean  mj and the s tandard  devia t ion  Sj though the coe f f ic i en t  of

va r i a t ion  COY (= s j /mj)  is used in te rchangeably  wi th  s tanda rd  deviat ion.

M — g (a ) ( 1 . 2 )

<2L) = ( x 1 , . . . , x n ) ( 1 . 3 )



Although the concept  of  re l iabi l i ty  index or safe ty index is general ly  

a t t r ib u ted  to CoF.nel l^)  in 1969 it was F re uden tha l  in 1954 who showed tha t  

probabi l is t ic  sa fe ty  corresponded to a dis tance measured in the normalised  

design space. He showed tha t  for independen t  normal ly  d is t r ibu ted  action,  L, 

and capaci ty ,  R, normalised by

x = (R - Mr ) / S r

y = ( L - ML ) / S L

the lines of  cons tan t  probabi l i ty  densi ty p(x,y) = p0 in the (x,y) plane are

circles:

x 2 + y 2 = ( -  2 1 n ( 2 x p 0 ) ) 

with radii:

p = / ( -  2 1 n ( 2 x p 0 ) )

and centres  a t  the origin.

If the line

r = R - L = O

(the fa i lu re  sur face)  is t angent ia l  to the circle corresponding to densi ty  p 0 then

the fa i lu re  probab i l i t y  p f  is given as tha t  pa r t  of  the volume u n d e r  the

surface  of  ro ta t ion  p(x,y) which is cut  o f f  by the plane along the l ine r = 0

and perpend icu la r  to the (x,y) plane. Since this is also the area unde r  the

normal  curve beyond the ordinate  p 0 (i.e. a rea  = 1 - ' 1(Po)) was
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established be tween  p f  and  the radius  of  the largest  circle, cen tred at the

origin, exis t ing en t i r e ly  wi thin  the safe domain.  F reuden tha l  showed comparable  

results fo r  R and  L having lognormal  and  ex treme  va lued d is t r ibu t ions  but  did 

not  a t  tha t  t ime ex tend the geometr ic  in te rp re ta t ion  to account  for  R and L

being, themselves , funct ions  of  other  independen t  r andom  variables.  C o r n e l l ^ )  in

1969 de f ined  the sa fe ty  index,  0, as

(3 = mM/ s M ( 1 . 4 )

For  the f u n d a m e n ta l  example where R and  L are  uncorre la ted

M = L -R ( 1 . 5 )

mM = mL - mR ( 1 . 6 )

s M2 = s l 2 + SR2 ( 1 . 7 )

mR - mi
13 =  ---------------------------  ( 1 . 8 )

( S R 2 + SL ^ ) i

If  R and  L were correlated with correlat ion coef f ic ien t  P r l  t h e denom ina to r  

in Equa t ion  1.8 would  be replaced by

( SR 2 + SL 2 + 2 PRL s R s l ) 2

I f  the f a i lu re  surface  were to be non-l inear  in the basic var iables  (of ten 

the case when  resistance depends on the square of  a l inear  dimension)  mjyj and  

s m  can be obta ined  by expanding  f  about  ( x 1v..,xn) = ( m ^ . ^ n ^ )  a nd  ignoring 

non-l inear  terms:

M = f ( x ,  , . . . , x n )

+
i = 1 a x i

a f ( m 1 , . . . , m n ) + E ( x j - rrij) ( 1 . 9 )
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a fw h e r e  - — r  i s  e v a l u a t e d  a t  ( m1 , . . . , mn )

The fol lowing approximat ions  are  obtained:

mM = f ( m , , . . . , mn ) ( 1 . 1 0 )

n  n  ^ f  ^ f
s M2 = • E.  . E .  Ei — Ei — C o v [ Xi  , x j  ] ( l . H )IVi i = 1 j = 1 a x j a x j l i » j j \ /

n ^ f
o r  sy [2 = . E  ( - — “ ) 2 i f  n o n e  o f  t h e  x j  a r e  c o r r e l a t e d .  i — i a x j

w h e r e  C o v [ . ]  i s  t h e  c o v a r i a n c e .

Firs t  order-second moment  (FOSM) methods are so called because the 

f a i lu re  func t ion  is expanded  to a f i r s t  order approx im at ion  and  the p robabi l i ty  

densi ty  func t ions  are descr ibed by their  f i r s t  two moments . The  above 

de f in i t ion  is descr ibed as a mean FOSM method because expansion is made 

about  the mean point  ( x x n ) = ( m 1,...,mn ).

Clear ly  fo r  non- l inear  funct ions  the f irs t  orde r  approx im at ion  depends on 

the choice of l inea r isat ion point.  In advanced  FOSM methods expansion is made 

about  a point  on the fa i lu re  surface.  This is a f a r  more reasonable  choice of 

expansion point  as will  be made clear  in the fo l lowing discussion.

The  safe ty  index  de f ined  as in Equat ion  1.4 depends on the way in 

which  the f a i lu re  func t ion  is wr i t t en  down. D i f f e r e n t  bu t  equ iva len t  

expressions of  the f a i lu re  func t ion  resul t in s light ly  d i f f e r e n t  sa fe ty  indices. 

For  example,  i f  res is tance and  load are expressed as stresses o r  and  a l  r a the r  

than loads R and  L the mapping is

M= f ( o R , a l )  = (tr  - a L ( 1 . 1 2 )
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and  M=0 describes the fa i lu re  surface.  The fai lu re  equations are equ iva len t  but  

numer ica l  calculat ion of  the safe ty  index  by Equa t ion 1.8 gives rise to 

d i f f e r e n t  sa fety indices. This  is termed lack of  invar i ance .

The  safety index def ined above cannot  in general be related to the 

f a i lu re  p robab i l i ty  pf

p f  = p ( M < 0 )

where  f x is the joint  probabi l i ty  densi ty  func t ion  and  F is the f a i lu re  domain.  

For  the special case where the mapping f is l inear  in the basic var iables  x. 

and  these basic variables  are normally di s t r ibu ted  then:

where  is the s tandard normal  d i s t r ibu t ion  funct ion.

For  the 2-dimensional  case where M=R-L with R and  L independen t ,  wi th

means i u r  and niL a n d  s tandard  deviat ions s r  and s r  respectively,  the

shortest  di s tance OA (see Figure 1.1) f rom the or igin of  the normalised space

( 1 . 1 3 )
F

p f  = <J>(-/3) 

a n d  |3 = -4>" 1 ( P f )

( 1 . 1 4 )

( 1 . 1 5 )

z ( 1 . 1 6 )

to the fa i lu re  surface is 0.

Firs t ly  the normalised R 1 and  L 1 are  given by

R 1 = ( R - mR ) / s r

L 1 = ( L - mL ) / s L

( 1 . 1 7 )

( 1 . 1 8 )



11

The f a i lu re  surface  in the normalised z-space becomes

s R R 1 + mR - L 1 s l  _ rnL = O

s R R 1 - s l L 1 + (mR - mL ) = 0

which is a s t ra igh t  line whose pe rpend icu la r  dis tance to the or igin is

mR - mI, 
y sR 2 + s L 2

which equals  the (3 of  Equa t ion 1.8. This same proper ty  can be shown to exist

for  the n-d imensional  case.

The  Hasofer-Lind(4)  rel iabi l i ty  index is de f ined  as the shortest  di s tance  

f rom  the origin to the f a i lu re  surface  in the normalised space. This  de f in t io n  

has been shown to be equiva len t  to the ear l ier  de f in i t ion  of  sa fe ty  index  for

l inear  f a i lu re  surfaces . It thus bears the same relat ionship to the f a i lu re  

probab i l i t y  as Equa t ions  1.14 and 1.15. Since it is no longer  dependen t  on the 

choice of  fa i lu re  func t ion  it is invar ian t ,  un l ike  the fo rm er  de f in i t ion .

Non- l inear  fa i lu re  surfaces can be t rea ted  in a s imilar  way as be fo re  but

ra the r  than  expanding the fai lu re  func t ion  abou t  the mean point  the expans ion 

is made  about  the design point  (see Figure 1.1). When expansion is t aken  to

f i rs t  orde r  terms only this is equiva len t  to l inear is ing the f a i lu re  su r f a c e  at

the design point.  This  approximat ion  of  the fa i lu re  surface  means Level  III

’exac t ’ re l i abi l i ty  solutions will diverge f rom  advanced  FOSM solut ions for

non-l inear  f a i lu re  surfaces , even when all the design var iables are  d i s t r ibu ted

normally.  In pract ice  the degree of  non-l inear i ty  in engineer ing problems is

small and  the approximat ion  is a good one. This is due to the fac t  tha t  most

( 1 . 1 9 )

( 1 . 2 0 )
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of  the probabi l i ty  mass is concentrated in a c ircle (hypersphere in

n-dimensions)  centred at  s the or igin of  the normalised space.

The  Hasofer-Lind  rel i abi l i ty  index may be fo rm ula ted  as

(3 = mi n (L ( z j ) ) i2 ) i  
1 = 1

( 1 . 2 1 )

This  is not  however  a useful  expression from which  to solve the problem 

of f in d ing  the minimum^ distance.  The expressions used to solve fo r  0 relate 

direct ly  to the geometry;: of  the design space. The d i rec t ion  cosine cq is the 

cosine of  the angle  be tween  the zj axis and  OA (see F igure  1.1). In t r iangle  

OAB

a ,  = z , * / ( 3  ^

where * superscr ipt  denotes  the design point  value. In the or igina l  coord ina tes

( 1 . 2 2 )Of, =- x . - m.
8 , 0

o r  x 1 = m, + or, 0  s

and in general

x j = m j + cq 05  j i = 1 , n (1 . 2 3 )

The  di rect ion cosine ccari also be expressed in terms of  the pa r t ia l  der iva t ives  

of  the f a i lu re  surface  air the design point  (provided these exist). They  are

or; =

a f
£ z ;

n
V r a f  l 2 '—±—2

j = l b Z i  .

i = 1 , n ( 1 . 2 4 )
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in the t rans fo rm ed  space and

i = 1 , n ( 1 . 2 5 )

in the or iginal  space.

Tal lying  up unknowns  and  equat ions there  are n unkn o w n  di rect ion 

r cosines (Equat ion  1.24), n unknow n  design point  coord ina tes  (Equat ion  1.23) and 

v unknow n  0 giving a total  of  2n+l  unknowns.  There  are  n equa t ions fo r  the 

di rec t ion cosines and  n equa t ions  for  the design point  coordinates .  The  f ina l  

equa t ion needed in order  to solve the problem resul ts f rom  the fac t  tha t  the 

design point  must  lie on the f a i lu re  surface so that

Any scheme of solving s imultaneously these 2n+l  equa t ions  will  give the 

correct  advanced  Level II (3 value.

small num ber  of s imultaneous  equations. Ref inem ents  to the solut ion exist  for  

cases were correlat ion exists between two or more of  the variables .  In  pract ice  

it is of ten  possible to fo rm u la te  the problem so tha t  the basic var iables  are  

mutua l ly  independen t  and  so avoid the problem of  correlat ion.  When non-normal  

var iables  arise in the f a i lu re  func t ion  correct ions to mj  and  sj can be made  so 

that  the non-normal  d i s t r ibu t ion  is approx imated  by an equ iva len t  normal  

d is t r ibu t ion  at  the design point.  This  improves the accu racy  of  the Hasofer  

Lind  approach to re l iabi l i ty  vis-a-vis Level III methods. The  correct ions are due 

to Rackw i tz  and  Fiessler(^) and  these are  presented in Section 6.

f ( X l * ,  . . . , x n *)  = O ( 1 . 2 6 )

The  Hasofer-Lind  safe ty  index  problem has been reduced  to solving a



The  process of de te rmin ing rel iabi li ty,  given the fa i lu re  surface  and the 

d i s t r ibut ion parameters  of  the basic variables,  has been shown to be

s t ra igh t fo rw ard  and relatively simple. Indeed sof tware packages are  beginning  to 

appear  on the market  for  this calculat ion.  The  most d i f f i c u l t  aspect  of 

re l iabi l i ty  analysis  is to obtain  a fo rm  of  the fai lu re  func t ion  which will give 

intell igible  and  unambiguous  results.

Educa ted  guesswork is of ten  used to obtain  d i s t r ibu t ion  parameters  and

probabi l i ty  models, especially on the loading side of  the f a i lu re  equat ion.  

Although much e f fo r t  is made to a rr ive  at a reasonable set of  paramete rs  it is

of ten  found  in cal ib rat ion  exercises tha t  the result ing par t ia l  sa fe ty  factors  are 

insensit ive to small changes in these assumptions.

Section 3 deals with rel iab i l i ty  of the s t rength of  s t ruc tura l  components  - 

(columns, beams, s t i f fened  f langes and  webs) on of fshore  s tructures .  The  design 

space thus comprises loads, yield stresses, member dimensions, and  model  

uncertaint ies .  In Section 4, dealing with bol ted and  welded connect ions,  bolt

preload and coeff ic ients  of  f r i c t ion are added  to the design space. In Sections 

5 and  6 the uncertain t ies  associated with assessment of a c racked  member make 

up the design space. These are  f r ac tu re  toughness, local stress and  de fec t  size. 

Each of  the design or assessment problems invest igated commences with 

choosing suitable dis t r ibu t ion funct ions  and es t imat ing d is t r ib u t io n  pa rameters  

for  each of  these basic variables.  Secondly the f a i lu re  func t ion  is w r i t t en  down 

and the na tu re  of the expected results using it are  discussed. The  th i rd  and 

most s t r a ig h t fo rw ard  par t  is the rel iabi l i ty  analysis.  The  f ina l  par t ,  ca l ib ra t ion  

is discussed in Section 1.2.



1.1.4 Signif i can t  Limitat ions

T h a t  Level II re l iabi l i ty  methods are  an approx imat ion  to Level III has 

a l ready  been mentioned. The approx imat ion  can be i l lustrated by re fe rence  to 

the geometry of  the normalised design space obtained  by using the normal  

t rans fo rm at ion

x - mY
z = ----    (1 . 2 7 )

b x

on each basic var iable  x. The  or igin of  this  space thus corresponds to the 

mean of  the un t rans fo rm ed  var iables  and each uni t  t ravel led along any  axis 

represents  a one s tandard  deviat ion  move away from the mean.  I f  the basic 

var iables  are  joint ly  normal  then hyperspheres  centred at  the or igin will  have 

shells of  equal  probabi l i ty  density  and  a hype rsphere  of  rad ius  0 ( tangent ia l  to 

the fa i lu re  surface)  will contain most of the joint  p robabi l i ty  mass. (In the 

same way as the probabi l i ty  mass of  a single normal  r andom  va ri ab le  is 

concen tra ted in an in terval  centred on the mean).

The  fa i lu re  probabi l i ty  is the joint  p robab i l i t y  mass lying in the f a i lu re  

domain and  fo r  a l inear  f a i lu re  su rface  has been shown to be

p f  = 1 - * ( 0 )

exact ly.  The  degree of approx imat ion  thus depends on the joint  p robab i l i t y  

mass lying between the l inearised and  actual  fa i lu re  surfaces . I f  the safe 

domain is convex ( thicker  through the or igin than  elsewhere) E qua t ion  1.14 will 

underes t im ate  the fai lu re  probabi l i ty  as dete rmined  by exact  (Level  III) 

methods. The converse would be t rue for  concave safe ty domains.  Th is  aspect  

is invest igated f u r th e r  in Refe rence  6. F requen t ly  though the shape of  the



safety domain  (being ei ther  convex or concave)  is d i f f e r e n t  for  each 

2-dimensional  section (for  example consider  the "saddle" shape in 3-dimensions) 

and general isations cannot  be made. To a lesser extent  the d i s t r ibu t ion  type 

a ffec ts  the approx im at ion  al though the use of Rackwi tz-F ies le r  t ransfo rmat ions  

for  non-normal  d i s t r ibu t ions  goes a long way to r ec t i fy ing  this.

The  same i l lustrat ion also highl ights the fac t  tha t  it is the tail  of  the

joint  d is t r ibut ions which  make up the joint  p robab i l i t y  mass in the fai lu re

domain.  As such the calculated probabi l i ty  of fa i lu re  is ex tremely  sensi tive to

the tail  shape of  the ind iv idua l  variables.  Since this is exact ly  the par t  of  the

dis t r ibu t ion  where  data  is usually absent,  the calculated fa i lu re  probabi l i t ies  are 

l ittle bet ter  than  the educated guesswork employed to model  the basic variables.  

Of the two l imitat ions descr ibed it is this lat ter  one which is s ign i f ican t  since 

it f a r  outweighs the computat ional  di ffe rences  between Level  II and  III.

A single t ime-vary ing  parameter  is permissible in the method descr ibed. I f  

all o ther  variables  are  t ime-independent  the value they have  at  the beginning 

of  the service l ife is unchanged  th roughout  the design life. I f  one var iab le  is 

t ime dependen t  then it need only acquire  a value at  the design point  once for 

fa i lu re  to ensue. It can thus be t reated in the same m anne r  as the 

t ime- independent  variables  when the probabi l i ty  of  f a i lu re  in the design l ife is 

of  interest.  When two t ime-dependent  variables  are  present  in the design space 

however  a single occurrence of  one of  them at  the design point  is not  

su ff ic ien t  to cause fai lure .  T reat ing them both as t im e- independen t  var iables  

hence leads to pessimist ic predict ions of fa i lu re  probabi l i ty.



Although solut ions to the t ime-dependence problem exis t (7) the da ta  needed 

fo r  ind iv idua l  t ime-dependen t  var iables  is seldom avai lable.  The  t endency  is for  

the solut ions not to be used in code cal ib rat ion  work.  The  resu l t ing  errors  are 

s ign i f icant  in the design of  of fshore  s tructures  as well  as de fec t  assessment. 

Wind, cu rren t  and  waves in the North Sea seldom if  ever reach m aximum 

values  s imultaneously. Moreover  the max imum load e f fec t  is also dependen t  on

the di rec t ion of  the three envi ronmenta l  forces. For  defec t  assessment  loading,  

tem pera tu re  (which a ffec ts  toughness) and crack size are all t ime dependen t  

a l though fo r  instantaneous  assessment crack growth can be ignored.

1.2 Ca l ib ra t ion

Calib ra t ion  is the process by which rel iab i l i ty  is preserved  and  regula ted

in code revisions. Consider  a design code covering a range of  member types 

which  is in the process of being replaced by a new code which  is to adopt  

the results of  recent  research in its s t rength fo rmulat ions.  The  process of

ca l ib ra t ion may  be as follows:

1. de te rmine  the rel iabi l i t ies  of  a set of  components  designed to the rules 

con tained  in the or igina l  code.

2. calculate the average of  these rel iabi li ties  - called the ta rge t  rel iabi li ty .

3. de te rmine  the rel iabi l i t ies  of  the same components  designed to the new

code using an assumed t rial  set of  par t ia l  safe ty  factors .

4. adjust  the values of  par t ia l  factors  to ach ieve  two objectives

simultaneously:

i the new average  rel iabi l i ty  equals  the targe t  r e l i ab i l i ty

ii the  spread of  new rel iabi li ties abou t  the average  is a min imum.



This  is the procedure recommended in CIRIA 63(8) ancj fol lowed with 

some devia t ions  by code developers.  The deviat ion commonly u s e d ( ^ )  is to 

cal ib rate  component  by component  r a the r  than  using a blanke t  targe t  re l i abi l i ty  

as an average  of  all components.  The  ju s t i f i ca t ion  for  this is o f ten  made  on 

grounds of  the consequences of fa i lu re  or where  a pa r t icu la r  component  t aken  

as a group  shows consistently d i f f e r e n t  re l iab i l i ty  when  designed to the old 

code.

A second common deviat ion  is when eva lua t ing  target  re l i ab i l i ty  to omit 

categories  of  components  whose s t rength fo rm ula t io n  in the old code is 

general ly  regarded  as being inadequate .  The  target  re l iab i l i ty  is then  the 

average re l i ab i l i ty  of  components  designed to the old code where  the s t rength  

formula t ions  for  these is sat isfactory.  Such omissions have been made  for  

s t i f fened  f langes designed to BS153 (see Section 3) and  defects  in bend ing  

assessed by PD6493 (see Section 6).

The  need for  target  re l iabi l i ty  based on economic cr i ter ia ,  r a th e r  than  

previous experience has been gaining recogni t ion in recent  years. The  total  

expected cost, E(CT), is assumed to be the sum of  the ini t ia l  cost, Cl,  and  the 

expected cost of  fa i lure ,  E(CF).

E ( C T )  = C l  + E ( C F )  ( 1 . 2 8 )

The  expected cost of  fa i lu re  is proport iona l  to the cost of  f a i l u r e  t imes 

the f a i lu re  p robab i l i ty  and therefo re  is a func t ion  which  increases w i th  f a i lu re  

probabi l i ty .  The  init ia l  cost, on the other  hand ,  is a decreasing f u n c t io n  of 

f a i lu re  probabi l i ty .  The sum there fore  has a m in im um  point  and the va lue of  

the f a i lu re  p robab i l i ty  a t  the m in imum  is t aken  as the target.  R e f e re n c e  10 

gives a fu l l  descr ipt ion of  economic opt imisation.
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Cal ib ra t ion  as descr ibed raises some quest ions for  re l iab i l i ty  analysis in 

..general. Fi rs t ly  the a rb i t r a ry  choice of  preserving average  rel iab i l i ty  r a the r  than  

some dower  value  is of ten q u e s t i o n e d ^ ) .  Advances of  knowledge into physical 

behaviour  of  components  under  load should resul t  in a lower sa fe ty  margin  

than  t h a t  previous ly employed to offse t  ignorance. Not  to take advan tage  of 

the  possible reduc t ion  in safety,  and there fo re  cost, is t an tam oun t  to nega t ing 

the resea rch  e f f o r t  pu t  into winning  the improved unde rs tand ing.

T h e  fol lowing considerat ions would seem to add  weight  to this proposi t ion.  

I f  .calibrat ion was to be carr ied out  purely  on a componet  by componen t  basis 

the componen ts  designed to the new code would be exact ly  the same as 

components  designed to the old code. This  is a ve r i f iab le  f ac t  and  comes abou t  

purely as a resul t  of  the way reliabi li t ies  of  components  designed to code 

provis ions a re  calculated.  The  advan tage  in  ca l ib ra t ion  only comes i f  the 

reUaMli ty  of  dis t inct  components  are  level led out  a t  some targe t  value.  

P r e s e r v in g  average  fa i lu re  probabi l i ty  gives a lower rel iabi l i ty  than  any  of  the 

o t h e r . obvious choices, e.g. average safety index,  average logari thm of  f a i lu re  

p robab i l i ty .  Table  1.1 i llustrates  this for  the f a i lu re  probabi l i t ies  10“ 3, 10" 6 and

10-s,

T a b le  1.1 Comparisons of averaging fa i lu re  probabi l i t ies

a v e  . p f

P J 1 0 " 3 1 0 " 6 1 0 " 9 0 . 3  x 1 0 ' 3 0 . 3  x 1 0 “ 3

P 3 . 0 9 4 . 75 6 . 0 0 4 . 6 1 2 . 0 1  x 1 0 " 6

- 1 o i 10Pf  3 . 0  6 . 0  9 . 0  6 . 0  1 x 10 " 6



Comparison of the orders  of magni tude  of  the f ina l  column in Table  1.1 

show tha t  averaging fa i lu re  probabi l i t ies  gives a value s imilar  to the order  of 

magni tude  of  the least rel iable.  In the example shown the average fai lu re  

probabi l i ty  is three times as safe as the least rel iable but  three h u n d r e d  times 

less safe  than  the second least reliable.

On the basis of this comparison it would seem tha t  the choice of  average 

fa i lu re  probabi l i ty  gives a reasonable  lower bound rel iabi l i ty  wi thou t  any undue  

conservatism.

The second question concerns what  meaning,  i f  any, should be a t t ached  to

the value of  fa i lu re  probabi l i ty .  This aspect  is obviously in te rest ing  to

cer t i fy ing  authori t ies  but  should be equally  impor tan t  to personnel  l iving on 

boa rd  any of fshore  platform.

The short  answer is tha t  there  is no meaning outside the immed ia te

sphere of the cal ib rat ion  exercise. The omissions in the analysis  of  accura te  

model ling of  tails has a l ready  been mentioned. H um an  error  is men t ioned  in 

the fol lowing sub-section. The  list of omissions can be ex tended  almost

indefini te ly .  The most s igni f icant  of  these, red undancy ,  has been e s t i m a t e d ^ * )  

to give a two to three fold global factor  of  safe ty  against  system fa i lu re

beyond f i r s t  component  fa i lure .  The  a f f e c t  on fa i lu re  p robab i l i t y  of  this

reserve would be several  orders  of magni tude.  Re fe rence  12 considers  the

relat ive impor tance  of  member and  system reliabi li ties.

Rel iabi l i ty  analysis  in the form used for  code ca l ib ra t ion  is analagous  to 

a measuring stick. Such a stick is a useful  pract ical  means of  m ark ing  o f f



equal  lengths  of t imber ,  and  for  all but  the most exact ing jo ine ry  purposes, 

su f f i c i en t ly  accurate . When the length is communica ted to other  bui lders  

( fa i lu re  probabi l i t ies  to analysts  in other fields) the measure is useless unless 

there  is some universal  system of uni ts  (unless probabi l i ty  means the same 

thing  to re l iabi l i ty  analysts  as it does to insurers).  At  present there  is no such

universal  language.

1.3 Prognosis

Since the 1950’s when probabi l is i tc  approaches to s t ruc tu ra l  sa fe ty  were

beginning to be recognised by the various learned engineer ing  bodies  there  has 

been a growing num ber  of  engineers who have accepted the need to deal

rat iona l ly  with variabil i ty .  Simultaneously there  has been a growing lobby of

engineers  who are  opposed to the measures  put  fo rw ard  by the rel iab i l i ty  camp 

on the grounds that

1. the fundam e n ta l  object  being deal t  with i.e. "fai lure  probabi l i ty"  does not

concord with the o rd in a ry  sense of  the word and  does not  have  any 

readi ly  ident i f i ab le  meaning (unl ike "load", "stress" and  "deflection").

2. the result ing increased complexi ty  of  design codes is not  just i f ied .

Both these cri ticisms must  be care fu l ly  considered by code d r a f t i n g  bodies 

i f they are  not  to a l i enate  potent ia l  code users. As a s ta r t ing po in t  fo r  such

considerat ion a simple expedient  such as a change in terminology may  help to

of fse t  the f i rs t  crit icism.
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The  phrase "probabi l i ty  tha t  load exceeds resistance" is a more precise (if 

less opt imist ic) descr ip t ion than "failure probabi l i ty"  especial ly when modes of 

f a i lu re  other  than  s tat ic  overload govern design.

The second cri t ic ism is a perennial  one which researchers  and  code 

d raughters  are  used to dealing with. The  s ta nda rd  response is "if a new 

expression for  s t rength  (say) predicts behaviour  wi th  be t te r  consis tency than  the 

old one then it is just ified". Bel ief  in this m ax im  has resul ted over the years  

in a seemingly boundless  increase in the complexi ty  of  some design codes.

There  is a s t rong case for  a lower l imit  on va r iab i l i t y  in model  

predic t ion and  a coeff ic ien t  of  va r ia t ion of  10% is of ten  suggested fo r  this. 

Once a s t reng th  model  can be shown to pred ic t  s t rengths  wi th  this degree of  

consis tency then the use of  more complex models in design codes should be 

restricted.  As the s tudy  repor ted  in Section 3 will  show this  leaves room for  

f u r th e r  improvement  of  many  of  the s t rength  fo rm ula t io ns  fo r  buckl ing  

components.  For  f r a c tu re  and  fat igue,  where p red ic t ion  is f r a u g h t  w i th  much 

larger  uncertain t ies ,  it seems unl ikely tha t  such consis tency will  ever be 

approached unless massive advances in mate r ia l  p roduc t ion  are  made.

Away f rom  component  rel iabi li ty,  hum an  erro r  and  system re l i ab i l i ty  are  

areas wi th  l imited bu t  ongoing support.  A l though  s tudies  of  the relat ive 

importance  of  making errors  in one design va r i ab le  or a n o t h e r 0 3 , 1 4 )  a r e  

interest ing the idea tha t  any th ing  can be done to o f fs e t  the e ffec ts  of  hum an  

error  seems misplaced. I f  a system of design and  cons truc t ion was developed 

such tha t  the e ffec ts  of commonly made errors  were  min imised  would  there  not  

be a knock-on e f fec t  whereby  less vigilance is pa id  by supervis ing engineers  

which in tu rn  would breed more serious errors?



System rel iab i l i ty  is a term needing care fu l  def in i t ion .  What  is not  meant  

is  the dup l ica t ion  of  systems and other  common sense precaut ions taken  to 

■guarantee safe ty  in e lectr ical , chemical  and  nuc lear  plants,  avionics,  

t e lecommuncat ions ,  etc.. What is meant  is the rel iab i l i ty  of  s t r uc tu ra l  systems 

such as of fshore  jacket  s t ructures  calculated by enumera t ion  of  possible fa i lu re  

p a th s  of a series of  ind iv idua l  s t ructu ra l  components .  The  Beta -Unzipp ing 

m ethodO ^)  is an example but  s imilar  approaches to the problem have a t t rac ted  

re sea rch  f u n d in g  w o r l d w i d e U 6 , 1 7 )  One of the more tenab le  resul ts is the 

app l i cat ion  to opt imisa t ion of  s t ruc tura l  configurat ion .

Typical ly  in these methods the system rel i abi l i ty  of  a f r a m e d  s t ruc tu re  is 

de te rm ined  by applying  a load to the s t ruc ture  and  comput ing ,  by a Level II 

method ,  the least rel iable component .  This is then removed and  the next  least 

r e l iab le  component  is de te rmined  and  so on un t i l  f in a l  collapse is predicted.  

TThe system rel iabi l i ty  is then  given as a func t ion  of  the ind iv idua l  re l iabil i t ies  

of  the components  removed.  By comparing system rel iabi l i t ies  of  s t ruc tures  with 

d i f f e r e n t  con figura t ions  (K-braced,  X-braced,  num ber  of  bays etc.) the opt im um 

^ c o n f i g u r a t i o n  can be obtained.  Comparisons of  steel we ight  and  f ab r i ca t ion  

; costs with rel i abi l i ty  can then be made. Re fe rence  18 contains  a de tai led 

.account.

Having  focussed on the negative aspects of  re l i ab i l i ty  analysis  it is 

app rop r ia t e  to spell out  the genuine benefi ts  it  is b r ing ing  to the engineer ing  

^profession. These are tha t  uncert a in ty  is a t  last  being t rea ted  ra t iona l ly  and  

■ th rough  Level  I design codes increased consis tency in re l iabi l i ty  is being 

achieved.



The focus fo r  Level II re l iabi l i ty  analysis has in recent  years  (86/87) 

moved away  f rom  static s t rength towards  in-service assessment. As ear ly  Nor th  

Sea s t ruc tures  are  reach ing  the end of  their  design lives and  as design faul ts  

of  m any  h ighway  bridges are  coming to l ight  it is to be expected tha t

research e f f o r t  and  fund ing  will  s tay in this area for  some t ime to come.

In add i t io n  to this act ivi ty  a broadening of  appl icat ions of  Level  II

re l iab i l i ty  is an t i c ipa ted  in the fo l lowing areas,  all of  wh ich  would  benef i t

f rom  ra t ional  t rea tm en t  of  associated diverse  uncertaint ies :

i) f ounda t ion  and slope engineer ing  wi th  associated unce r t a in t ie s  in

soil properties ,  moisture  content  and  loads;

ii) reservoir  design which  is governed by the probabi l i t is t ic  n a tu re  of

rain fal l ,  seepage and  demand;

iii) ship design with its uncertain t ie s  in s t rength and  resis tance;

iv) sea defences where  t idal  height ,  l and  subsidence,  w ind  e f f e c t  and  

s t ruc tu ra l  res is tance are  all probabi l is t ic  by na tu re  and

v) f a t igue  analysis  in which the avai l able  models are subject  to very 

large uncertaint ies .
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SECTION 2

REVIEW OF TH E O R IG IN A L CA LIBRA TION OF BS5400: P A R T  3

2.1 In troduc t ion

This  sect ion reviews the ca l ib ra t ion of  the new bridge code BS5400O)

f rom  its predecessor  BS153(2). The s tudy  was unde r taken  at  Imper ia l  College

and  completed in August  1980. The new code was developed main ly  for  the

purposes  of  incorporat ing  technical  improvements  to many design clauses; bu t  at

the same t ime the oppor tun i ty  was taken  to rat ional ise  the sa fe ty  provis ions 

and  to change  from a permissible  stress to a l imit  state format .  T h e  aim of 

the ca l ib ra t ion  was to eva lua te  par t i a l  sa fe ty  factors  so tha t  the average  

rel i ab i l i ty  of  components  designed to the or iginal  code would be preserved  in

the new code and  that  the scat ter  of  re l iabil i t ies  abou t  this mean  wou ld be a 

minimum.

Sections 2.2 to 2.6 below present  a summary  of  the s tudy.  F i rs t ly  in

Section 2.2 the code fo rm at  is descr ibed. Section 2.3 out lines  the ca l ib ra t ion

procedure  and  presents the fo rm  of  the f a i lu re  func t ion  for  struts.  Section 2.4

descr ibes the opt imisat ion procedure and  the way  in which a po ten t ia l ly

complex problem with many degrees of  f reedom  was reduced to a r e la t ive ly  

s imple calculat ion.  In Section 2.5 the br idge  types (construct ion and  span)  and

ranges of components  used in the ca l ib ra t ion s tudy are  descr ibed.  The

components  not  included  and the reasons for  thei r  exclusion are  also mentioned.  

In Section 2.6 the s ta tis tical  models used fo r  loading and s t rength,  inc lud in g  

model  uncertaint ies ,  are  presented wi th  reasons for  their  choice. Section 2.7 

discusses resul ts of  the s tudy with re fe rence  to the choice o f  t arge t

rel iabi li ty.

28
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The overall  s tudy is then discussed as a model  for  subsequent  re l iab i l i ty  and 

code ca l ib ra t ion  work. In pa r t icu la r  the fo rm  of  the f a i lu re  func t ion  is 

discussed and  a r ecommenda t ion is made regard ing  the m anne r  in which  fai lu re  

funct ions  are  reported.  Then  some general propert ies  of  f a i lu re  func t ions  are 

descr ibed.  Final ly  the claim tha t  calculated rel iab i l i ty  is only as good as the 

s trength model  is discussed.

2.2 Part i a l  Fac tor  Format

The par t i a l  fac to r  or code fo rm at  is in tended  to show, using general

design expressions, the pa r t ia l  factors  used in the code, wh ich uncerta in t ie s

they are deemed to cover and the position they take in the design equations.

The fo rm a t  used in B S 5 4 0 0 ^ )  Par t  1 for  collapse and  serv iceab i l i ty  is:

R* > S* ( 2 . 1 )

w h e r e  R = f u n c t i o n
y m

f u n c t  i on  ( f ^ )
o r

y m

S = Y f 3 ( e f f e c t s  o f  Yf L  Qk )

( 2 . 2 )

( 2 . 3 )

in which

Qk

fk

is the nomina l  load def ined  in Pa r t  2 of the code 

is the cha rac te r is t ic  mate r ia l  s t rength 

YfL  = func t ion  ( 7 f l , 7 f 2)

7 f 1 and  7 f 2 take into account  the probab i l i t y  of  un fav o u ra b le  devia t ion  

of  the loads f rom  their  nominal  values and  tha t  var ious  loading 

acting together  will  not all reach thei r  nomina l  values 

s imultaneously. Values  for  these factors  are  a l ready  f ix ed  and  given 

in Par t  2 of  the code.



7 f 3 takes  into account  inaccura te  assessment of the effec ts  of loading 

7 m is a reduc t ion f ac to r  on resis tance = 7 m i , 7 m2

7 m 1 is in tended  to cover  the possible reduct ions in s t rength  of  mater ia l

below the charac te r is t ic  value 

7 m2 is intended to cover possible weaknesses  of  the s t ruc tu re  arising

f rom  any cause other  than  reduc t ion  in the s t rength of  the 

materia l.

This fo rm a t  follows the recommenda t ions  of  ISO s tanda rd  2394(3) with the 

except ion tha t  factors  7 n 1 and  7 n 2 on resis tance are  omit ted.  These factors 

are in tended  to cover the ex ten t  to which pr io r  w arn ing  of  impending  fai lu re  

is given and the consequences of  fa i lure.  The factors  were omit ted  because

a) the onset of extreme vehicular  live load e f fec t  will  be r ap id  a nd  even

ducti le  dis tor t ion is un l ike ly  to be not iced in t ime fo r  t r a f f i c  to be

stopped;

b) "catastrophic" f a i lu re  such as local buckl ing is ’designed ou t ’ by imposing

l imits on the dimensions of  outstands etc..

Although the fo rm a t  used in Par t  3 complies wi th  these general  intent ions 

the dis t inct ion  between 7 m 1 and  7 m2 was not  made on the above lines. They

were instead calculated to sat is fy optimising cr i terion.  For  the purposes  of

par t ia l  fac to r  eva lua t ion 7 m , and  7 m2 were separa ted so tha t

* * ^k
R =   f u n c t i o n  (-------- , o t h e r  p a r a m e t e r s )  ( 2 . 4 )

7  7' m 2 'mi
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Thus when R is . 'p roport iona l  to the e f fec t ive  fac to r  is 7 m i 7 m 2 ; whereas 

when R is independen t  of  f ^  (e.g. pure elast ic buckling)  the e ff ec t ive  fac to r  

is 7 m 2 . With this Format  the di s t inct ion be tween  7 m 2 and 7 f 3 is a rb i t r a ry

since they will  a lways ..be mult ipl ied together.  Consequent ly  for  ca l ib ra t ion  7 f 3 

was absorbed into. 7 ^ ^ * :  The cal ibra t ion proceeded by eva lua t ing a single value 

appl ied  t o  s tee l  yield stress and  separate  values  of 7 m2 to apply  to 

each component  type.

2.3 Ca l ib ra t ion  P rocedure

Cal ib ra t ion  was carr ied  out  using a da ta  set of  a range of  components

whose dimensions a n d  s teel  grades were specif ied and  which were of  the type

covered by the old IfBS153) code and its r ep lacement  (BS5400). The  weight ing

factors  appl ied  to eadh  member of  the set were estimates of  the relat ive

occurrence of  d i f f s a ^ t T s t r u c t u r a l  components  designed to BS153.

The  procedure  fol lowed closely tha t  descr ibed in CIRIA report  63(4):

1) Def ine  a set o f  m structu ra l  components  wi th  weight ing fac to rs  wj based

on f requency  .of.. use such that

1 . 0  ( 2 . 5 )

Only components  f o r  which experimental  da ta  re la t ive to ac tua l  p red ic ted

strengths  was a v a i l a b l e  were selected.

2) Design the components  to the l imits set in BS153 on the assumption  tha t  

component  sizes :, axe una f fec ted  by round ing  up, fa t igue  cons idera t ions  or 

any o ther  constraints  other  than s tat ic s t rength.
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3) C a l c u l a t e t h e  ^probabi l i t ies  of fa i lure  for  these designs; p f (153)j.

4) Calculate  d i e  stair get f a i lu re  probabi l i ty

P f T  = S w i P f  (1 53 )  i ( 2 . 6 )

S t i f fened  compression f langes and unwelded  plate  panels  were excluded in 

this calculat ion?: since the s t rength model l ing in BS153 was general ly

considered d:o he:: unsound.

5) Design th e  components  to BS5400 Pa r t  3 using an assumed set of  values

for  the p a r t i a l  ^factors 7 m 1 and Ym 2 .

6) Calcu late  t h e  f a i l u r e  probabi l i t ies for  these designs.

7) Calculate  & h e ’w e igh te d  average fai lu re  probab i l i t y

9) Repea t  jsteps (5J to (8) using a systematic  procedure  to m od i fy  Ym 1 and

p f  (5  4 0 0 )  j

8) Calculate  H i e  m agn i tude  of  the objective func t ion

■S Ewj ( l o g ,  0p f  ( 5 4 0 0 )  i - l o g 1 0 p f x ) 2 ( 2 . 7 )

Ym 2 unt i l

X w j  p f  ( 5 4 0 0 )  j = P f  j ( 2 . 8 )

and  the Phjedtrve func t ion  is a minimum.

For s truts  the ofailaire equa t ion used to de te rmine  rel iabi l i t ies  was

( ( l - X ) f 1 5 3 YDL + X f 1 5 3 VL L ) ( 2 . 9 )
e
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w h e r e  Xt  1 6 i s a r a n d o m  v a r i a b l e  w h o s e  me a n  v a l u e  i s  t h e

d e t e r m i n i s t i c  l i m i t i n g  s e c t i o n a l  s t r e s s  t o  B / 1116  

r u l e s .  ( T h e s e  r u l e s  w e r e  t h e  b e s t  a v a i l a b l e  f o r  

s t r u t s  w h i c h  d o  n o t  r e s o r t  t o  n u m e r i c a l  

s i m u l a t i o n .  T h e y  w e r e  s u b s e q u e n t l y  u s e d  i n

B S 5 4 0 0 . )  T h e  s t a n d a r d  d e v i a t i o n  o f  X 1 1 g d e p e n d s

on  t h e  s t a t i s t i c a l  p a r a m e t e r s  c h o s e n  f o r  y i e l d  

s t r e s s ,  d i m e n s i o n s  a n d  i n i t i a l  i m p e r f e c t i o n s .

f  t e s t
- i s  t h e  m e a n  v a l u e  o f  t h i s  r a t i o  w h e n  f t e s t  I S
^ i i e ( d e s )

t h e  l i m i t i n g  s t r e s s  d e t e r m i n e d  f r o m  t e s t  d a t a  a n d

f , 1 G ( d e s )  t h e d e t e r m i n i s t i c  v a l u e  o f  t h e

l i m i t i n g  s t r e s s  t o  B / 1 1 6  r u l e s  u s i n g  d e s i g n  

v a l u e s  o f  t h e  i n p u t  v a r i a b l e s  i . e .  y i e l d  s t r e s s ,  

d i m e n s i o n s  a n d  i n i t i a l  i m p e r f e c t i o n s .

This  f i r s t  term gives the ul t imate  capaci ty  of  the s t rut .  Similar

descr ipt ions might  be cri t ical  res is tance or t rue resistance. The  second term

represents the load where:

X is the proport ion  of  l ive load to total  load.

f 153 is the capaci ty  or a l lowable resis tance to BS153 rules.

V q L is a r andom  va riable  of  mean 1.0 and COY 3%. Its f u n c t io n  in the

equa t ion is to randomise  the dead  load.

V l l  is a r andom  va riable  which  randomises  the veh icu la r  l ive load. Its 

s ta t is t ical  paramete rs  were de te rmined  f rom  studies  o f  ac tua l

sequences of  heavy vehicles subsequent ly  ana lysed to give

predict ions of  the 120 year  live load.

6 = 1 when  rel iabi l i ty  of  BS153 designs are  being calculated.

= (sect ional  area of  designs to BS5400)/(sectional  area of  designs to

BS153) when BS5400 designs are  being analysed.



When 0=1 it will be seen tha t  the mean value of the load term is

numer ica l ly  equal  to the de te rmin is t ic  a l lowable resis tance to BS153. When 0 is 

the ra t io  of  sect ional  areas the mean  value of  the load te rm  is equa l  to the

de te rmin is t ic  a llowable resis tance to BS5400.

2.4 Par t ia l  Fac tor  Eva lua t ion

The  cr i t er ion adopted was to select values  of  Ym i  and  Ym2 that

minimise  the scat ter  of  f a i lu re  probabi l i t ies  of  components  designed to the new 

code abou t  the target  fa i lu re  probabi l i ty .  The objective func t ion  used was

S = m i n  Ewj ( 1 o g , 0p f ( 5 4 0 0 ) j - l o g 1 0 p f T ) 2 ( 2 . 1 0 )

subject to the cons traint

E w i P f ( 5 4 0 0 ) j  = p f x  ( 2 . 1 1 )

where  p f j  is the target  re l iab i l i ty  and  pf(5400)j is the no t iona l  fa i lu re

probab i l i t y  of  the i ^  component  designed to BS5400 Par t  3. Loga r i thm s  were 

used in the objective func t ion  to obtain  a value  more l inear ly  re la ted  to the

ini t ia l  cost of the s tructure .  Various other  forms of  the fu n c t io n  were 

invest iga ted  but  they showed no s ignif icant  changes in the results.

The  opt imisat ion was organised as follows:

1) Choose a value of  Ym i

2) For  each component  type in tu rn ,  f ind  the value of  Ym2  w h ich  sat isfies

the cons tra int  Ew|pf(5400)j  = p f X

3) Using the values  of  pf(5400)j calcu lated above ca lculate  the object ive

func t ion  S.

4) Choose ano ther  value of  Ym 1 and  repeat  steps 2 and  3 to f i n d  which

Ym •, gives the min imum value of  S.



The '  problem was reduced in complexity  in this way  to an  uncons tra ined  

minimisat ion of a func t ion  of a single variable.

A  Tuther  s impl if ica t ion was made as a result  of  the fac t  tha t  fou r  of  the 

component  types (beam, f langes,  ties, f i l le t  welds and  f r ic t ion  grip bolts) have 

s trengths di rect ly  p roport iona l  to the characte r is t ic  mater ia l  st rengths.  Hence R* 

def ined jabove was propor t iona l  to

f k

In these;  cases once the cons tra int  had been sa t is f ied no f u r t h e r  f reedom

existed ;tD reduce  the spread of  rel iabili t ies.  O f  course Ym 1 had  to be f i r s t

obtained; '  f rom  opt imisa t ion of  the other  fou r  components  in the manner  

descr ibed;

Bte^p 2 in the above algori thm, the de te rm ina t ion  of  Ym 2 , requi res  the 

solut ion n f

f ( Y m 2 ) = E w i P f ( 5 4 0 0 ) j - p f T  = O ( 2 . 1 2 )

was solved by using an ada p ta t ion  of  the N ew ton-Raphson  method.

 ̂ ; step in which Ym 1 must  be re-est imated the scheme used was

to increase 7 m i  in steps of  0.1 unt i l  the m in im um  value of  S was passed. The 

next  guess was obtained by quadra t ic  in te rpola t ion between the value  of  Ym 1 

which; “produced  the m in im um  S to date  and the two adjacen t  values. A more 

localised ; search then ensued with a reduced  step length  of  0.01. The  search

stopped *when the step length was 0.001.



2.5 Bridge Types and  Components  Considered

In order  to cover the l ikely range of  the various s t ruc tu ra l  elements

reference was made to a survey of exist ing plate  gi rder  (spans 27m to 64m)

and box gi rder  (spans 18m to 213m) designs. Also typical  ranges of  dead load

to live load rat io  were obtained for  br idges wi th  spans f rom  2.0m to 100m.

Before selecting components  for  inclusion in the ca l ib ra t ion  the authors

ensured

a) each could be deemed sa t is factor i ly  designed by exist ing p rac t ice  and

b) tha t  su f f i c i en t  re l iable  test da ta  re la t ing pred ic ted  to observed s t rength

were avai lable . The  components  were:

1. Compression members: Rol led and welded sections in mild and  high yield

steel wi th  s lenderness  rat ios (L/r )  between 55 to 130. Plate  panels  of  

various l e n g th /b r e a d th  and  b read th / th ickness  ratios.

2. Tension members.

3. Beams: Tension and  compression f langes and  webs of  composi te  plate

girders. The  s t rength  fo rm ula t ion  in BS153 was considered inade qua te  for  

webs in con t inuous  girders  with high co incidence of  bend ing  and  shear

and  longi tudina l ly  s t i f fened  webs. The web components  used in ca l ib ra t ion

were there fo re  l imited to plate panels fo rm ing  par ts  of  s imply-supported 

girders.  The  loading on the panels was confined  to shear  alone.

The design of  s t i f fened  compression f langes were cons idered  to be

inadequa te ly  covered in BS153 and consequent ly  they were omit ted in the 

ca lculat ion  of  target  rel iabil i ty.  To enable par t i a l  factors  to be de r ived  8

examples  of  s t i f fened  compression f langes in box g irder  br idges in service

were used.



4. Connections:  Fi lle t  welds and high s t rength fr ic t ion  gr ip (HSFG) bolts

were  s tudied but  were not inc luded in the eva lua t ion  of target  re l iabi li ty.  

F i l l e t  welds  had a very high not iona l  re l i abi l i ty  which  is desirab le  in 

v iew  of  the severe consequences of  fa i lure .  Conversely HSFG bolts had a 

low  not ional  re l iabi l i ty  when consider ing slip. Since slip may be rega rded  

:as a serviceabi l i ty ,  and not  collapse, l imit  s ta te  the low re l i ab i l i ty  was not 

a ,  m at te r  fo r  concern.  Re l iabi l i ty  against  collapse by bolt  shear ing or plate 

h e a r in g  was not  considered. These two connect ion types were ca l ib ra ted  to 

t a rge t  re l iabil i t ies  de te rmined independen t ly  f rom  the other  components .  

T h r o a t  thickness,  bolt preload and  coe ff ic ien t  of f r i c t ion  were t rea ted  as 

r a n d o m  variables.

.2.6 ; Load ing and  Strength Models

P a r t  2 of  BS5400 contains  guidance of  all loading including  the pa r t ia l  

f ac to rs  to be appl ied on dead and  live loads. These were not  based however  

on^ikxiDwledge of  the stat ist ics of the var ious  load types. For  the purposes  of 

eva lua t ing  pa r t ia l  factors  on s t rength it was necessary to select a pp rop r ia t e  

probab i l is t i c  loading models for  vehicu lar  l ive and  dead loads equ iva len t  to 

c ombina t ion  (1) loading. (Permanent  and  p r im a ry  live loads.) Wind and  

t e m p e ra t u re  loads were not  considered. Despi te  this the opt imised pa r t i a l  fac to rs  

2^ ^  :and Ym 2 are  recommended fo r  use wi th  all load combinations.

2.6.1 Loads

JDead Load: V ar ia t ion  in dead load covered var ia t ion  in steel weight  

^arising:  f rom  depa rtures  f rom  nominal  thickness , va r ia t ion in th ickness  and
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densi ty  of  concrete deck slabs and va r i a t ion  in thickness of surfacing.  For  the

f i r s t  two of  these, da ta  was obtained  f rom  l i t e ra tu re  on steel and  concrete  

var ia t ions.  For  surfac ing ,  however,  no s ta t is t ical  da ta  was ava i lable  and  ne i ther  

is there  any  s tandard  control l ing the bui ld  up of  surface  thickness.  It was 

decided to combine all dead load uncert ain t ie s  together  and  model  them  as a

single r andom  variab le  with mean 1.05 t imes the calculated nomina l  value  and 

a coef f ic ien t  of  va r i a t ion  of  5%.

V eh icu la r  Live Loads: Probabi l is t ic  models of  veh icu lar  l ive load were 

de r ived  f rom  surveys of  lengths, axle weights  and  impact  e ff ec ts  on ce r t a in  

t runk  roads. The in fo rm a t io n  from the survey was combined with  da ta  obtained 

from a s tudy  of  the frequency  of occurrence of  vehicles  of  d i f f e r e n t  types in

the slow lane of  a motorway.  The result  was a load e f f e c t  f requency

dis t r ibu t ion  fo r  bridges of d i f f e r e n t  span. The  p red ic t ion based on these models 

d i f f e r e d  m arked ly  f rom  the loading speci f ica t ion  given in Par t  2 o f  BS5400. 

The d i f f e re n c e  was though t  to be due to the fo rm er  having  been de r ived  f rom  

l imited records and  f rom  objective judgement  as to the percentage of  heavy 

goods vehicles  and the occurrence of  j am situat ions.  Various a l t e rna t iv e  loading 

models were examined.  F ina l ly  it was dec ided  to adopt  a model  in which  the 

s ta tist ical  parameters  were chosen as proport ions of  the HA design value, and  

hence the model  was independen t  of loaded length.  The f ina l  choice was:

D i s t r i b u t i o n  t y p e  E x t r e m e  I

1 2 0  y r  r e t u r n  l o a d  1 . 0

5% c h a r a c t e r i s t i c  1 . 2

Me a n  1 . 0 3 8 5

S t a n d a r d  d e v i a t i o n  0 . 0 8 5 5

(COV * 8%)



39

2.6.2 Strength

Whilst estimates of  mean  and  s tandard  deviat ion  of  s t r eng th  var iables  may 

be guessed or ob tained f rom  the l i t era ture  there  is l it tle i n fo r m a t io n  available  

regard ing  the tails of  the dist r ibut ions.  Since the shape of  these is all 

im por tan t  for  ca lculat ion of  re l iab i l i ty  resor t has to be made  to ra t ional ly  

based guesswork.  Accordingly resisting var iables  which  in genera l  cannot  be

nega t ive  are model led using lognormal  dis tr ibut ions.

Steel Thickness:  For  commonly used thicknesses the ava i l ab le  d a ta  suggested 

s tanda rd  devia t ion  of  average thickness to be 1.9% of  nomina l ,  i.e. a COV of 

1.9%. Since this is negligible compared  to other  uncer ta in t ie s  thickness  was 

t rea ted  determinis t ical ly .

Yield Stress: A large am oun t  of  da ta  was s tud ied in which  s ta t is t ics  va r ied

f rom  one mill  to another.  Most representat ive  estimates  were s t a n d a r d  devia t ion 

of  2 5 N / m m 2 for  Grade  50 and  2 0 N / m m 2 for  Grade  43 steel. The  mean 

s t rength was typical ly  2 s tanda rd  deviat ions above the nomina l  value. It is 

widely known however  tha t  s t r a in ing  rates in commerical  tests are  high

resul ting in high yield stresses. It was decided to reduce the mean  values  by 

1 5 N / m m 2 to give a value appropr iat e  to service loading.  The  resul t ing

character is t ics  for  yield stress in N / m m 2 were:

Mi I d H i g h  Y i e l d

Me a n 2 7 0 3 9 0

S t a n d a r d  d e v i a t i o n  2 0 25

COV 7 . 4% 6 . 4 %

D i s t r i b u t i o n L o g n o r m a 1 L o g n o  r m a 1



Model  Uncer taint ies :

1) Struts: Values  of  the rat io  of test s t r ength to pred ic ted  s t r eng th  were used 

f rom  European  data . These did not  however  include welded  sections. The 

results were grouped in two s lenderness rat ios  as follows:

D i s t r i b u t i o n  Me a n  S t d  D e v n  COV

1 / r  = 5 5 L o g n o r m a l  1 . 3 0  0 . 1 1 7  9%

1 / r  = 1 3 0  L o g n o r m a l  1 . 2 2  0 . 0 6 7  5 . 5 %

2) Tension and Compression Flanges: Data  was suppl ied f rom  the D epa r tm en t  

of  Transport .  Cer tain test results were el imina ted  because of  in adequa te  

repor t ing of  test configurat ions .  For  compression f langes a lognormal  

d i s t r ibut ion with  mean 1.00 and s tandard  deviat ion 0.119 ( C O V = l l% )  was 

used.

3) Webs, Plate  Panels  and  Ties: Resul ts  of  the da ta  surveyed  were:

D i s t r i b u t i o n Me a n S t d De vn COV

Web s L o g n o r m a 1 1 . 0 9 0 . 122 1 1%

P l a t e P a n e  1 s L o g n o  r m a 1 1 . 22 0 . 122 1 0 %

T i e s L o g n o  r m a 1 1 . 3 0 0 . 1 6 0 12%

2.6.3 Connections

1) Fi lle t  Welds

Stat is tical character is t ics  of  the s trengths  of  f i l le t  welds  in s imple shear  

were based on da ta  f rom  the In te rnat iona l  Test  Series(^). M ate r ia l  and  weld



metal  u l t i m a t e  tensi le stresses, the root thickness and  pene tra t ion  were t reated

as?-, r andom variables .  Model uncertain t ies  were ob tained  f rom  test results on 

t ransverse and  long i tudina l  welds. The results of  the s tudy are  presented in

Reference 6.

2) High  St rength Fr ic t ion  Grip Bolts

JBolt pr eload  and  coeff ic ien t  of  _friction were t rea ted  as r andom  variables.  

Comprehensive detai ls  of  the s tudy may be found  in Re fe rence  6.

2.7 Discussion and Lessons

2.7.1 Sum mary  of  Re levan t  Results

T h e  overal l  range  of  not ional  rel iabil i t ies of  BS153 designs covered many 

orders d f  magni tude .  Large d iffe rences  were a ppa re n t  between both the mean 

rel iabi li ty-"of  d i f f e r e n t  component  types and the rel iabi l i t ies  w i th in  any  specif ic

type. T h e  most  rel iable,  a s lender  strut , had a no t iona l  f a i lu re  p robab i l i t y  of  

the order  of  10"6 3 whilst  the least rel iable,  an unwelded  plate panel,  had  a

not ional  -Failure p robabi l i ty  the order  of  10"3. Values  of f a i lu re  probab i l i t y  

below ID"'1 5 are  meaningless since, as the au thors  point  out,  smaller  values  are  

sniyecl t o  mach ine  accuracy.

The  di ff e rences  between componen t  types show tha t  the 

BS153 design  rules as d r a f t e d  have d i f f e re n t  amounts  of  inher ren t  conservat ism.

T h e  calculat ion of  average rel iabi l i ty  is heavi ly  in f luenced  by the least 

reliable, E x c l u d i n g  compression f langes and  unwelded  plate  panels  the average

fai lu re  p r o b a b i l i t y  was 0.63 x 10" 6 (-log , 0p f  = 6.2). Making the same

exclusions the highest  f a i lu re  probabi l i ty  was 5.01 x 10" 5 (-log , 0P f  = 4.3). The  

average , is seen to be only slight ly lower than  the highest  f a i lu re  probabi l i ty .



In order  to ca rry  out  the ca l ib rat ion  of  res is ting pa r t ia l  factors  a typical

average value of  the par t ia l  fac to r  on dead load was used. viz. = 1.13.

The live load fac to r  used was the value specif ied in Par t  2 of BS5400O) viz.

TfLL = 1*50. As pa r t  of a wider  sensit ivi ty  s tudy  one ca l ib ra t ion  exercise was 

carr ied  out by '  a l lowing  the dead and  live load fac to rs  to be opt imised along 

with the resis tance fac tors  and  7 m 2 . Despi te  this f reedom  the opt imised

load factors  were very close to the factors  prescr ibed in Pa r t  2 of  BS5400 (cf 

TfLD = 1.16 and  = 1-47). Consider ing tha t  the Par t  2 load fac tors  were

suggested by a loading commit tee  wi thout  the help of  s ta t ist ical  methods their  

estimates were surpr is ingly accurate.

The  saving in steel weight  when using the BS5400 design rules with the 

proposed set of  par t i a l  factors  was also est imated. A saving of  28% was 

claimed for  tension f langes against  an increase of  14% for  s t i f fened

compression f langes.  An overal l  saving of  6% was claimed.

2.7.2 Discussion

T h a t  not ional  re l iabil i t ies  are  subject  to wide va r ia t ion  fo r  designs wi th in  

the same code is a common f ind ing  where the code in quest ion has not  been 

the subject of  probabi l is t ic  calibrat ion.  This  is ha rd ly  surpr is ing  and  ref lects  

the d i f f e r e n t  levels of  confidence  in designing d i f f e r e n t  components .  It is 

interest ing to note  tha t  the most rel iable  component  in the s tudy  was a s lender 

strut:  in tu i t ive ly  a d i f f i c u l t  component  to design. The  sa fety m arg in  employed 

to of fse t  the u nce r t a in ty  in design is shown in this case to be 

overconservative.  Opposed to this the least re l iable  was a plate  panel  which  

like the s lender s truts  has a s t rength de te rmined  by buckl ing  considerat ions.  

Tha t  these two buckl ing  components  are  at  the ex treme ends of  the rel iab i l i ty  

order  is consis tent  with the idea that  design to resist buckl ing has a large 

associated uncerta in ty .
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In Section 1 the arguments  fo r  sett ing target  re l iabi li t ies  in l ine wi th  the 

least re l iable  design as opposed to the average rel iab i l i ty  of  designs to fo rmer

rules were presented.  In the c u r ren t  case such a choice would mean a target  

fa i lu re  p robab i l i ty  of 5.01 x 10" 5 instead of  0.63 x 10" 6 ( ignoring the design 

rules with  well acknowledged shortcomings).  The e f fec t  on par t i a l  sa fe ty  factors  

fo r  this small reduct ion  in target  re l iab i l i ty  would be very small,  however ,  any 

reduc t ion  is readi ly  accommodated  wi thou t  any add i t iona l  complexi ty  into the 

l imit  s ta te  fo rm a t  and would result  in cost benefi ts .

With a view to carrying out and  report ing  subsequent  re l iab i l i ty  work the 

fol lowing discussion focusses on three topics: the choice of  s ta t is t ical  models  to 

represent  the var ious basic uncertaint ies ;  fo rm ula t ing  and repor t ing  of  f a i lu re  

funct ions,  including a recommendat ion  fo r  notat ion;  the general  m athemat ica l

propert ies  of  fa i lu re  funct ions.

Est imat ion  of  stat is tical models in the work descr ibed is by a m ix tu re  of 

in tu i t ion ,  guesswork and  ha rd  data.  A complete  s ta t is t ical  model  comprises  the

type of  d is t r ibu t ion  (Normal,  Lognormal ,  Weibull etc.) and  the pa ram ete rs  which

define  it. For  any d is t r ibu t ion  the n ^  moment  is given by

where f x (x) is the pd f  of  the r andom  variable  x. For  the normal  d is t r ibu t ion ,  

de f ined  by

CO
( 2 . 1 3 )

f x ( x ) = s x ~ / 2 x  e x p H ( x  - mx ) / s x ] 2j ( 2 . 1 4 )



the  f i r s t  and  second moments  are  simply the mean m x and the var i ance  s x 2 

respectively.  For  the normal di s t r ibu t ion  the f i r s t  and  second moments  are 

easily iden t i f i ed  as the parameters  de f in ing  the di s t r ibut ion.  For  the lognormal  

d i s t r ibut ion,  given by

f y<y> -  y S 2 * \ lny exp{~ * [ » f ^  l nf e ] ] 1  ( 2 - 15)

the moments  are

my = my e x p (£ s l n y ) ( 2 . 1 6 )

and

s y 2 = my 2 [ e x p ( s l n y 2 )  - 1] e x p ( s l n y 2 ) ( 2 . 1 7 )

and

s y 2 / m y 2 = Vy 2 = e x p ( s i n y  2 ) - 1 ( 2 . 1 8 )

The  f ina l  expression gives the rat io  of  second to f i r s t  moment  squared  and  is 

the square of  the coeff ic ient  of  va r ia t ion  (COV) mentioned previously.  The 

parameters  of  the lognormal di s t ibu t ion are  siny - the s tanda rd  dev ia t io n  of  

the logari thms of the lognormally d i s t r ibu ted  var iab le  and  m y - te rmed  the 

median since it  is the value of  the r andom  variable  which  devides  the pd f  

into equal  areas (unlike the mean which corresponds to the cent re  of  gr av i ty  

of  the pdf).  Est imates f rom da ta  of  sjny a nd  m y have not  been m ade  in this 

s tudy. R a th e r  the sample mean and  sample COV have been ca lcu la ted  in the 

usual  way and  Equa t ions  2.16 to 2.18 solved to obtain  S[ny a n d  m y. The 

decis ion to model  a var iable  using the Normal ,  Lognormal  or other  d i s t r ibu t ion  

can of  course be taken  a f te r  pe rfo rming  var ious methods of  hypo thesi s  testing. 

However  more in tu i t ive  means seem to have  been employed here. I t  is of ten  

the case tha t  several  d i f f e re n t  s ta tis tical  models can be made to f i t  the  same



data  wi th  high levels of  confidence.  Recourse to in tu i t ion  thus of ten  seems 

more valid.  A va r iable  which cannot  sensibly be nega t ive will  o f ten  exclude 

the use of  the Normal  di s t r ibut ion.  This applies to model l ing u nce r t a in ty  and 

mater ia l  properties.  The  Cent ral  Limit  Theorum can of ten  point  the way

towards using ei ther  the Normal  or Lognormal  dis t r ibut ion :  A var i ab le  whose 

values are the sum of  a large number  of con tr ibu t ing  fac to rs  tends towards 

being Normal ly  d i s t r ibu ted  whils t  a var iable  whose values  are  the p roduct  of  a 

large num ber  of  con tr ibu t ing  factors  tends towards  being Lognormal ly 

dis t r ibuted.  Thus,  in the absense of  data ,  loads, being the sum of  m any  smaller 

con tr ibut ing loads, are  of ten considered to be Normal ly  d is t r ibuted .  Fa t igue  life 

is considered to be Lognormally  di s t r ibu ted  because the damage  a f t e r  n cycles 

is a fac to r  of  the stress s ta te  resul ting from the n ^  load appl icat ion.

The  fa i lu re  func t ion  for  struts,  Equat ion  2.9, together  with the code

fo rm a t  Equa t ions  2.1 to 2.3 do not  give s u f f i c i e n t  detai l  to enable  the

ca lculat ion  of  marg in  M to be repeated.  F u r the rm ore  since E qua t ion  2.9

contains  a mix tu re  of  dete rmin is t ic  quant i t ies  and  random  variables  it  would

improve cla r i ty  i f  a notat ion were adopted which would  im m edia te ly  id en t i fy

the random  variab le  wi th  its mean value and  COV or s t a n d a rd  deviat ion.  For  

example f 1 1 6 [l50,  0.3] meaning a r andom variable  f 116 wi th  mean 150 and 

COV 30%. In the case reported f  1 1 g is a func t ion  of  othe r  r an d o m  quan t i t i e s

yield stress, Oy,  and  dimension,  ip. The notat ion  can be a da p te d  and  used

alongside func t iona l  no ta t ion so that  for  example:

Xi i e = f i i s (^y C 243 , 0.08] , <^[30.0 , 0 .02] )

When the mean value of  any random va riable  is i tself  the resul t  of  some



determ in is t ic  ca lcu la tion  the same no tation  can be employed e.g. fo r  cen tra lly  

loaded slender s tru t  of length  1 the random  Euler buckling  load m igh t be:

P e  = P e
tt2E I—  , 0 . 15] 

1 2 J

Note th a t  in this notation:

PE = PE f l i l i  , O . I 5 I / 7  = P E [ i l l !  , 0 . 1 5
E L 4 I 2 J L 4 1 27

Fina lly  to completely specify  the fa i lu re  func t ion  the de ta il  should  ex tend  to 

include the pa r t ia l  factors . The idea th a t  sa fe ty  fac to rs  are  func t ions  of 

re l iab ili ty  is cen tra l  to Level 1 code philosophy (see Section 1). The results  of 

ca lib ra t ion  studies should p refe rab ly  be i l lu s tra ted  w ith  tables and  graphs 

showing re l iab i l i ty  as a fu n c t io n  of sa fe ty  fac tor.  For  the  b e n e f i t  of the 

in q u ire r  the m athem atica l  expressions defin ing  these graphs should  be reported , 

this would enable  the  reader  to see the m athem atica l  l ink  betw een  (part ia l)  

sa fe ty  fac to r  and  re liab ili ty . In the present case the results  fo r  the  designs to 

BS5400 m ight be expressed as:

—  l n
P f ( 7 m *  7 f  L D ’ 7 f L L >  = P f i

i = 1

w h e r e  p p j  = P( Mj  < O)  

w h e r e
^ i  =  — 1 1 g i ^ m  " ^ ) ^ 5  4 0  0 i ( 7 m)

g i v i n g  a n  e x p r e s s i o n  f o r  Xm a n d  t y p i c a l  e x p r e s s i o n s  f o r  f 1 1 6 j 

a n d  f  5 4 0 0 j ( 7 m ) •

Vd l  ^ L L  1
T fD L  + X f s « o o i  ( 7m)

The properties  of f a i lu re  functons give ind ica tions  of the b e hav iou r  of 

the func t ion  M = 0 and  the p robab il ity  P(M < 0).



The f i r s t  p roperty  is tha t  M and  1 - P(M < 0) are m onotonic increasing

w ith  any  p a r t ia l  factor. This assumes th a t  m ateria l  p roperties  or s trengths 

(’resisting v a r iab le s ’) will be d iv ided  by a pa r t ia l  fac to r  and  loads or stresses 

(’loading v a r iab le s ’) will be m ultip lied  by one.

The second property  is th a t  P(M < 0) (i.e. the  p robab il i ty  of fa i lu re )

increases as the  COV of any  variab le  increases.

A resis tance  variab le  is one which, i f  increased in value, leads to an 

increase in M. A loading variab le  has the converse p roperty  i.e. an increase 

leads to a reduc t ion  in M. In the c u rre n t  app lica tion , therefore , the length  of 

a s lender s tru t  is a loading variable. Bias is d e f in ed  as the value of

a c t u a l  v a l u e  
a s s u m e d  v a l u e

and could apply  to loads, m ateria l  p roperties  or resistances. The th i rd  p roper ty

of fa i lu re  func t ions  can now be stated. For a resisting  va riab le  P(M < 0)

increases as the  bias of any resisting va riab le  increases but decreases as the  

bias of any  loading  variab le  increases.

The fo u r th  and  f ina l  property  only applies fo r  the special case w here  the 

mean value  o f  the  second term of the fa i lu re  fu n c t io n  is equal to the  m ean 

value of the  f i r s t  term. In such a case w hen all p a r t ia l  fac to rs  are  set equal 

to 1.0 then  M=0, P(M < 0) ^ 0.5 and  0 -  0. The approx im ation  becomes exact 

i f  the d is t r ib u t io n  of M is symm etrical abou t M=0 as would be the case w hen 

all the random  variables are normal.

H av ing  described the properties  a general observation  can be made:

The re l iab i l i ty  calculated  in this way is only as good as the s treng th
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fo rm u la t ion  f ro m  w hich  R, the c rit ica l resis tance is calculated . Any change to 

the s treng th  fo rm u la t io n  will a f fe c t  R, thus the same com ponent unde r  any 

given load will have  d i f fe re n t  reliab ili t ies  i f  d i f f e r e n t  s treng th  fo rm ula t ions  are 

used in the  f a i lu re  function . This h ighlights  the sub jec tiv ity  of re l iab i l i ty  

calcu lations and  backs the case against com paring  reliab ili t ies  w ithou t  refe rence  

to the fo rm u la t io n  (and model u n ce r ta in ty  param eters)  used in the ir  ca lculation. 

However a q u a l i f ic a t io n  is necessary here. The h isto rica l  process by w hich  

s trength  fo rm u la t io n s  came about is evo lu tionary , i.e. by a process of g radua l 

changes the end  p roduct becomes ideally  su ited  to the application . The 

p rerequ is i te  of an  accu ra te  s trength  fo rm u la t ion  is th a t  it has been developing 

over a long period  of time. This process is i l lu s tra ted  by the developm ent of 

the buck ling  s treng th  fo rm u la t ion  from  Euler  to the present day. The 

fo rm u la t ion  E u ler  made in the mid-19th cen tu ry  was non-conservative  except 

fo r  very  slender struts. The f irs t  m od if ica tion  came w ith  the c u t-o f f  po in t at 

yield s treng th  fo r  stocky struts. The com pound E u le r /y ie ld  stress curve  still was 

non-conservative  fo r  the wide m id-range slendernesses. A yrton  and  P e r r y ( ^ )  in 

1886 proposed m od if ica tions  to the E u le r /y ie ld  stress curve  w hich  p rov ided  the 

basis fo r  p resen t day  s tru t  design. They essentia lly  smoothed out the com pound 

E u le r /y ie ld  stress curve  giving a mean value  curve  fo r  the en tire  range of 

slendernesses. The  changes since then have been m inor and  d irec ted  at 

m od if ica tions  to the  value assumed fo r  in it ia l  im perfec tions  (e.g. R obertson  in 

1925(8)).

The q u a l i f ic a t io n  to the w arn ing  given regard ing  com parison of 

re liab ili t ies  w i thou t  re fe rence  to the s treng th  fo rm ula tions  is th a t  any  

fo rm u la t ion  w hich  has undergone a susta ined period  of developm ent will have 

su ff ic ie n t  accu racy  to im part  m ean ingfu l ca lcu la ted  reliabili t ies .
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A fu r th e r  point bourne out in the BS5400 study is the op p o r tu n ity  to 

ra t ionalise  and  sim plify  the op tim isa tion  procedure. It has been seen in this 

contex t to d im in ish  in com plexity  f ro m  a constra ined  m in im iza t ion  of several 

variables to an unconstra ined  m in im ization  of a single va riab le  viz Tm 2 . Such 

s im plif ica tions  render  the problem  orders of m agnitude  less complex and  less 

costly. In conclusion it can be said th a t  so long as the o u tw a rd  objective of 

op tim isa tion  is not lost, i.e. the reduc tion  of the spread of re l iab i l i t ie s  about 

the target,  then  any scheme, m ethod or short cut is acceptable.
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SECTION 3

COMPONENTS: A R E -E V A L U A T IO N  OF BS5400 PA R TIA L FA CTO RS FO R

O FFSH O R E USE

3.1 In troduc tion

This section describes pa rt  of the pilot s tudy, sponsored by the U.K.

D epa r tm en t  of Energy on revisions to the ir  G uidance  N otesO ) fo r  the  design 

of o f fsh o re  insta lla tions. The cu rren t  G uidance  Notes re fe r  designers to e ither  

BS153 Parts  3B and  4 or BS449 fo r  perm issible stresses fo r  s t ru c tu ra l

components. BS449, however, is in the process of being superseded by a l im it

state  code and  BS153 has been superseded by BS5400(2) whose lim it  s tate

fo rm u la t io n  was the subject of Section 2. For various reasons the new  codes 

cannot sim ply replace the ir  permissible stress coun terparts .  C onsequently  a s tudy  

was in i t ia te d  to consider how the G u idance  Notes on s truc tu ra l  steel design

need to be a lte red  to allow lim it state  codes to be used and to consider  the

changes to the codes needed to make them  su itab le  for o ffsho re  insta lla tions . 

The p a r t  o f  the s tudy  re levan t to this thesis is the re -ca lib ra t ion  o f  the

p a r t ia l  fac to rs  con ta ined  in BS5400: P a r t  3 fo r  use offshore.

In te rn a t io n a l  agreem ent exists(^) on recom m ended pa rt ia l  sa fe ty  fac to rs  and  

these inc lude  two resistance factors , one to account fo r  m ateria l  v a r ia b i l i ty  and  

the o ther  to account fo r  all o ther resis tance uncerta in t ie s  inc lud ing  m odelling. 

In the BS5400: P a r t  3 eva lua tion  lit tle  increase in the spread of re l iab i l i t ie s  

arose as a result of am algam ating  the fac to rs  in to  a single pa r t ia l  fac to r .  The 

same course was fo llowed fo r  the present re-evaluation . The m ateria l  fa c to r  and  

all o ther p a r t ia l  fac to rs  are presented in Section 3.2 in the Code Form at.

Section 3.3 summarises the principal  requ irem en t  fo r  ’op tim ising’ p a r t ia l  sa fe ty  

factors.

50



U nlike  b ridge  s truc tu res  there  is not a long h istory  of experience w ith  

o ffshore  s truc tures . Consequently  a value of ta rge t  re l iab i l i ty  was chosen not 

from  previous codes of prac tice  but ra th e r  a f te r  considering  N orw egian  and  

N orth  A m erican  experience. Section 3.4 presents the  delibera tions  on targe t  

re liab ili ty . Since this value is the single most in f lu e n t ia l  a ffe c t in g  the resu lting  

part ia l  sa fe ty  fac to rs  the choice is c ri t ica lly  exam ined  in the  discussion in 

Section 3.14.

The m ajor  d i f fe re n c e  betw een s truc tu ra l  design of bridges and  o ffsho re  

insta lla tions  is in the env ironm enta l  loading. For bridges, w ind  loading  was not 

c o n s i d e r e d ^ )  to be s ign if ican t  enough fo r  the purposes o f  eva lua tion  o f  p a r t ia l  

factors. For  o f fsho re  s tructures, however, the loads imposed by waves, w ind  and  

curren ts  dom ina te  the f in a l  design. The sta t is t ica l  models fo r  env ironm en ta l  and  

other loads are  discussed in Section 3.5 together  w ith  models fo r  resistance. 

Following this, in Section 3.6, the fac to r  w hich  accounts  fo r  inaccurac ies  in 

s truc tu ra l  analysis, the ’analysis f a c to r ’, is discussed and  a value is chosen 

app rop ria te  fo r  o ffshore  structures. The f in a l  choice was based on eng ineering  

judgem ent r a th e r  than  probab il is tic  optim isation.

Section 3.7 describes the BS5400: Part  3 s treng th  models fo r  the fo u r  m ain  

s truc tu ra l  components considered viz: columns, beams, s t i f fe n e d  f langes  and  

s t i f fe n e d  webs. This is fo llowed by descrip tions  of da ta  banks (Section 3.8) of 

test da ta  on o ffsho re  com ponent s trengths com piled  in p a r t  by J.F. K en n y  and  

P a r tn e r s ^ )  fo r  the D epar tm en t  of Energy. These were used to establish  s treng th  

model u n c e r ta in ty  fac to rs  fo r  discrete slenderness ranges of each of  the  fo u r  

components (Section 3.9). Section 3.10 presents  typ ica l  Level II re l iab i l i ty  

solutions fo r  each component type on the assum ption  of a tr ia l  set o f  p a r t ia l  

factors. The sa lien t points of the solution are  discussed. The w ork in Sections

3.7 to 3.10 is described in grea ter  detail in R efe rences  6 to 10.



Sections 3.11 and  3.12 describe the m anner in w hich the seven part ia l  

fac to rs  (fou r  resistance and  th ree  loading) were ob ta ined  to ensure  a m inim um  

spread of rel iab ili t ies  a t  an  average  value equal to the target. In  Section 3.13 

the results  o f  pa rt ia l  fac to r  eva lua tion  are  com pared  w ith  o ther  codes by 

p lo tting  non-d im ensional allowable  stress versus slenderness fo r  each of the  four  

components.

T he  discussion in Section 3.14 focusses in d ep en d en tly  upon target 

re l iab ili ty , load modelling and  general considerations. Conclusions, 

recom m endations  fo r  im provem ents and  extensions are  sum m arised  in Section 

3.15.

3.2 Code Form at

The safe ty  fac to r  fo rm a t  in BS5400 requires  th a t  R ) S

I f k1
w h e r e  R = f u n c t i o n  —  i s  t h e  d e s i g n  r e s i s t a n c e ,

LYmJ

S = 7 f 3 [ e f f e c t s  o f  Yf L  Qkl  a r e  t h e  d e s i g n  l o a d  

e f f e c t s ,

f k  i s  t h e  c h a r a c t e r i s t i c  v a l u e  o f  c o m p o n e n t  s t r e n g t h

o r  r e s i s t  a n c  e ,

Ym i s  t h e  p a r t i a l  f a c t o r  on  r e s i s t a n c e ,

Y f 3 i s  t h e  f a c t o r  t o  t a k e  a c c o u n t  o f  t h e  i n a c c u r a t e

a s s e s s m e n t  o f  l o a d  e f f e c t s ,  i . e .  t h e  a n a l y s i s  

f a c t o r ,

Yf L  a r e  t h e  p a r t i a l  f a c t o r s  on  l o a d i n g ,  a n d

Qk a r e  t h e  n o m i n a l  l o a d s .

f ^  is the value of s treng th  as p red ic ted  by the P ar t  3 fo rm u la t ions .  It is 

d e f in ed  as a ’charac te r is t ic  v a lue ’ a lthough now here  in BS5400 is it ind ica ted



just  w hich ’charac te r is t ic ’ it  represents. As will be seen la ter, the  s treng th  

fo rm u la t ions  appear  to p red ic t  mean values, i.e. f ^  is not s tr ic t ly  a 

cha rac te r is t ic  value.

y m normally(3) consists of two components y m , and  y m 2 . The f i r s t  of 

these, 7 m i , is in troduced  to account fo r  the uncerta in t ie s  associated  w ith  

m ate ria l  only while the second, y m 2 , covers all o ther  u n ce r ta in t ie s  associated 

w ith  s treng th  o ther than  m ateria l.  This  would norm ally  cover geom etry  variab les  

and  the elastic modulus. As ind ica ted  in the in troduc tion , the  o r ig ina l  P a r t  3 

de r iv a tio n  found  th a t  very l i t tle  loss of accuracy  arose f rom  am algam ating  the 

two and  it also had the p a r t icu la r  advan tage  of s im plify ing  the fo rm at.  This 

same approach  was adopted  in the present work.

The loading components y fL  and  are  de te rm ined  fo r  each load type 

and  fo r  each com bination  of loads considered. In BS5400, seven d i f f e r e n t  basic 

load types are de fined  in up to f ive  d i f f e re n t  com binations. Not a ll load types 

are  considered in every com bina tion  and, of the  load types, one re fe rs  to 

tem porary  erection loads and  ano ther  to secondary  live loading  associated  w ith  

the p r im ary  live loading.

3.3 P ar t ia l  Facto r  E va lua t ion  Procedure

The basic objective of p a r t ia l  fac to r  eva lua tion  is to select a set of 

p a r t ia l  fac to rs  such th a t  the spread of the resu lting  set of f a i lu re  p robab il i t ie s  

of  a range o f  s truc tu res  is minimised. In the  present context, i t  is in te n d e d  to 

use test da ta  to represent the range of s truc tu res  considered.



The process of se lec ting  part ia l  fac tors  is th e re fo re  one of op tim isation  

w hich can be expressed a s  follows. The objective fu n c t io n  to be m inim ised  is:

r n i i
? « i ( p n  - P f i )

L 1

2 (3.1)

w here p f j  is the  p robab il i ty  of fa i lu re  of the i ^  elem ent designed in

accordance  -with the Part  3 s treng th  fo rm u la t ions  using the t r ia l  

values of p a r t ia l  factors, 

p f t is the ta rge t--p robab il i ty  of fa i lu re  ( ta rget  re l iab ili ty ),  

is the f requency  of occurrence of elem ent i, and  

n is the  to ta l num ber of elements in the  design space.

D uring  the investiga tion , each component was exam ined  alone when 

subjected  to each of t h e  m ain  load categories w ith  the objective o f  id en t ify in g  

the app rop r ia te  y m .and YfL product to m inim ise the spread  of f a i lu re  

probabilit ies . The results! a re  presented in Section 3.12.

3.4 T arge t  R eliab i l i ty

For  the purpose o f  establishing an upper l im it fo r  f a i lu re  p robab il it ies  

s t u d i e s O  0f ac tua l  fa i lu res  expressed as an n u a l  f a i lu re  f requenc ies  were

reviewed. F igures  ranged  from  losses of semi-subm ersibles a t  2.0 x 10"3 to 

losses of jack-ups a t  7 1 2  x 10"2. Comparisons were th en  m ade w ith  the values 

of annua l  fa i lu re  probab il it ies  between N orw egian  and  N orth  A m erican  studies. 

The values pub lished  sby Det norske V eritas (DnV)03) 0f  s truc tu res  designed  to 

the ir  1977 R u l e s ( ^ )  m n g e d  from  5 x 10"7 to 1 x 10"4 per an n u m  w ith  steel 

s truc tu res  genera lly  lying in the range of h igher  f a i lu re  probabilit ies . O bjections 

were r a i s e d ^  5,16)^ however, concerning the ra t iona le  beh ind  these values. The



annua l f a i lu re  p robab il it ies  fo r  steel s truc tu res  designed to the API RP2A 

reco m m en d a tio n s^ ^ )  fo r  f ixed  o ffshore  s tructu res  were reported  to have  ranged 

from  6 x 1 0 '5 fo r  dead  load dom inated  s truc tu res  to 1.5 x 10"3 for 

env ironm en ta l  load dom ina ted  structures. The reported  recom m endations  of the 

Rule  Case Com m ittee (RCC) of the jo in t  Conoco-Am erican Bureau  o f  Shipping 

(ABS) project fo r  a re l iab i l i ty  based design code of tension leg p la tfo rm s  (TLP) 

whose work is sum m arised  in R eference  18 were, a f te r  su rvey ing  sa fe ty  levels 

in o ther re la ted  codes, fo r  a targe t  annual f a i lu re  p robab il i ty  of  4 x 10"G. The 

same com m ittee also reom m ended a less conservative  an n u a l  fa i lu re  p robab il ity  

of 3.0 x 10"5 w hen designs were perform ed using re l iab i l i ty  analysis  d irectly .

Comparisons of annua l  fa i lu re  probabilit ies  are  sum m arised  as follows:

a c t u a l  f a i l u r e  2 . 0  x 1 0 " 3 t o  1 . 2  x 1 0 " 2

DnV 1 9 7 7  R u l e s  5 . 0  x 1 0 ' 7 t o  1 . 0  x 1 0 ' 4

API  2RPA 6 . 0  x 1 0 " 5 t o  1 . 5  x 1 0 " 3

RCC f o r  T L P s  4 . 0  x 1 0 " 6 o r  3 . 0  x 1 0 " 5

A value of 1 x 10"4 per annum  was adop ted  fo r  the  re-eva lua tion . Two 

bracke ting  values were also adopted  to dem onstra te  the  e f fe c t  on the  p a r t ia l  

factors.

3.5 S ta tis tica l D efin it ions

3.5.1 Geom etry

D epartu res  f ro m  nom inal dimensions occur as a resu lt  o f  the  ro lling  of 

large plates. The m ateria l  in the centre  portion  of a rolled p late  has g rea ter



th ickness th an  at the edges due to small bu t  m easureable  deflec tions  of the 

rollers. The orig inal BS5400: Part  3 ca lib ra t ion  s tudy  in R eference  4 assumed 

dimensions were determ inistic . It was fe l t  th a t  some allowance had  to be made 

fo r  corrosion expected in offshore  s truc tu res  and  R eferences 19 to 25 were 

consulted. These gave values of COV betw een 0.2% fo r  d iam eters  of  c ircu la r  

sections and  3.1% on areas of column test specimens. A value of 2% was 

f in a l ly  selected.

The same COV was selected fo r  lengths even though it was a pp rec ia ted  

th a t  in general tolerances are likely to be smaller than  fo r  sectional 

dimensions. Dimensions were assumed to be represented  by a normal d is t r ib u t io n  

w ith  mean equal to nom inal or m easured value, i.e. zero bias.

3.5.2 M ateria l  Properties

R efe rence  26 contains results of a large s ta tis tica l survey on the  y ield  

stress of m ate ria l  leaving steel mills. They  concluded  th a t  fo r  m ild  steel the 

weight and  average COV was 4.8% and a weighted  average bias of 10.6%. Bias 

being ca lcu la ted  from

™ . i
mnom

where m is the mean measured value and  m nom the nom inal value. Fo r  high 

s treng th  steel the corresponding results were 4.9% and  10.1% respectively.

The au thors  of R eference  4 noted th a t  this survey re la ted  to 

p re-na tiona lisa tion  days in the industry  and  undertook  a small survey  on high 

s treng th  steel. T he ir  f ind ings were an increase of COV to 6.7% and  an



increased bias to 15.6%. There was concern that the proportion of material

fa l l ing  below the m inim um  specified  level showed a m arked  increase. These

results how ever were from  a mill w hich was unde r  the th rea t  of closure. Also 

the sample size was only 6.

All the  above da ta  were subject to s tra in  ra te  effects.

The experience of D nV O ^) ind ica tes a COV of 5% and a bias o f  5% but 

the values a re  not fu lly  substan tia ted .

In R eferences  24 and  25 a COV of 4.7% was used fo r  high s treng th  steel.

The bias was 10%. Japanese d a t a ( ^ O )  ind ica ted  the fo llow ing values

S e c t i o n  a n d  G r a d e Bi  a s (%) COV(%)

P l a t e  - m i l d s t e e l 38 6 . 0

- h i g h s t r e n g t h 24 5 . 2

A n g 1e - m i l d s t e e l 31 3 . 3

S t i f f e n e r s  - h i g h s t r e n g t h 21 2 . 7

The COVs are consistent w ith  U K  values. The biases how ever are  h igher

and  the m ain  reason is thought to be the high s tra in  rates used. Also the h igh

bias ref lec ts  the thickness of sections used being 9mm to 19mm. A no ther

Japanese a u th o r ^ * )  reported  a bias of 17% and  COV of 11.1%. The th ickness  

in this case was less than  10mm w hich would account fo r  the large bias. The

tests were fo r  s ta tic  yield stress. The reason fo r  the high COV was most likely  

to be the large range of sections and  p lating  in the  data.



The model eventually  used fo r  the o rig inal pa rt ia l  fac to r  derivation^)

accounted  fo r  s tra in  ra te  by reduc ing  the  m ean by 15 N / m m 2. T he  s ta n d a rd

devia tions  were, fo r  mild steel (G rade  43) 20 N / m m 2, and fo r  high s trength  

(Grade 50), 25 N / m m 2. The design value of y ield  stress w ith in  each g rade  was 

taken  to be constan t i.e. independen t of thickness. On this basis the  COVs

were

m i l d  s t e e l  2 0 / ( 2 4 5 + 2 x 2 0 - 1 5 )  = 2 0 / 2 7 0  = 7 . 4 %

h i g h  s t r e n g t h  2 5 / ( 3 5 5 + 2 x 2 5 - 1 5 )  = 2 5 / 3 9 0  = 6 . 4 %

The corresponding  biases were

mild steel 270/245 - 1 = 10.2%

high s treng th  390/355 - 1 = 9.9%

The COVs fo r  steel thicknesses p e r t in en t  to o ffshore  s truc tu res  were,

accord ing  to tabu la ted  da ta  in R eferences  4 and  26, as high as 8%. On this

basis and  considering the possibility of overseas’ steel being used in U K

offsho re  construc tion  a COV of 8% was assumed fo r  the re-evaluation .

The e f fe c t  on the bias of an increased  s tra in  ra te  is an  increased

ap p a ren t  bias. In order  to ob tain  the bias fo r  s tra in  rates w hich would  be tte r

ref lec t  the  ra te  of service loading the mean yield stress must be reduced . The 

correc tion  fo r  s tra in  ra te  used in the o rig inal ca lib ra t ion  was 15 N / m m 2. This 

is app licable  to U K  mills only. In fo rm ation  presented  in R eference  21 ind ica tes  

the correc tion  am ounts to 50 N / m m 2 fo r  mild steel and up to 80 N / m m 2 for  

high s treng th  steel. This is based on data  re la ting  m ain ly  to Japanese  steels but 

also includes those from  Europe. L im ited  evidence from  the U.S. suggested  the 

correc tion  there  is 35 N / m m 2(27).



The reason fo r  h igher s tra in  corrections being applicable  to Japanese and 

US steels is th a t  a fas te r  rate  of s tra in ing  is specified  by them  when

conducting  tensile  tests. It is 625000 ^ s t ra in /m in u te  com pared w ith  the U K

standard  of 7000 to 8000 justrain/minute.

The p roport ion  of below strength  m ate ria l  expected accord ing  to the 

BS5400 models w hen s tra in  ra te  correction has been made is approx im ate ly  5%.

H aving  adop ted  a COV of 8% for  the  re-eva lua tion  the bias consistent 

w ith  below average  m ateria l  of 5% is an expecta tion  of 12£%. This va lue  was 

adopted  fo r  the  s tudy  although it is ap p a re n t  th a t  ha rd  da ta  from  o ffsho re  

yards is lacking. This value of bias was adopted  together w ith  a 

recom m endation  th a t  a survey of steels f ro m  o ffsho re  yards should  be 

undertaken .

A lognorm al d is tr ibu t ion  was assumed since negative  y ield  stresses are  

excluded. This was also the model used in the  orig ina l  evaluation .

V ar ia t io n  in elastic m odulus is sometimes ap p a re n t  bu t usually  can be

explained in terms of the method of m easurem ent. It was trea ted  

determ inis tica lly .

3.5.3 Load E ffec ts

The load categories in the DEn guidance  no tesO ) were am ended  so th a t

loads hav ing  a s im ilar am ount of v a r iab il i ty  were categorised together. This  

resulted in hyd ros ta tic  forces being categorised w ith  dead load and  dynam ic  

forces (those a ris ing  from  a s tructu res  m om entum  in response to imposed loads) 

were ca tegorised w ith  env ironm enta l  loads.



The resulting .categories were

1. vdead'-'-plits hydrostatic :  i.e. w eight of s truc tu re  and  f ix ed  equ ipm en t and 

m ac h in e ry ,  hydrosta tic  forces, buoyancy.

2. l ive :  i e .  opera tion  loads, stores, portab le  equ ipm ent, crew , b e r th in g  and

la n d in g  load, m otion loads fo r  mobile pla tfo rm s, therm al  stresses,

constructib  n forces.

3. e n v iro n m e n ta l  plus dynam ic: i.e. w ind, wave, slamming, vortex  shedding, 

m ar ine  g row th  effec ts , snow, ice, cu rren ts  and  dynam ic  forces.

T i e  .unam ended DEn load categories d i f f e re d  only from  the API RP2A(27)

de fin i t ions  in  th a t  buoyancy  was included  as a live load w hile  in  the API

specif ica tion  i t  was inc luded  unde r  dead loads. This  re f lec ts  possibly the 

g rea ter  u n c e r ta in ty  associated in the  N orth  Sea env ironm en t com pared  w ith  the

G u lf  o f  M exico.

>3 he  load- categories in the proposed TLP c o d e ( ^ )  are  de r ived  acco rd ing  to 

the in f lu e n c e  they have on the s truc tu re  and  in this they  re f lec t  the  special

need o f  ' th e ^ s t ru c tu re .  The categories were

1. s ta t ic :  d im e in v a r ian t  loads such as w eight, all m ovable and  f ix e d  f i t t ings

a n d  ^stores, buoyancy  and  s ta tic  tendon tension.

2. quas i  s ta t ic :  forces changing  slowly w ith  tim e such as o f fse t  and  vertica l

se t-dnw n  caused by winds.

3. dynam ic: i.e. wave induced.



The models for TLP and  f ixed  p la tfo rm load categories are  summ arised

below.

T L P s B i a s cov% D i s t r i b u t i o n

{... s t a t i c 1 . 0  (0%) 10 N o r m a  1

j  q u a s i - s t a t i c
i

1 . 0  (0%) 2 0 No r m a 1
1
( d y n a m i c 0 . 9  ( - 1 0 %) 26 No r m a 1

F i x e d B i a s COV% D i s t r i b u t i o n

1 De a d  & h y d  r o s t a t i c 1 . 0 7 5 ( 7 . 5 % ) 5 No r m a 1

Ii
L i v e 1 . 1 5 (1 5%) 10 No r m a 1

\
1 E n v  i r onme n t a 1 1 . 0 (0%) 3 0 No r m a 1

& d y n a m i c

The s ta tic  loads fo r  TLPs correspond approx im ate ly  to dead  and 

^hydrostatic and  live load categories combined and  they can be seen to have 

>similar s ta t is t ica l  models. L ikewise the quasi-sta tic  and  dynam ic  TLP categories 

co rrespond  in the kinds of load and  s ta tis tical modelling pa ram ete rs  to the 

e n v ironm en ta l  and  dynam ic  category.

T he  increased bias fo r  the f i r s t  two categories fo r  f ix e d  s tru c tu re s  was 

a d o p te d  in recognition of the weight growth problem  w hich  a f fe c ts  dead 

lo ad in g  and  live loading - the la t te r  to a g rea ter  extent.

The bias fo r  the th ird  load category followed closely the bias fo r  the 

T X P  dynam ic  category which in tu rn  was decided upon a f te r  consu lt ing  various
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experts. These opinions 'varied  widely from  -50% (0.5) to 10% (1.1)08). was

fu r th e r  recognised th a t  s the  common practise of l inea r  ad d it io n  of wave and  

cu rren t  velocities ( ra th e r  than  a more rea lis tic  vectoria l com bination)  is 

s ign if ican tly  conservative.

The COV fo r  dead load of 5% was adop ted  on the grounds th a t  fu tu re

p la tfo rm s would be subjec ted  to s trict weight audits .  The values are the same

as th a t  used fo r  dead  load  in the original bridge ca lib ra tion .

The live load COV? followed the TLP value fo r  s ta t ic  loads viz 10%.

3.5.4 Sum m ary

The fo llow ing  table  summarises the bias, C O V ’s and  d is tr ibu t ions  assumed

for each of the resis tance variables and  load types to be considered  in the

f ina l  p a r t ia l  sa fe ty  fac to r  optimisation:

D e s i g n  V a r i a b l e B i a s

(%)

COV

(%)

D i s t r i b u t i o n

Ge ome t r y  “ O 2 no  r m a 1

Y i e l d  S t r e s s  1 1 2 . 5 8 1o g - n o r m a  1

D e a d  l o a d  e f f e c t  • 7 . 5 5 n o r m a  1

L i v e  l o a d  e f f e c t ® 15 10 n o  r m a 1

E n v i r o n m e n t a l  l o a d :  e f f e c t O 3 0 n o r m a l



3.6 Analysis Factor

The analysis fac to r ,  Y f 3 in the Code Form at, is in tended  to reduce the 

e ffec ts  of inaccuracies  in s truc tu ra l  analysis. The value  recom m ended for 

BS5400: Par t  3 was 1.1, based on engineering judgem ent. The same value was 

recom m ended fo r  f ixed  o ffshore  structures which, like bridges, can be 

successfully analysed sta tis tically . For components responding  dynam ica l ly  e.g. 

components in the  splash zone and  deep w ater  p la tfo rm s, dynam ic  analysis is 

required . Being more complex these in troduce  grea ter  inaccurac ies  w hich  need 

to be ref lec ted  in Y f 3. The recommended values depend upon the type of 

s truc tu ra l  analysis as follows

Method

S t a t i c s o l u t i o n  1 . 1

L i n e a r  f r e q u e n c y - d o m a i n  s o l u t i o n  

(R a n d o m  wa v e  s ) 1 . 2

N o n - l i n e a r  t i m e - d o m a i n  s o l u t i o n  

( R e g u l a r  o r  r a n d o m  l a r g e  w a v e s ,  

p l u s c u r r e n t )  1 . 1 5

N o n - l i n e a r  d e s i g n  wa v e  1 . 1 5

The recom m ended f igures  ref lec t  largely the degree o f  confidence  held in 

the p rocedure  fo r  f ix ed  o ffshore  structures. This  is less fo r  l inear  f req u en cy  

dom ain solutions th an  fo r  e ither  non-linear t im e-dom ain  or non -linear  design 

wave methods.



F ina lly  i t  was recognised tha t  to a small ex ten t the level of accuracy  

achieved w ith  a n y  o f  the dynam ic methods depends on the experience  • of the

user. Designers : were  encouraged to make sub jec tive  judgements: reduc ing  the 

fac to r  fo r  w ell-experienced  personnel and increasing  it fo r  the less experienced.

3.7 P a r t  3 -Strength Models

For each o f  t h e  components to be exam ined , the Part 3 s treng th  model

(or fo rm ula t ion )  will only be described in ou tline  below. Details, however, are  

presented w ith  ’h a n d  ca lcu la tions’ representing  the sequence of ca lcu la tions  in

R eferences  6 to  10.

3.7.1 C o lu m n s

The column s t r e n g th  fo rm ula tion  in P a r t  3 is iden tica l  to the ’European  

Column Curves’.. T h ese  curves were derived a f te r  an extensive experim en ta l  and  

num erica l p rogram m e involving over 1000 tests on p in-ended  c o l u m n s ( 2 2 ) .  The 

strength  curves w e re  eva lua ted  as the mean m inus two s tanda rd  dev ia tions  of

the experim enta l  ^results which would be accu ra te ly  rep roducd  by the num erica l  

procedure  adopted.

3 .7 .2  B e a m s

Two s treng th  m odels  are  provided in Par t  3 fo r  the design o f  beams. 

Both seek to .establish a value fo r  the slenderness of  the beam, deno ted  Xl j * 

which reflec ts  t h e  type of loading, its position o f  app lica tion  on the 

cross-section, th e  b o u n d a ry  conditions and the unsuppo rted  length of the beam.



Once the slenderness has been determ ined, the m axim um  p erm itted  stress is 

de te rm ined  from  a Perry - type  form ula. From this stress, the m om ent capacity  

can be de te rm ined  fo r  comparison w ith  the m om ent a ris ing  f rom  loading. In 

both approaches, Xl t  is not used d irec tly  bu t  a f te r  fac to r ing  by / o y c / 355 

where o;y C  nom inal yield stress fo r  the  compression flange. This was

in troduced  p r im ari ly  to generate  slenderness values more or less iden tica l  with

the J /X y (length + rad ius  o f  gyration  about the w eaker axis) values used in 

the p rev ious  code. It was hoped tha t  this would  help m ake the  new

form ula tions  more accessible to designers.

In  b o th  methods, the cross-section has to be checked to id e n t i fy  w hether  

local buck ling  is a possibility  or not. If  not, it is described  as com pact and  

can be des igned  up to its fu ll  plastic moment capacity . O therw ise  the section

is non-com pact, and  its p roperties  may have to be ca lcu la ted  on an e ffec tiv e

w idth basis .

I n  t h e  f i r s t  or s im plif ied  approach, the so-called ’slenderness p a ra m e te r ’ 

x i a v '^ Y C / 355 is ca lcu la ted  from:

: S P - =  k 1k 2 ( L / r y ) k 4 77 V / ( a Yc / 3 5 5 )  ( 3 . 2 )

where k.., is an e ffe c t iv e  length param eter  de te rm ined  by the type o f  end

f ix i ty ,

k 2 is an  e ffec tiv e  length param eter  de te rm ined  by the level of the

applied  load w ith  respect to the beam ’s n e u tra l  axis,

1 :^  is the span betw een points of la te ra l  re s tra in t ,

.k 4 is de te rm ined  according to w hether  the beam is rolled or welded

and  by the web to f lange thickness ra tio ,



7] is a  parm eter  de term ined  by the type of applied load, and

"V is dependen t on the shape of  the beam.

In the second or exact method, the slenderness param eter  is found  from

ESP •*= . / ( n 2E S / a c i ) / ( o y e / 3 5 5 )  ( 3 . 3 )

where S — 2 pe/ z xc fo r  compact sections,

=  £>/2yt fo r  non-com pact sections,

Zpg is  th e  plastic  section modulus,

Is th e  elastic section modulus,

D  is  the  overall section depth ,

y-t is th e  distance from  the neu tra l  axis to the extrem e tension  f ib re ,

is Y oung’s modulus, and

the m axim um  compressive bending  stress as de te rm in ed  by an 

elastic  analysis a t  the theore tica l  la te ra l  torsional buck ling  load.

In the code^ values fo r  all the variab les  are  e ither  ca lcu la ted  f ro m  given 

expressions,ag iven  as constants, or can be found  from  tables or charts.

T i e  s lenderness  param eters  ’SP’ and  ’ESP’ can also be used as a m eans of 

presen ting  Tesnlts. A sim ilar but non-dim ensional pa ram ete r  is / ( M p / M cr) w here 

Mp is The% plastic  moment capacity  of the section and  M cr its e lastic  c r i t ica l  

m om ent n t : ' l a t e r a l  torsional buckling. Both param eters  are d irec tly  re la ted  and  

when th e  ^elastic crit ica l moment is equal to the p lastic  ca p ac i ty  so 

/(M p/M pj.) =  >1, SP = ESP = 75.

Note th a t  a l th o u g h  the la t te r  re la tionship  holds, M cr will generally  be d i f f e r e n t  

as de te rm ined  by the two methods.



3.7.3 Stiffened Flanges

The P a r t  3 design approach  fo r  s t i f fe n e d  flanges is to rep lace  the

s t i f fe n e d  p late  by a series of independen t  long itud ina l  stru ts  consisting of a 

lo n g itud ina l  s t i f fe n e r  and a piece of a t tached  p la ting  of w id th  equal to the 

s t i f fe n e r  spacing. The s treng th  of the s t i f fe n e d  plate  is then  equa ted  to th a t

of the  s tru t  ca lcu la ted  using simple bending  theory  on the basis of a fu lly  

e ffec tive  s t i f fe n e r  but only pa rt ly  e ffec tiv e  p lating, the reduc t ion  in

e ffec tiveness  accounting  fo r  the  e ffec t  on s treng th  o f  plate  buckling.

S tru t  section properties  are thus based on this p la ting  e ffec tive  w id th  and

are then  used in a Perry  fo rm ula  to de te rm ine  s treng th  based on the onset of

yield in one of two places, e ither  the s t i f fe n e r  t ip  (’s t i f fe n e r  induced  f a i lu r e ’)

or at m id-p lane  of the plate (’plate induced  f a i lu r e ’). The lower o f  the  app lied  

stresses necessary to generate  e ither  of these two fa i lu re  modes is taken  as the 

s treng th  o f  the strut.

3.7.4 Webs

T he  P a r t  3 fo rm u la t ion  fo r  webs is dependen t on w hether  lo n g itu d in a l

s t i f fen e rs  are  present or not. Even fo r  transverse ly  s t i f fe n e d  webs w ith  

long itud ina l ly  s t i f fe n e d  flanges, the g irder  m ust be trea ted  as being 

long itud ina l ly  s tif fened . O therw ise it is transverse ly  s tif fened . Even though  web 

streng th  is d ic ta ted  by considerations of its shear capacity , it  is also necessary

to ca lcu la te  its f lexu ra l  capacity . Thus, web design involves the d e te rm in a t io n  

of two u l t im a te  lim it states and  the use of an  ap p ro p r ia te  in te rac t ion  equa tion .



3.7.4.1 Transversely Stiffened Webs: The rules for transversely stiffened

webs derive  drom  the acknow ledged  fac t  th a t  web panels can support  shear 

loads g rea ter  th an  the ir  elastic cri t ica l  buckling load by the developm ent of a

diagonal tension field . The n a tu re  of this f ie ld  and  how it is a f fe c te d  by the 

s tiffness  o f  boundary  m embers has been the subject o f  research  fo r  many 

y e a r s ( 3 0 ) .  The rules, represen ting  the synthesis of this research, p rov ide  the 

choice of a num erica l solution or a g raphical one. The fo rm er  requires 

evaluation  o f  the u ltim ate  shear stress in terms of the elastic  c r i t ica l  shear 

stress and  the tensile f ie ld  stress. The angle th a t  the  tension f ie ld  makes with 

the neu tra l  axis is unknow n, and  i te rations  involving increasing  values of this 

angle are requ ired  un til  a m axim um  is obtained. The la t te r  m ethod uses seven 

graphs of u ltim ate  shear stress plo tted  against slenderness fo r  d iscre te  values of

aspect ra tio  and  the ra t io  f lange  s t i f fness /w eb  s tiffness. In te rpo la tion  fo r  aspect 

ra t io  and  s tiffness  ra t io  is required . The ease w ith  w hich  the num erica l  method 

can be program m ed makes it  the p re fe rred  one of the  two.

The l im iting  bending  stress is found  as described  above fo r  beams. 

Prem ature  fa i lu re  by buck ling  in the compression zone of the  web is taken

into account by using an  e ffe c t iv e  (reduced) web thickness.

In te rac t ion  betw een bend ing  moment and  shear is h a n d le d  by a pa ir  of 

equations w hich approx im ate  a parabola. Because o f  this, in con tras t  to the 

rules fo r  columns, beams and  s t i f fened  flanges, the fo rm u la t io n  does not 

provide a d irec t value o f  u ltim ate  strength. In order  to a rr ive  a t a l im iting 

load value, i te rations  involv ing  increasing loads must be ca rr ied  out u n t i l  one

of the in te rac tion  expressions equals unity. Fast and  accu ra te  convergence  was 

obtained  using the N ew ton-R aphson  technique w ith  the experim en ta l  collapse 

load p rovid ing  the f ir s t  guess value.



3.7.4.2 Longitudinally Stiffened Webs: The rules for longitudinally stiffened

beams requ ire  two separa te  checks to be m ade fo r  each web panel. F irstly  

yield ing m ust not occur and  secondly its buckling  s treng th  must not be

exceeded. The M ises-Hencky c r i te r ia  is used fo r  the y ield ing  check. A reduc tion

of the bending  stress com ponent by 0.77 allows fo r  pa r t ia l  p lastic  red is tr ibu tion .

The buckling check is conducted  by eva lua ting  the buck ling  coeff ic ien ts  

fo r  pure  compression, pure  bend ing  and  shear and  using them  in an  in te rac t ion  

equation. When the checks are  app lied  to each web panel, any  trapezo ida l  stress 

d is tr ibu t ion  w hich exists in a panel, fo r  example, because its axis does not 

coincide w ith  the beam ’s neu tra l  axis, must be decomposed in to  a d irec t  stress 

element and a pure bend ing  element. As fo r  transverse ly  s t i f fe n e d  webs, the 

u ltim ate  collapse load cannot be fo u n d  d irec tly  bu t must be de te rm ined  by 

ite ration .

3.8 D ata  Banks

All da ta  used to establish the accuracy  of the P a r t  3 s treng th

fo rm ula tions  were taken  f rom  the public  l i te ra tu re .  In th ree  cases, the  da ta  had  

been colla ted  and  reported ly  assessed by others. This was then  used as the 

source of results w ithou t any  fu r th e r  additions.

In all cases, the da ta  were cri t ica lly  exam ined  in an  e f fo r t  to ensure  they 

were f ir s t ly  complete in all details  and  secondly d id  not s u f f e r  from

weaknesses in the testing procedure. The la t te r  were not a lw ays easy to

id e n t ify  and i f  it  could not be confirm ed  th a t  errors  had  been in troduced , the 

results were re ta ined  a lthough  clearly  doubts  still existed concern ing  the ir

accuracy.



In R efe rences  6 to 10 lists of all the da ta  collected fo r  the s tudy  are 

presented. Where possible su ff ic ien t  details  a re  given to allow independen t  

assessment to be perform ed.

3.8.1 Columns

D ata  re la t ing  to 303 cy lindrica l  columns were presented  in Ref. 5. They  

had  been colla ted  f rom  a num ber of sources. Following a p re l im in a ry  

eva lua tion  of the model u nce rta in ty  pa ram eter,  280 were selected fo r  f in a l  

analysis.

3.8.2 Beams

The beam  da ta  orig inally  used to su bs tan t ia te  the  P a r t  3 fo rm u la t io n  was 

sum m arised in Ref. 31. It re la ted  to 360 la te ra l  to rsional buckling  tests taken  

f rom  Refs. 30 to 36.

3.8.3 S t if fen e d  Flanges

Test results  re fe rr in g  to 186 isolated s t i f fe n e d  flanges plus ten on 

s t i f fe n e d  compression flanges of box girders or s im ilar  were presen ted  in R ef.

5. They were taken  f rom  Refs. 37 to 51. H ow ever, fo llow ing  a re-assessment of 

several fea tu res  of the s treng th  modelling and  o f  the  test m o d e l s ^ ) ,  a num ber  

of the da ta  were deleted  from  the da ta  base. This  le f t  a w orking  base of 97 

models.
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3.8.4 Webs

The da ta  on webs have been taken f ro m  Refs. 53 to 56 a lthough  the 

resu l ts  presented  in Ref. 55 itse lf  represents a collection of a num ber of 

sources. U n fo r tu n a te ly ,  in m any of the cases reported ,  the beam  or g irder  

Length was not quoted. This d id not a f fe c t  the assessment of shear s treng th  

bu t  rendered  the ca lcu la tion  of f lexura l  s treng th  problem atica l. Thus a lthough  

93 models had  been reported , only 61 could be c on fiden tly  used in the 

■analysis.

3.9 Model U n c e r ta in ty  Param eter  X m

Section 1.1.3 ind ica tes  the lim it state s treng th  of an e lem ent is g iven by:

M = g ( x  t , x 2 , . . . x n ) ( 3 . 4 )

■where Xj are  the  n independen t  random  design variab les  such as d im ensions, 

■k:'^material p roperties , im perfec tions  and em pirica l constants. Unless g(.) accu ra te ly  

ref lec ts  the physical behav iour of the model u n d e r  consideration , it w ill not 

: a ccu ra te ly  p red ic t  its s trength.

In cod if ied  design, it is not usually possible, or indeed  desirab le , to adop t 

aascurate models as it would generally  involve complex procedures. Consequently , 

7 code models rep resen t a s im plif ica tion  of t rue  models a r r iv ed  a t  by the 

omission of p a r t ic u la r  variables and the in tro d u c tio n  of em pirica l  re la tionsh ips  

a: and  constants. Fo r  example, residual stresses in colum ns are accounted  fo r  by 

the lowering o f  a column curve ra th e r  than  any  exp lic it  re fe rence  to res idual



stress. Consequently , the fu n c t io n a l  rela tionsh ip  g(.) is generally  not exact and 

may indeed  have a de libera te  bias in order  to be conservative. The true  

s treng th  of the element may be expressed as:

M = Xm g ( x n x 2 , . . .  x n ) ( 3 . 5 )

where  X m is the random  model un ce r ta in ty  param eter  being the sta t is t ica l  

d is t r ib u t io n  of the ra tio  d e f in e d  by:

y  _ a c t u a l  s t r e n g t h  
m ~ p r e d i c t e d  s t r e n g t h

In this s tudy, the s treng th  func t ions  g(.) are of course the P a r t  3 design

form ula tions . X m is thus eva lua ted  by com paring the test result  w i th  the  Par t  

3 p red ic tion , using the m easured value  of yield stress in the fo rm u la ,  not the 

nom inal one. The range of X m values thus ob ta ined  is assessed s ta t is t ica lly  

e ither  fo r  the complete range of models or, more f requen tly ,  fo r  a num b er  of 

d ivisions of the slenderness range fo r  w hich the da ta  are  availab le . T he  la t te r  

was adop ted  because X m sometimes varied  s ign if ican tly  w ith  slenderness.

3.9.1 Columns

Figures 3.1 and  3.2 present scatter  plots of model u n c e r ta in ty  pa ram ete r ,  

X m, against slenderness param eters  and  d iam e te r / th ick n ess  ra t io  respectively . 

F igures 3.3 and  3.4 present, in h istogram  form , d iscretised  slenderness  range 

versus mean and  COV of model u n c e r ta in ty  fac tor.  Two fea tu re s  of Figs. 3.3

and  3.4 are  w orth  noting. F irs tly , the m axim um  mean and  COV occur in the 

same slenderness range, viz. 125 to 150, when it w ould be expected to occur at



about 75 because that is the slenderness at which yield stress and elastic

cri t ica l  buck ling  stress coincide, and  it thus represents the  s lenderness most 

sensitive  to im perfections. This result suggests th a t  some of the  specim ens may 

not "have had  the simply supported  end conditions with  w hich  they  were 

a t t r ib u ted .

Secondly , the COV in the range 150 to 175 is extrem ely  small. This  is

som ew hat surpris ing  in view of the small num ber of tests fa l l in g  in to  this 

range, fo u r  in all, bu t w hich nevertheless show a rem arkab le  degree of 

consistency. A lthough this value appears inconsisten t especially w hen com pared  

with  th e  COV fou n d  in the slenderness range 125 to 150, it  was in i t ia l ly  used

in t h e  study. Later, a l inear  va ria t ion  of COV between the values fo u n d  for 

the xanges 125-150 and 200-225 was adop ted  to exam ine the consequences of

this ;on the p a r t ia l  factors.

3.SL2 Beams

F ig u re  3.5 presents X m versus both  the P a r t  3 slenderness p a ra m e te r  - SP 

in ^E quation  2.15 - and  the non-dim ensional pa ram ete r  / ( M p/ M cr). T he  num bers

o f . "the plot correspond to the  sources as id e n t if ie d  in the report  on beams 

produced  d u r ing  the course of the w ork  - R ef. 8.

TJp to an SP of about 70, the  results are generally  reasonab ly  evenly

disposed e ithe r  side of the pred ic ted  value. Beyond this slenderness, how ever,

two d is t in c t  trends are appa ren t  w ith  models f rom  series 9, 11 an d  13

con tinu ing  to s tradd le  the X m = 1.0 line while those of group 2, 29 an d  30 

rise Tap id ly  to X m values grea ter  than  3.0.



: These two d is t inc t  groups have been exam ined  in an a ttem p t to id en t ify

th e  variable(s) w hich  causes the d iffe rence . Any d if fe ren ces  betw een rolled and 

wielded sections are  excluded  as groups 1 to 19 re la ted  to rolled members and 

20 to 30 to welded ones. Compactness of section was also exam ined  as shown 

i if  F igure  3.6 bu t  aga in  does not appear  to be the basic cause.

Using the more exact approach  to calculate  s treng th  - E qua tion  3.3 - leads 

to  the results presen ted  in F igure  3.7. Again  the same trend  is appa ren t  

a l t h o u g h  the overall v a r ia t io n  is considerably  reduced. Below an ESP of about 

75, the results are  very  s im ilar to those calcu la ted  using the sim pler approach.

Since using the ’exact SP’ gives a be tter  estim ate  of beam streng th  and  is 

mo more d i f f ic u l t  to use fo r  doubly-sym m etric  beams th an  the sim pler m ethod, 

i t  is to be p re fe r re d  of the two design approaches. How ever, since the simpler 

iiapproach is the one likely  to be used in p rac tice , the rem a in d e r  of the 

.analysis  will concen tra te  on this procedure.

F igures 3.8 and  3.9 present the va ria t ion  of the  m ean and  COV of X m 

f o r  each increm ent of  25 in the slenderness range SP. Gaps in the  results

ind ica te  no da ta  are  ava ilab le  in this p a r t icu la r  s lenderness range. As was 

n o ted  in the  case of columns, both the m ean an d  COV tend  to reach  a

m ax im um  at a slenderness corresponding to a non-d im ensiona l value of 2.0. In 

th is  case, however, the m axim um  values of both the mean and  the  COV are

s ig n if ic a n t ly  g rea ter  than  the corresponding values ca lcu la ted  fo r  columns.

3.9.3 S t if fened  Flanges

F igure  3.10 presents X m versus both the P a r t  3 slenderness pa ram ete r  and



the non-d im ensiona l pa ram ete r  / { a  y / ^ c r )  f ° r the range  of s t i f fe n e d  f lange 

models considered. A  num ber  of groups of the da ta  o r ig ina lly  e x a m i n e d ( 9 )  was 

deleted, one because the value  of yield stress had been assumed (Group 13), 

several others because separa te  yield stresses fo r  the  p la t ing  and  s t i f fe n e r  

comprising the flange  were not reported  (Groups 2, 5-7, 9, 10 and  15), and  one 

because a lthough  the y ield  stress was reported ly  m easured , only th ree  d i f f e re n t  

values were quoted to cover 27 models (Group 8). Several results  f rom  the

rem ain ing  groups were also d iscarded  because they re la ted  to f ixed  ended tests

whose e f f e c t iv e  lengths w ere  not possible to define . R e fe re n c e  52 gives fu r th e r  

details  on these aspects.

T h e  bulk  of the da ta  can be seen in F igu re  10 to lie betw een 0.5 and

1.3 w i th  one point in excess of the latter. This rela tes  to a group 17 model

w hich is s im ilar to a f lange  of a box girder. In the BS5400 ca lcu la tion , this

requires an ex tra  in i t ia l  d is to r tion  term  be taken  in to  account: this has been 

done. .A fac to r  w hich could  con tr ibu te  to the h igher  th an  average  s treng th  

dem onstra ted  by this an d  s im ilar specimens is th a t  the  webs to w hich  they  are 

welded exercise long itud ina l  in-plane s tra in  control. This  can help re s t ra in  the

e ffec ts  of buckling a lthough  this is generally  unders tood  to only be of

im portance  in the post-buckling  range. T ha t  is, post-peak response is contro lled  

but th e  m axim um  load is probably  not a ffec ted .  On average, how ever, the 

results are  seen to be c learly  less than  1.0.

T h e  varia t ion  of the  mean and COV fo r  X m fo r  each group of da ta

considered has been sum m arised  in Table  3.2. The generally  h igh  m ean value

of X m  fo r  s t i f fe n e d  f langes  tested as components of box g irders  or s im ila r  is 

obvious. Amongst the isolated  flanges, the high COV associated w ith  group 12



would suggest these  da ta  need checking, a l though  the models w ith in  this group, 

and  group l l , i  having  been m an u fa c tu red  using methods typ ical of naval 

c o n s tru c t io n , ; :axe more likely to be rep resen ta tive  of o ffsho re  construction

procedures l iran .  the models in most of the o ther  da ta  groups.

F igu re  3-11 shows the va ria t ion  of the m ean of X m fo r  each slenderness 

pa ram ete r  .dnterw-al of 25 w ith in  the range of slenderness exam ined. T he  P a r t  3

s treng th  fo rm u la t io n  appears to be nearly  20% optim istic  at the s tocky end of

the range w here , in general, s trengths are  norm ally  expected to be g rea te r  than  

yield w h ich  e o ih c id es  w ith  X m = 1.0.

As t h e  s lenderness  increases, X m rem ains  ostensibly constan t u n t i l  the 

n o n -d im e n s io n a ls le n d e rn e ss  exceeds unity . F rom  here  it increases to a m axim um  

in the la rg e s t  slenderness range considered o f  nearly  1.4. This p a r t  o f  the 

range T ends  s tn  be dom inated  by the ’b u i l t - in ’ flanges and  so m ay not be

typical Tor iso la ted  s t i f fen ed  plates.

It is  possib le  tha t  w ith in  this range the P a r t  3 s treng th  is in f a c t  a 

slight DTcrcstimation since it ignores the possib ili ty  of tensile y ield  in the 

s t i f fe n e r  h e lu g  the lim iting fac to r  r a th e r  th an  compressive y ield  o f  the 

e ffec tive  p la te  a s  cu rren tly  governs in p la te - induced  failures.

In:C3F3gurc;€i3.12, the COV of X m is presen ted  as a fu n c t io n  o f  slenderness. 

A part  fxtrm the: slenderness range 100-125 w hich  relates to bu ilt- in  f langes , the 

COV Tluctimtcs between about 15 and  20% seemingly in d ep e n d e n t  of 

slenderness.; 3n The range 100-125 the COV is small (=d.4%), the two resu lts  in 

this inPn im V idem onstra ting  rem arkable  consistency.



3.9.4 Webs

Table  3.3 summarises the d i f fe re n t  sources of da ta  used fo r  webs 

ind ica ting , as no ted  above, the num ber of models fo r  w hich length  was not 

specified. Where it seemed appropria te  to assume the beam length  was twice 

the quoted  web panel length, this has been done as ind ica ted  in the Table.

Groups 2 and  3 orig inally  consisted of  7 tests each, bu t 5 models from  

group 2 and  2 f rom  group 3 had slenderness values grea ter  th an  300. This  is 

beyond the scope of the Part  3 fo rm ula tions  so the size of the da ta  base was 

reduced accordingly .

X m has been ca lcu la ted  for each accep tab le  model. In Table  2.3, a 

sta tis tica l assessment of X m fo r  each group is given. From  this it can be seen 

that, p rov ided  the g irder  length is known, the  transverse ly  s t i f fe n e d  web results  

are reasonably  well p red ic ted  and do not dem ons tra te  a large sca tter  - worst 

mean = 1.19 and  worst COV = 15.4%. The pu re  bend ing  tests - group 5 - show 

little  scatter , COV = 7.4%, but are s ig n if ican tly  over-predic ted  by the P a r t  3 

s trength  fo rm u la t io n  - mean of X m = 0.68. The long itud ina lly  s t i f fe n e d  webs 

dem onstra te  m uch g rea ter  inconsistency with the worst mean being 1.73 and  the 

worst COV 24%.

If  all the results fo r  girders fo r  w hich  the lengths are  u n k n o w n  are 

included, T ab le  3.3 ind ica tes tha t  the scatter  on X m will increase d ram a tica l ly .  

For this reason, all g irders not completely docum ented  were om itted  f rom  

fu r th e r  consideration . This had  the obvious e f fe c t  of reduc ing  the da ta  source 

considerably. How ever, even so, because of the  d i f f e re n t  s treng th  fo rm u la t io n s



fo r  long itud ina lly  a n d  transverse ly  s t i f fened  webs and because pure  m oment 

test results  seemed to  :b.e s ign if ican tly  d i f fe re n t  from  combined load test results, 

it was decided t h a t  t h e  models would be grouped and  trea ted  as follows:

a) transverse ly  a t i f fe i ie d  g irders  w ith  separate  X m means and  COVs derived  

fo r  slenderness ran g es  of 25 covering the ava ilab le  data;

b) pure  moment .tests w ith  one X m mean and  COV de te rm ined  f rom  the 

data; and

c) long itudnally  s t i f fe n e d  g irders  w ith  one X m mean and  COV.

The resulting  a v e ra g e  X m’s and  their  scatter  are in d ica ted  in Table  3.4. 

These values c o n f i rm  th a t  the groups as now selected a p p e ar  to be 

non-correla ted .

3.10 T y p ic a l 'R e l ia b i l i ty  Analysis Results

Using the ^ ad v an c e d  Level II p rocedure described  in Section 1, re l iab i l i ty

analyses were p e rfo rm ed  on a selection of models of each com ponent type. The

load e ffec t  selected rep re sen te d  ’design’ dead loading in th a t  it  had  the  same 

bias and  degree o f  u n c e r ta in ty  as adopted  here in  for this type  of action. The 

load level was g e n e ra l ly  de te rm ined  assuming y m = y fL  = 1.15 so th a t  the 

design e ffe c t  f o T l u c h  the component was analysed was d e te rm in ed  as follows:

nT f  3TfL.Qk ~ 7m

w here  f ^  are  the  P a r t  3  pred ic tions  assumed as means, y f  3 = 1.0 as no s tru c tu ra l

analysis is involved, a n d  the design stress S ^ l . 0 7 5  Q^.



The purpose of these typ ica l analyses was to id en t ify  the im p o r ta n t  design 

variab les  fo r  each of the  components, pa r t icu la r ly  in the ir  v a r ia t io n  with 

slenderness, and  to ob tain  a m easure of the v a r iab il i ty  of  re l iab i l i ty  w ith  

slenderness. For each in te rva l  of the slenderness range fo r  w h ich  X m was

eva lua ted , one m ember was selected a t random  fo r  analysis. A selection of 

these are presented  in the fo llow ing  sections. They were id e n t i f ie d  m ain ly  on 

the basis of w hat they h igh ligh t in terms of in f lu e n tia l  variables.

The fo rm a t  fo r  all tables is similar. The f i r s t  column lists the  variables

and  the ir  dimensions. N ext the  type of d is tr ibu t ion  assum ed is generally

ind ica ted  as well as the means (from  the test da ta)  and  COVs. The la t te r  are

all as discussed in Section 3.5 except fo r  th a t  of X m w hich  was de rived  as 

described  in Section 3.9. The fa i lu re  (design) poin t x* is then  d e f in e d ,  while  in 

the next column, the value of the sensitiv ity  fac to r  is given. T he  m agn itude  of 

these fac to rs  reflects  how dependen t fa i lu re  is to a p a r t ic u la r  v a r ia b le  - the 

larger  the fac to r  the grea ter  the in f luence  - while  the ir  sign re f lec ts  w he ther  

the va riab le  is s tabilis ing or destabilising as ind ica ted  by a +ve or -ve sign 

respectively. The ’pa r t ia l  f a c to r ’ is the ra t io  of the  design to the  m ean value

of the variable . These are the cen tral  fac tors  and  are no rm ally  g rea te r  than

un ity  fo r  destabilising variab les  and less than  u n ity  fo r  s tab ilis ing  ones.

How ever, as resistance p a r t ia l  fac to rs  are  norm ally  expressed as the  rec iprocal 

of  the values as calcu la ted  by the re l iab i li ty  analysis, the  va lue  o f  the 

rec iprocal is also given.

Values of the sa fe ty  index  and  corresponding  p robab il it ies  of  f a i lu re  are 

given a t  the bottom  of the tables.

The id en ti ty  of the models analysed is given on the tab le  so th a t  the ir  

details  can be traced  to the app rop ria te  location in R eferences  6 to 10.



3.10.1 Columns

Results fo r  columns are  presented in Tables 3.5 to 3.8, listed in order  of

increasing slenderness. The no tation  used is:

L : l e n g t h  D : d i a m e t e r

T : t h i c k n e s s  S ^ :  d e s i g n  s t r e s s

S y : y i e l d  s t r e s s  E : e l a s t i c  m o d u l u s

A par t  f rom  the results  shown in Table 3.7, all the columns dem onstra ted

a reasonable degree of consistency from  the v iew po in t  of f a i lu re  probab il ity . 

Clearly, the very  small COV on X m for  the model exam ined  in Table  3.7 can 

be expected to a f f e c t  this s ign if ican tly  and  here  an  o rder  of m agn itude  is 

dem onstrated . The size of this COV will also a f f e c t  the trend  in o ther  areas 

such as sensit iv ity  and  p a r t ia l  fac to rs  so will be ignored  in genera lis ing  upon 

these in the fo llow ing  paragraphs.

In general the m agnitude  of the COV can  be used as a gu ide  as to 

which ^param eter  will be most in f luen tia l .  This can be seen in the  v a r ia t io n  of 

the sensitiv ity  fac to r  X m w hich dom inates com pletely  w hen its COV reached  a 

m axim um  of 16.7% (Table  3.6).

Yield stress is seen to be im portan t  w hen slenderness is small (Table  3.5) 

bu t negligible w hen slenderness is high (Table 3.8): this of course is expected. 

Loading is qu i te  in f lu e n tia l  across the complete range of slendernesses while

the geometry variab les  of length and d iam eter  become im por tan t  w hen the 

slenderness is high (Table 3.8). This reflects  the fac t  th a t  elastic  buckling  

ra the r  th an  m ate ria l  lim its are  now d ic ta ting  behav iour.
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3.10.2 Beams

The re l iab i l i ty  analysis  results fo r  beams are  presented  in Tables 3.9 to

3.12. The no ta tion  used is:

D : o v e r a l l  d e p t h  o f  s e c t i o n

TW : we b  t h i c k n e s s

MDGN : d e s i g n  mo me n t

For slenderness less than  75, the sensitiv ity  to yield stress is s ign if ican t

while fo r  slendernesses g rea ter  than  75 it is re la tive ly  in s ig n if ica n t  (cf Tables

3.9 and  3.10). The sensit iv ity  to geometry is genera lly  small except fo r  the

higher slenderness range when the flange dim ensions become im por tan t  (Table

3.12) a lthough  this does coincide with  the COV on X m being very  small.

In terst ing ly  enough, length  also only appears in f lu e n t ia l  w hen the COV on X m

is very small (cf Tables 3.11 and  3.12). Loading is in f lu e n t ia l  across the  en tire

slenderness range as is X m except when its COV falls  below th a t  of the

loading (cf Tables 3.11 and  3.12).

The range of re l iab ili t ies  ob tained  is large, (3 va ry ing  f ro m  1.45 to 6.67.

This large v a ria t ion  is probab ly  due to the d isp a r i ty  betw een the m eans and

the COVs of X m fo r  each slenderness interval.

3.10.3 S t if fen ed  Flanges

R e liab i l i ty  analysis results fo r  flanges are  presen ted  in Tables 3.13 to

3.16.

L : l e n g t h

B : f  1 a n g e  w i d t h

TF : f l a n g e  t h i c k n e s s



The no ta t ion  adop ted  is:

LX : o v e r a l l  f l a n g e  l e n g t h

T : p l a t e  t h i c k n e  s s

DWX : l o n g i t u d i n a l  s t i f f e n e r d e p t h

DFX : l o n g i t u d i n a l  s t i f f e n e r f 1a n g e  w i d t h

BX : t r a n s v e r s e  s t i f f e n e r  s p a c i n g

TWY : t r a n s v e r s e  s t i f f e n e r  we b  t h i c k n e s s

TFY : t r a n s v e r s e  s t i f f e n e r  f l a n g e  t h i c k n e s s

YSS : s t i f f e n e r  y i e l d  s t r e s s

LY : o v e r a l l  w i d t h

BY : l o n g i t u d i n a l  s t i f f e n e r s p a c  i n g

TWX : l o n g i t u d i n a l  s t i f f e n e r we b  t h i c k n e s s

TFX : l o n g i t u d i n a l  s t i f f e n e r f 1 a n g e  t h i  c k n e  s s

DWY : t r a n s v e r s e  s t i f f e n e r  d e p t h

DFY : t r a n s v e r s e  s t i f f e n e r  f l a n g e  w i d t h

YSP : p l a t e  y i e l d  s t r e s s

A lthough  the results presented in Tables 3.13 to 3.16 are in term s o f  all 

the  basic s t i f fe n e d  flange variables, some of these p lay  little  d irec t  p a r t  in the 

s treng th  ca lcu la tion  but they are  necessary fo r  o ther  checks. Fo r  exam ple, LX 

is the overall  f lange  length, while BX is the  transverse  f ra m e  spacing. For 

f langes  w ith  no transverse  fram es, BX and  the fo u r  subsequent v a riab les  are 

zero and  LX is the ’leng th ’ variable. When transverse  fram es are  p resen t,  BX 

becomes the length variable. The sensit iv ity  fac to rs  and  p a r t ia l  sa fe ty  fac to r  

have to be judged  accordingly.



It can be seen from  the tables tha t  because of the genera lly  rela tively  

high COV on X m, this va riab le  usually  dom inates the sensit iv ity  factors . The 

corresponding  pa r t ia l  fac to r ,  however, is not s ign if ican t  u n t i l  the  slenderness 

lies in the range of 60 to 70 and  grea ter  (cf Tables 3.14 and  3.15). The 

sensit iv ity  to yield stress is seen generally  to decrease w ith  slenderness but 

note it equals zero fo r  the non-governing fa i lu re  mode. H ow ever, it is only in 

the h ighest slenderness range (Table 3.16) th a t  the corresponding  p a r t ia l  safety  

fac to r  is of any  s ignificance. The sensitiv ity  to loading and  the corresponding  

p a r t ia l  safe ty  fac to rs  are genera lly  smaller than  those of y ie ld  stress, except, 

again  when the slenderness is high. However, loading is rea lly  the  only o ther 

va riab le  w hich is in f lu e n tia l  except fo r  length  and  s t i f fe n e r  dep th  (DWX) in 

the h ighest slenderness range considered (Table 3.16) a l though , even here  the 

corresponding  p a r t ia l  sa fe ty  fac to rs  are small.

The p robab il ity  of f a i lu re  fo r  all models exam ined  is reasonab ly  consistent 

u n t i l  the h ighest slenderness in te rva l  w hen a six orders  of m ag n i tu d e  reduc t ion  

is recorded. This is a d irec t  result of the high s treng th  d em ons tra ted  by 

models in this slenderness in terval.

3.10.4 Webs

As ind ica ted  in Section 3.9.4, webs were trea ted  in th ree  sep ara te  groups. 

The re l iab i li ty  analyses pe rfo rm ed  on webs ref lec ted  this. Thus, one t ransverse ly  

s t i f fe n e d  model selected a t  random  from  each in te rva l  of 25 o f  the  slenderness 

range covering the range of availab le  da ta  was exam ined  toge the r  w i th  one to 

represen t pure  bending  and  three  to represent a spread of s lenderness  of the 

long itud ina l ly  s t i f fe n e d  beams. Results selected fo r  p resen ta t ion  a re  given in



Tables 3.17 to 3.21 where:

L : l e n g t h  b e t w e e n  s u p p o r t s

BW : p a n e l  l e n g t h -

TF : f l a n g e  t h i c k n e s s

ETA1 : d i s t a n c e  o f  1 s t  l o n g i t u d i n a l  we b  s t i f f e n e r  f r o m

c o m p r e s s i o n  e d g e  o f  w eb  

E T A 12 : d i s t a n c e  o f  2 n d  l o n g i t u d i n a l  we b  s t i f f e n e r  f r o m

c o m p r e s s i o n  e d g e  o f  w eb  

WDGN : d e s i g n  l o a d

SYF : f l a n g e  y i e l d  s t r e s s

SYW : we b  y i e l d  s t r e s s

TW : we b  t h i c k n e s s

DW : p a n e l  d e p t h

BF : f  1 a n g e  w i d t h

When no long itud ina l  web s t i f fe n e r  is p resent corresponding  to ETA1 and

ETA12, these variab les are  set to zero.

For this pa r t icu la r  s truc tu ra l  member it  was fou n d  necessary  to increase

Ym and  YfL in order to avoid  negative (3 values being obtained . A value  of

1.5 was used in each case w hich had  the e f fe c t  of lowering the  genera l  level

o f  f a i lu re  probab il it ies  ob ta ined  on top o f  the  w ide spread th a t  was ca lcu la ted :

3.7 x 1 0 '3 to 2.1 x 10"20 ((3 = 2.7 to 9.2).

Tables 3.17 to 3.19 re la te  to transverse ly  s t i f fe n e d  webs. S ens it iv ity  is

dom ina ted  by X m followed by loading. F lange yield stress is re la t ive ly



im portan t  in re la tion  to stocky members (Table 3.17) because of the im portance

of the f lange  in supporting  the web diagonal tension  field . Web thickness is

also re la tive ly  in f lu e n t ia l  in this range of geometries a l though  its corresponding 

part ia l  fac to r  is alw ays small. The role of web shear stress is seen to increase

as web slenderness increases (cf Tables 3.17 and  3.19).

In Table 3.20, results  perta in ing  to a pure  m om ent load case w ith  one 

long itud ina l  s t i f fe n e r  are  presented. The sensit iv ity  is seen to be dom ina ted  by 

the modelling pa ram ete r  and  web yield stress, fo llow ed by loading  and  panel

depth.

The results fo r  a long itud ina lly  s t i f fened  web are  presented  in Table  3.21.

Again X m dom inates  the sensitivity . The associated p a r t ia l  fac to r  is also large.

The in fluence  o f  loading and  web yield stress are  s im ilar a l though  the pa rt ia l

fac to r  associated w ith  yield stress is the larger  o f  the  two. F lange yield  stress

is of l i t tle  im portance  since tension f ie ld  behav iou r  is not recognised by the 

Part  3 fo rm ula tion .

3.11 YmYfL E va lua t ion

For each com ponent s tud ied  the value of the  p roduct  of Ym an d  was

de te rm ined  fo r  each load category. The value of  YmYfL was fo u n d  such tha t

N
E a>i Pf  i = p f T  ( 3 . 6 )

i = 1

In all cases the  design equa tion  can be rea r ra n g e d  such th a t  Ym and  YfL 

occur as a p roduct  hence d istinctions  betw een them  at  this stage is of no



consequence. As a resu lt  once the condition of E q ua tion  3.6 has been sa tisfied  

no fu r th e r  freedom  exists to m inimise the spread  of reliab ili t ies . Pu t another  

way once E qua tion  3.6 has been sa tisfied  the spread  of re l iab ili t ies  is by 

necessity a m inim um , y ^  values corresponding to Ym’s of 1.2 an d  1.3 were 

then  calculated. Note th a t  the values of Ym given here  are  not the f ina l

values since the bias in yield stress still has to be taken  into account. T ha t  is, 

any  Ym value de rived  f rom  the analysis must be reduced  by the f ac to r  1.125.

The results  are  presen ted  in Tables 3.22 to 3.25. F irs t  the ta rge t  re l iab ili ty  

(|3t ) is ind ica ted  fo llowed by the load type as d e f in e d  in term s of its

sta tis tical param eters . The p roduct Ym YfL t îen  g iven fo llow ed by the values 

° f  YfL corresponding  to Ym’s of 1.2 and 1.3. The average  targe t  p robab il i ty  of 

fa i lu re  achieved  p f j  is ind ica ted  and  then  the corresponding  spread of 

re liab ili t ies  0 m jn - 0max- Discussion will concen tra te  on the m iddle  range of 

results as this corresponds to the selected targe t  re l iab ili ty . Fo r  the lower and  

h igher re l iab i li ty  levels ((3 = 2.326 and  3.719), p a r t ia l  fac to rs  will be smaller 

and  larger respectively.

From  the tables, it can  be seen tha t  as the  COV on load increases, so do 

the values o f  the pa r t ia l  fac to rs  whiie the corresponding  spread  of re l iab ili t ies

decreases. It is also clear th a t  as the general level of COV on X m increases, a 

s im ilar e f fe c t  is p roduced  on the part ia l  factors . It  may be recalled  th a t  the 

v a r iab il i ty  in X m is smallest fo r  columns and  largest fo r  s t i f fe n e d  flanges and  

webs. In all cases, the d if fe rences  between the two env ironm en ta l  specif ica tions  

is small so tha t ,  because it is slightly easier to hand le  the  norm al ra th e r  than  

the log-normal case, the fo rm er  only will be considered  in the f in a l  p a r t ia l

fac to r  optim isation.



3.12 Optim ised Partial Factors

H aving  de rived  the products  YmYfL w hich  sa tisfy  the co n s tra in t  (Eqn. 3.6) 

the in d iv id u a l  values of Ym an<  ̂ YfL w hich  give rise to the  same products  

will necessarily  ensure a m in im um  spread  of re l iab ili t ies  abou t the  target.

Hence a solution is requ ired  to the twelve sim ultaneous equations  in Ym an<  ̂

YfL* The fo u r  Ym’s are *he m ate r ia l /co m p o n en t  p a r t ia l  fac to r  fo r  columns

YmO beams YmB> s ti f fened  flanges YmF anc* webs YmW- The th ree  YfL’s are 

the load p a r t ia l  fac to rs  fo r  dead plus hydrosta tic  load YfLD* ’l ive’ l ° a d YfLL 

and  env ironm en ta l  loads YfLE*

By tak ing  logarithms, the twelve equations can be expressed in m atr ix  

fo rm  by Ax=B w here x is the vector of logarithm s of unkn o w n  load and  

com ponent p a r t ia l  fac to rs  (seven in all, th ree  load and  fo u r  com ponent fac tors) , 

B is the  vector of logarithm s of Ym YfL products  and  A is the  m a tr ix  of

(unit)  coe ff ic ien ts  representing  the twelve Ym YfL rela tionships.

In it ia l  a ttem pts to solve the re la tionsh ip  were only p a r t ia l ly  successful 

since the m atr ix  A was singular. The largest non-singu lar  subm atrix  o f  A was

of o rder  six ind ica ting  th a t  ano the r  re la tionsh ip  betw een the seven u n k n o w n  

p a r t ia l  fac to rs  was requ ired  fo r  a complete solution.

The add it iona l  re la tionship  was ob ta ined  by requ ir ing  th a t  the  live load 

pa r t ia l  fac to r  w ith  its bias om itted  and  the column p a r t ia l  fac to r ,  a f t e r  the  

y ield  stress bias had  been removed, should be equal. This  was dec ided  on the 

basis th a t  the COV’s on live load and  on the overal X m of colum n d a ta  were 

approx im ate ly  equal. (The COV on X m of the complete set of co lum n d a ta  is 

10.5% com pared w ith  the live load value of 10%).



With this ex tra  rela tionsh ip  the set of equations  was solved by m inim ising 

£  | r j | w here  q  are  the elements of R  and  R  = Ax - B.

M inim ising  R fo r  the target p robab il i ty  of  fa i lu re  of 2.5 x 10"3 (0=2.807) 

leads to the f i r s t  set of values listed in the tab le  below. I f  these are  ad justed  

slightly  to genera te  ’ro u n d ’ numbers, the second set of values are  ob tained .

C o m p o n e  n t / L o a d Op t i mi  s e d  
F a c t o r s

R o u n d e d
F a c t o r s

C o l u m n s  YmC 1 . 1 4 1 . 1 2

B e a m s  YmB 1 . 2 9 1 . 25

S t i f f e n e d  F l a n g e s  YmF 1 . 76 1 . 7 0

S t i f f e n e d  We bs  YmW 1 . 5 5 1 . 5 0

D e a d  L o a d  Y fLD 1 . 1 8 1 . 2 0

L i v e  L o a d  Y fL L 1 . 3 2 1 . 3 5

E n v i r o n m e n t a l  L o a d  Yf LE 1 . 46 1 . 5 0

The pena lty  fo r  adop ting  the rounded  set o f  fac to rs  instead  o f  the  optim ised 

ones is to increase the sum of the absolute  values of the  d if fe re n c es  betw een 

the ca lcu la ted  and  achieved values of the  YmTfL products  f ro m  0.146 to 0.235, 

while  the m axim um  d i ffe ren ce  between the two is -3.2%: the  pena lty  fo r  

round ing  is small.

F o r  com parison, the cu rren t  P a r t  3 com ponent p a r t ia l  fac to rs  a re  1.05 fo r  

all ’s tab le ’ components plus columns and  1.20 fo r  beams and  s t i f fe n e rs  d ic ta ted  

by buck ling  considerations. These are  a considerable  s im p lif ica tio n  and  

m o d if ica tio n  o f  the fac to rs  orig inally  derived(^)  w hich  were colum ns 0.98, 

beams 1.08, s t i f fe n e d  flanges 1.28 and  webs 1.25 - the ju s t i f ic a t io n  fo r  the 

changes has not been published.



It 3s believed the m ain  reason for the increase in the  7 m fac to rs  as

derived  h e r e  ds t h a t  the  modelling uncerta in ties  ca lcu la ted  in the  present s tudy 

are som ew hat Larger th an  those used in the o rig inal p a r t ia l  fac to r  derivation . 

For example, th e  s t i f fe n e d  compression flange model u n c e r ta in ty  fac to r  used in

Ref. 2 had  a  m ean  of 1.08 and  a COY of 11% constan t across the  fu ll  range 

of slendernesses while, in the  present work, the  m ean ranged  fro m  0.813 to

1.19 w ith  COY’s up to 21%.

T h e & effe c t  of using these pa rt ia l  fac to rs  on the design o f  members is

considered in  t h e  fo llow ing  section.

In ^ deriv ing  the above factors, it was not fo u n d  possible th rough

com puter-tim e vrequ irem ents  to evaluate  the re l iab i li ty  indices using the Level II 

procedure, in s te a d ,  fo r  each model, a least squares p rocedure  was used to

evaluate  s th e  x o e f f ic ie n ts  of a parabola  represen ting  the  re la t ionsh ip  betw een

design lo a d  s a n d  0. Such rela tionships had  previously  been shown to be 

u n i q u e ( ^ )  so t h a t  once the design load was know n, 0 could be rap id ly  

evaluated.

3.13 Y TJesign Comparisons

Comparisons of designs using the evaluated  p a r t ia l  sa fe ty  fac to rs  w ith  

designs t o  both  the D nV  1977(14) rules and  API R P2A  ru le s ( l^ )  were ca rr ied

out to sh o w s t ire  degrees on re la tive  conservatism. O f course it m ust be borne 

in m ind  t h a t  sthe API rules are more app rop ria te  to the experience  in the  G u lf  

of Mexico a n d  the D nV  rules to the N orth  Sea. The com parisons were 

perfo rm ed  on th e  basis of deriv ing  allowable cha rac te r is t ic  or nom ina l stresses
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since they are equ iva len t to the ’permissible working stresses’ in API RP2A and 

com paring  them  across the  prac tica l  range of slendernesses. This  m ethod of 

presen ta tion  e ffec tive ly  ref lec ts  the ’global’ safe ty  fac to rs  in h e re n t  in the 

designs. The results are presented  in F igures 3.13 to 3.18 fo r  columns, beams 

and  s t i f fe n e d  flanges respectively. Webs were excluded because o f  s ign if ican t  

d if fe rences  w hich exist in s treng th  modelling.

For the purpose of the  s tudy  ’opera t ing ’ and  ’ex trem e’ load com binations

were de f ined as follows:

De ad L i v e E n v  i r onme n t a 1

Ope r a t i ng 0 . 3 3 3 0 . 3 3 3 0 . 3 3 3

Ex t r erne O.  16 0 .  12 0 .  72

To f in d  the total design load e ffec ts  these f igures  were m u tl ip l ied  by the ir  

corresponding  p a r t ia l  load factors . Thus fo r  the opera ting  co n d it io n  the  to ta l 

load fac to r  is

1.20 x 0.333 + 1.35 x 0.333 + 1.50 x 0.333 = 1.350 

and  fo r  the extrem e condition

1.20 x 0.16 + 1.35 x 0.12 + 1.50 x 0.72 = 1.434

From  the Code F orm at (Section 3.2)

S = R



91

when

f K
7 f 3 T f L  QK = —

7 m

so  QK = f K 

T'f T'fs

and the d e nom ina to r  is the global fac to r  i.e. ra t io  of charac te r is t ic  s treng th  to 

nom inal load.

The corresponding  load fac tors  fo r  designs to DnV rules are:

operating 1.3 x 0.333 + 1.3 x 0.333 + 0.7 x 0.333 = 1.10

extreme 1.0 x 0.16 + 1.0 x 0.12 + 1.3 x 0.72 = 1.216

For API RP2A  designs the opera ting  and  ex trem e global sa fe ty  fac to rs  ignoring

slenderness e ffec ts  are  1.667 and  1.250 respectively.

The com parisons were carr ied  out fo r  two cases of Y f 3 i.e. 7 f 3 = 1.1 

and 7 f 3 excluded  (= 1.0). The most common charac te r is t ic  in the results , see 

F igures 3.13 to 3.18, is th a t  BS5400: Pt 3 designs w ith  pa rt ia l  fac to rs  e v a lu a ted  

in this s tudy  tend  to be more conservative fo r  small slendernesses though  of 

s im ilar conservatism  at h igher  slendernesses w hen com pared w ith  designs to 

DnV and  API rules. The exceptions are colum ns unde r  opera ting  cond it ions  

were the API rules are more conservative a t  small slendernesses and  beams 

under  opera ting  conditions w here the API rules are  more conservative  at large 

slendernesses. Designs using Y f 3 = 1.1 gave rise to a s ign if ican t  am o u n t  of 

add it iona l  conservatism  and  lead to the conclusion th a t  this value was perhaps 

too pessimistic.



The o p e ra t io n a l /ex trem e  division h igh ligh ted  ad d it io n a l  d if fe rences  between 

the API and  BS5400:Pt 3 rules fo r  stocky columns and  stocky beams under 

extreme loading. The API rules were respective ly  40% and  50% more 

conservative fo r  these components.

The D nV  designs were more in line w ith  BS5400:Pt 3 designs fo r  both  

columns and  s t i f fe n e d  flanges. A second conclusion was th a t  the  f a i lu re  

p robab il ity  fo r  designs to API RP2A rules was in excess of 1 x 10" 4 per 

annum.

F ina lly  the d if fe rences  between designs to B S 5400 :P t 3 w ith  re-eva lua ted  

pa rt ia l  fac to rs  and  those to DnV and  API RP2A  rules were a t t r ib u te d  to the 

large COVs fo r  model u n ce r ta in ty  fo r  the P a r t  3 models.

3.14 Discussion

3.14.1 T arge t  R eliab i l i ty

In the re-eva lua tion  s tudy  a target re l iab i l i ty  level was set in d ependen tly  

f rom  previous successful designs. This is in con tras t  to the bridge  code 

ca lib ra tion  s tudy  and  was necessitated by the re la t ive ly  short h istory  o f  deeper 

m arine  s tructures. As such, the re-evaluation  and  others like it  can be seen as 

a testing g round  fo r  some of the claims m ade fo r  m odern  re l iab i l i ty  analysis. 

It is n a tu ra l ,  in this respect, to focus a t te n t io n  on the choices of ta rge t  

re l iab ili t ies  fo r  th is  s tudy  and  the TLP s tudy  of ABSO^). The discussion s tar ts  

by h igh ligh ting  the d i f f ic u l ty  of associating ta rge t  re l iab i l i ty  fo r  s ta t ic  s treng th  

w ith  time and  goes on to show tha t  i f  fa i lu re  p robab il i ty  were to be expressed 

as a fu n c t io n  o f  time a reduction  in part ia l  fac to rs  would result.



If  th e  m o d e l  adopted fo r  env ironm en ta l  load accounts, as repor ted ,  only 

fo r  unjcettaitities in the hyd rodynam ic  constants C j)  and  C m used in M orrison’s 

equa tion , Then  the p robab il ity  de te rm ined  in the study, pf, is in d ep e n d e n t  of 

the ex trem e -vwave used in the design. I f  Ln is the load e f fe c t  o f  the n-year 

wave a t i d S R ^  is the capac ity  of a component designed to resist the n-year 

wave th en

P f  =  P  ( MA = R n - L ji < O )

L n will be a ffe c te d  by the choice of n bu t R n will be a f fe c te d  

p roport iona te ly  since the same global safe ty  fac to r  must be m ain ta ined . The 

p robab il i ty  a s  calculated  will thus be the same w hichever  r e tu rn  period  is 

chosen- ine the design wave. In this sense there  is no m athem atica l

jus t i f  ionium  T or  the claim th a t  the p robab il ity  ca lcu la ted  is a p ro b ab i l i ty  ’per 

annumV Tt ; is  more accura te ly  described as the  f a i lu re  p robab il i ty  assum ing a 

design w ave  .occurs.

M jj i s  a  fu n c t io n  of yield stress, model u n ce r ta in ty ,  d im ensions a n d  design 

loads, mmm o f  w hich change with  time. I f  a 100-year design wave is used, the 

p r o b a b i l i ty ; o f  encountering  one in the f i r s t  year of service is the  same as the 

p robab il i ty  o f  encounter in the 2 5 ^  year  of service and  equal to 1/100. The 

probability*  o f  not encountering  a 100-year wave in 25 years is (1 - 1/100) 2 5. 

The p ro b ab i l i ty  of encounter in 25 years is 1 - (1 - 1/100) 2 5 = 0.222 = 

(4.5)" V

Tire t ru e  p robab il ity  of fa i lu re  in the service l ife  P f s+ can then  be



expressed as

p f s + = P ( Mn < O) x p r o b a b i l i t y  o f  e n c o u n t e r i n g  d e s i g n  wa v e

i n  t h e  s e r v i c e  l i f e

w hich  fo r  the  100-year wave and  a 25 year service l ife  is

P (M n < O) x 1 / 4 . 5

The true  p robab il ity  of fa i lu re  in one year, p f a +, is

P f a + = P ( Mn < 0 )  x p r o b a b i l i t y  o f  e n c o u n t e r i n g  d e s i g n  wa v e

i n  1 y e a r  

= P(M n < O) x 1 / 1 0 0

For the optim ised part ia l  fac to rs  P(Mn < 0) = 2.5 x 10"3. T hus  the  true

annua l  fa i lu re  p robab il ity  P fa + is 2.5 x 10"3 x 1/100 = 2.5 x 10"5. The 

optim ised p a r t ia l  fac tors  thus prov ide  g rea te r  sa fe ty  than  the adop ted  targe t  

annua l  f a i lu re  probab il ity  of 1 x 10"4. A reduc tion  in 7 m Yf of  be tw een  0.1

and 0.2 could be realised.

3.14.2 Loading  Model

The single most in f lu en tia l  f ac to r  on ca lcu la ted  ’fa i lu re  p ro b a b i l i ty ’ is the 

choice o f  bias and  COV fo r  env ironm en ta l  loading. The choice of the  loading  

model in the re-evaluation  s tudy  has s im ilarit ies  to, and was p robab ly  

in fluenced  by, a decision of a com m ittee o f  the A m erican  Bureau  o f  Shipping



(ABS) and  Conoco who, in 1981, jo in tly  in i t ia ted  a project to develop 

reliab ili ty -based  lim it state  design s tandards  for the m ain  s tru c tu ra l  components 

of tension leg p latform s. The Rule  Case Committee, RCC, as it was called, had 

the responsib ility  fo r  developing a code form at, loading  and  resistance models, 

re l iab i l i ty  a n d  ca lib ra tion . The RCC acknow ledged the com plexity  of the 

problem  of -env ironm enta l  loading and  id en tif ied  the fac to rs  w hich  a f fe c te d  the 

motions and  f lu id  loadings on TLPs. These were

barom etr ic  pressure f ie ld  

w in d f ie ld

s w e l l ' f r o m  d is tan t  storms 

general oceanic c ircu la tion  

astronom ical tide

all of w hich  have a d irec t  or ind irec t  e ffec t  on waves, cu rren ts  an d  tides. 

Statis tical p ro p e r t ie s  of waves and  curren ts  can be ob ta ined  f rom  ’scatter  

d iagram s’ a n d  it is know n th a t  correla tions and  co -l inea r ity  exist be tw een  w ind  

and  waves a s  well as c u rre n t  and  waves. Once the c o n tr ib u tin g  fac to rs  have 

been used do describe the f lu id  f ie ld  i.e. the w a te r  e levations a t  a p a r t icu la r  

site, there  are  three  fu r th e r  steps, all of w hich  in troduce  sta t is t ica l  

uncerta in ties , before  load e ffec ts  can be determ ined.

These are:

ca lcu la tion  of  wave kinem atics (i.e. w a te r  pa rt ic le  velocites and  

accelerations)

com puta tion  of forces on the s truc tu re  e.g. by M orrison’s equa tion  or 

d i f f ra c t io n  theory

s truc tu ra l  analysis  to obtain  axial forces, bending  m oments and  shears i.e. 

the load effects.



The RCC concluded  th a t  such a comprehensive analysis  was not p rac ticable  

given the lim ita tions  on tim e at the ir  disposal so they  opted fo r  w hat has 

since become know n as the  ’In te r im  Loading M odel’ - so called because, 

presum ably , a be tte r  one will be forthcom ing. In this the  uncertan t ies  in load 

e ffec ts  aris ing from  p red ic tion  of extreme wave heights, as charac te r ised  by 

s ign if ican t  wave he igh t and  zero-crossing period, together  w ith  uncerta in t ie s  in 

wave k inem atics and  f lu id -s t ru c tu re  forces were trea ted  by regard ing  them  as

dynam ic  forces w ith  a COV of 26%. The e ffec ts  o f  w ind , cu rren t,  t ida l  level, 

mean wave, d r if t ,  etc. were considered as quasi-sta tic  (vary  slowly w ith  time) 

and  modelled w ith  a COV of 20% and the s ta t ic  load e ffec ts  aris ing  from

p la tfo rm  weight, buoyancy , s ta tic  tendon tension were m odelled  w ith  COV of 

10%.

There  is clearly  scope fo r  im proving the In te r im  Load ing  Model especially 

as more accura te  m odelling of world climate becomes availab le . Any reduc tion  

in the COV of the (especially environm enta l)  loading  m odel would  m ean lower 

pa rt ia l  fac to rs  and  more economic designs fo r  the same ta rge t  re l iab ili ty .

3.14.3 G eneral Discussion

The w ork was ca rr ied  out and  completed as proposed i.e. targe t

reliab ili t ies  id en tif ied ,  load and  resistance models adop ted  and  p a r t ia l  fac to rs  

eva lua ted  to meet the  requ irem ents  of m inim um  spread  of re l iab i l i t ie s  about 

the target. U n like  most engineering  research projects there  is no experim en t  one 

can devise to va lida te  the results of the study. N a tu ra l ly  one could compare 

re liab ili t ies  as ca lcu la ted  by the Level II m ethod w ith  those ca lcu la ted  using

’exact’ m ethods such as M onte Carlo sim ulation. Such a course of ac tion  is
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red u n d a n t  how ever, since the question of va lida tion  of the Level II m ethod has 

been -established by several authors, most no tab ly  C h a n g e s )  anci fo u n d  to be 

w ith in  accep tab le  m argins of erro r  fo r  a w ide range of f a i lu re  functions. The 

only option, as f a r  as va lida tion  is concerned, is to compare designs w ith  those 

from  o ther  codes fo r  N orth  Sea s truc tu res  - as was done in the  previous 

subsection w ith  the DnV code. Even w ith  this it is d i f f ic u l t  to pin down 

d iffe rences  in f in a l  designs to any single shortcom ing of the code or the way 

in w h ich  it has been developed. For any code whose sa fe ty  m argins have been 

derived  along re l iab i l i ty  lines the f in a l  design safe ty  m argins are  a f fe c te d  (in 

declin ing  o rder  of im portance) by:

I

II

III

IV

V

VI 

V33

vm

In th i s  s tudy  the f irs t  th ree  in this list have received a tten tion . The

d iffe rences  in design acknowledged in Section 3.13 could be due  to any

num ber of the  above effects.

f t  is c lear th a t  de libera tion  on the choice of ta rge t  re l iab ili ty ,  being the

single; most in f lu e n tia l  fac to r  on pa rt ia l  sa fe ty  fac tors , could be ex tended  to

covers  fac to rs  o ther  than  the DnV and ABS codes. The most p rom ising  course

choice of targe t  re l iab ili ty  

choice of load model 

choice of resistance model 

choice of fa i lu re  func t ion  

com ponent set

the  num ber of p a r t ia l  fac tors  

op tim isa tion  c r i te r ia  

re l iab i l i ty  analysis method.
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of investiga tion  seems to be optim ising the expected  to ta l cost of f a i lu re  as 

ou tlined  in Section 1. In order to fac i l i ta te  such an investiga tion  the results 

would be b e tte r  presented as rela tionships betw een p a r t ia l  fac to rs  and  mean 

fa i lu re  p robab il ity .

3.15 Conclusions

1) When t ru e  p a r t ia l  fac to rs  are

7 fLD = 1.20

7 fL L = 1.35

7 fL E = 1.50

7 mC = 1.12

7 mB = 1.25

7 mF = 1.70

7 mW = 1.50

the average  p robab il ity  tha t  design load e f fe c t  exceeds resis tance is 2.5 x 

10"3. T he  range of safe ty  indices fo r  these fac to rs  is app rox im ate ly  f rom

2.04 to 16.4

2) The ’fa i lu re  p ro b ab il i ty ’ calculated  is u n a f fe c te d  by choice o f  design 

wave, n e ith e r  does it re la te  to any tim e period.

3) I f  the  t rue  annua l  f a i lu re  probab il ity  is d e f in e d  as the  p ro b ab il i ty  th a t  

design load e ffe c t  exceeds resistance times the p robab il i ty  th a t  a design 

wave occurs in any year then lower p a r t ia l  fac to rs  than  those repo rted  

would  resu lt  fo r  the same selected target.

4) The s tudy  should be ex tended  to present re l iab i l i ty  as a fu n c t io n  o f  the 

pa r t ia l  factors . In this way other c r i te r ia ,  such as economics, could  be 

considered  before  f ina lis ing  a choice of ta rge t  re liab ili ty .
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Table 3.2

Comparison o f  S tatis tical D efin it ions  o f  Load E f fe c ts

!

L o a d  T y p e  

a n d  S t a t i s t i c

Re f  s

4 ( b r i d g e s ) 1 3 (DNV)
i

1 8 ( TLP ) P r e s e n t

B i a s (%)
i

De ad 5 u s e d 5 u s e d - 7 . 5

Li  ve - 2 t o  1 7 (me a s ) 

5 u s e d

- 3 0

5 u s e d

15

E n v  i r o n m en  t a 1 - 5 0  t o  10  

- 1 0  u s e d -

0

COV(%)

De ad 5 u s e d 7 t o  1 1 

(1 a n d  b a s e d )
5

L i v e 8 (me a s ) 7 t o  8 0 1 0 ( d e  a d  

a n d  l i v e )

10

■

E n v i  r o n m e n t a l  

D i s t r i b u t i o n

14 t o  2 8 ( + r e f s  

2 3 , 2 4 )

d r a g  a n d  i n e r t i a  

10  t o  3 5 ( +r  e f  2 4 )  

w a v e

2 5 - 3 0 3 0

De a d N N - N

Li  ve - - - N

E n v i  r o n m e n t  a 1 - - - N

A d a s h  i n d i c a t e s  v a l u e s  n o t  c o n s i d e r e d .

N - N o r m a  1.

me a s  - d e r i v e d  f r o m  m e a s u r e d  d a t a .

u s e d  - v a l u e  u s e d ,  o t h e r  v a l u e s  w e r e  n o t e d  i n  t h a t  r e f e r e n c e .



Table 3.3

S tif fened  Flanges - Sum m ary of X mResults

G r o u p

N o .

No . o f  

T e s t s

!
Me a n  

o f  Xm

COV 

o f  Xm

Au t h o r Rem a r k s

1 7 0 . 8 1 8 1 3 . 8 Smi  t ?

3 10 0 .  8 49 1 1 . 5 H o r n e , e t a 1 . 39

4 7 0 . 9 1 6 5 . 3 H o r n e , e t a 1 . 4 0

11 1 1 8 0 . 8 1 6 1 6 . 6  | F a u 1k n e  r 46

12 24 0 . 8 1 9 2 3 . 9  j F a u 1k n e  r 4 6

14 24 0 . 7 8 9 1 2 . 0  ! H o r n e  & N a r a y a n a n ^

16 4 0 .  968 1 5 . 6  | D o w l i n g ,  e t  a 1 . 4 9 Bo x  s e c t i o n s

17 3 1 . 2 0 0 ! 5 . 9 I M a s s o n n e t  & M a r q u o i ^ l Bo x  - t y p e  s e c t i o n
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Table 3.5

Web Modelling Factor

Ca t e g o r y G r o u p No . o f  

T e s t s Me a n
x m
COV

T r a n s v e r s e l y  

S t i f f e n e d :  

s 1 e n d e  r n e  s s r a n g e  

1 0 0  - 125 a l l  f r o m 7 1 . 1 9 6 . 56

125 - 1 5 0

oor-'O 1 1 . 0 1 "
1 5 0 - 175 If 1 1 . 4 0

j 175 - 2 0 0 II
>> 1 . 0 6 1 4 . 6

2 0 0 - 2 2 5 II 14 1 . 1 1 1 6 . 8

2 2 5 - 2 5 0 II 6 1 . 1 7 8 . 3 3

2 5 0 - 2 7 5 If 1 1 . 0 1 -

L o n g  i t ud  i n a 1 1 v 1 , 3 & 4 12 1 . 5 5 1 8 . 9

S t i f f e n e d :  

P u r e  Mo me n t 5 8 0 . 6 7 5 7 . 4 1



Re
li

ab
il

it
y 

An
al

ys
is

 
of 

Co
lu

mn

o
a
i—i 
0) 
Tt  
O
g

O CN
i—1 VO
rH O

iH rH rH
(0 P '—

-H 0 o o o CP rH O CN
-P -P o o o CO O o
P O o o o o CTl o CP
id cd • • • • • • •
a  E<h rH rH rH rH O rH o

>i in
-P
*H P •
> o o in o 0

•H -P r- O in CO o vo 15
-P 0 o o O CO rH o
•H (0 o o O r" o in r—1
0  Em • ■ • • • • • 0
G o o o o o o o 'd
0 1 + 1 i + + o
C/3 g

o
rH
rH

vo
G CN CO 0
tP-P CO CN CO o\ CP I—1

*H G • • • • • • • XI0  -H in rH rH rH o VO o cd
0  0 co CN in CTl EH
Q a rH rH

X-H
T5
G
0
a
a<*#> o\<> o\° <o O o

> o\o o\o o\<> o\o • • • • •
O CN CN CN in CO CO vo <u
O 0

in CN CP
CO CO o o CP

G • • • • • • •
0 in rH rH in o r- o
0 ■̂r r> o o CP
g rH in rH

G rH rH rH
O id id cd

•H £ £ £
-P p p p
G 0 rH rH rH rH 0 0 o c
xi a 0 id 0 0 G G G*H >i £ £ £ £ 1 1 1
P EH p p p p tP t7> t7>
-p 0 0 0 0 0 0 O
0 55 55 55 55 PI PI PI•H
Q co

i—i

II
0
0 CN CN CN CO.

O H £ £ g
-H X* § g g
0  0 \ \ \
Id *H g g g 55 15
m p g g g s

id TS g
> XI Q EH W C/3 E3 X

X

a



R
e

li
a

b
il

it
y

 
A

ii
a

lv
a

lf
l 

of
 

C
ol

ui
hH

;.*D

O
■325'
*rH
«S)

-\,~V
:3S

o i o i n
o rH
o o CO

• • •
rH rH rH rH
fd P s—' —̂ •

•H  0 CO CM O r-~ o o r -
-P  - P o cn O CM 01 o CM
P  0 o 01 O o Ol o
fd fd • • • • m • •

a  Ph rH o rH rH o rH o

o
rH

•
-P 0
•H  P
>  o o

•H  - p CM CO o o o CO i—1
-P  O csi rH o c-" o rH 0
•H  (d rH CM o CM o o O l d
01 IP • • • • • • • 0
c o O o o o o o s
0 1 + 1 1 + +
US CM

rH

rH

0
CO C l i—1

G o 'st* CM r - in XX
ly i+ J • • CO CM 01 CO as

•H  G c o r—1 • • • • • Eh
01 -H c o CO rH vo CO in o
0  O CM o 01 o X
Q  a r—1 rH CM -rH

TS
G
0
a
a
<

<N> • •
f " <w

> o\<> oY> oY> o\<> oV> oY> • 0
O CM CM CM i n CO CO vo (P
U rH

rH
O i n CM 00

• r-' CO CO o o rH
G c o • • • • • •
0 r - rH rH co VO rH
0 CM CO o O
S3 i—i rH CM

G rH rH rH
0 fd fd as

•H g g g
-p p p p
G  0 rH rH rH r—1 0 0 0
xx a <d <d <d <d G G G c
•H  > i g g g g 1 1 1
P  EH p p P p tJ! tJ! G i

■p o 0 0 0 0 O 0
0 a 53 a P I PI P I

•H o
Q o

o

CM

II
0 c a
0 CM CM CM

O  rH g g g
*H XX g g g
0  0 \ \
fd *h £ g g 5G

CQ p g g g s
fd TJ > 1 g
> P I Q EH c/i us w X

<w
a



Re
li

ab
il

it
y 

An
al

ys
is

 
of 

Co
lu

mn

o
55
I—I 
0) 
T3 
O
s

vo
cn rH
o O

rH «H rH
cd P

•H O cn c- rH rH o o
-p -p CN vo O cn CO o o
p  o o cn o o cn o o
fd fd • • • • • • •
0< to f—1 o rH rH o rH rH

CN
>1
-p
•H P •
>  o o 0

•H .p cn cn o cn vo o 1—1 55
-P O o t> CN cn in o
•H fd in in O vo o o o rH
W Ph • • • • • ■ • 0)
G o o o o o o o Tf
0) i + 1 I + + 0
w S

rH

rH
cn

G in r* o o o <D
Cn-P • • cn rH CN Ol o rH

•H G in cn • • • • • 43
C/3 *H cn cn rH rH cn C" rH fd
a) o H in rH Ol EH
a  to CN cn rH

X
-H
T5
G
<D
&
a

<K>
cn

> oY> o\° o\o o\° <x> <N> • • •
o CN CN CN in CO cn o t»H
u (D

«

-3*
cn O o

vo cn cn CO cn o o
G • • « • • • •
fd cn rH vo CO rH
CD cn cn CN Ol
S3 rH cn H

CN

G rH rH rH
O fd fd fd

•H g g g
■p p p p
G CD rH rH rH rH o 0 0
43 a fd fd fd fd G G G cn
•H > i g g g g 1 1 l 1
P  B p p P p Cn tr> Cn o
-P 0 0 0 0 o 0 o ■—i
CO 55 J5 s PI PI PI

-H X
Q in

CO CN
• •

CN CN

II II
CO
CD CN CN CN ca (*_,

0  rH g g g &
•H 43 g g g
co fd \ \
fd -h g g g 53 55 z
CQ P g g g s

fd TJ g
> PI a EH w m w X



Re
li

ab
il

it
y 

An
al

ys
is

 
of 

Co
lu

mn

G\

o
55

0
TJ
Os

in r-»
rH o CM
O o CO• • o

rH rH rH •
0  p -— ---- H

•H O CO VO rH CM CO o
-P -P rH CO O <J\ o in
P  0 O cn o o <S\ o CM
0  0 - • • • • ■ • Ch
a  a rH o H rH o H •

o

> 1
-p
•H p  
> O 

•H +J 
•P O 
•H (0 
0 IP 
G 
Q)
W

G
Cn-P 

•H G 
0 -H 
0 O 
Q a

>o
u

G
<0
0
S

G
O
•H
-p
G 0a a
P  EH 

-p

"H
Q

0 
0 

O rH
■H 13 
0  0 
0  *H
PQ P  

0 
>

o
o cn o o CO
CO rH rH CO CO o VO
CO O o o VO• • • ■ • • »
o o O o o o o
1 + 1 1 + +

o
VO CO o
CO VO c\ cn cn cn• • • • • • •

o CM H CO in in o
CO CO CO on

CO rH
CM

0

<N>
CM

CO

CO
CO

I—I 
0 bpo
55

oV>
CM

oY>
in

<N>
CO

CMBB

C/3

o\o
CO

o\<>
VO

•
VO

co
CO e'
VO in o en• • • • •
H CM CO VO o

CO CO cn
CO rH

rH r—1 1—1
0 0 0
g g Bp p P

H rH 0 o 0
(G 0 G G G
B s 1 1 1
P p &> d> Cn
0 0 0 o O
a 55 PI Pi PI

B
X!

co
VO

o
15

0'dOa

0
rH

0
EH

X•H
73
G
0aa<
0

CMIO
rH

X
CO
t "  CM 

• •
rH

ca  cha



Ba
si
c 

Va
ri

ab
le

s 
and

 
St

at
is

ti
ca

l 
As

su
mp

ti
on

s 
in 

An
al

ys
is
 

of 
Be

am
s

r—I(0 P .__ . ._.
•H 0 CM rH CM „—. CO-P -P O O O O CM rH
P  0 O O O O in rHid id • • • • • •
CM Pm H rH H i—1 1—1 rH\ >—- Nw- 'w» 'W v_/
iH

rHcd P o VO CO On CO CO H in-H o o <y\ on cn cn rH in on-P -P o cn cn cn cn O cn COp  o • • • • • • • *
cd <d rH o o o o H o oCM Pm

•P*H P
>  o*H -P o cn on o o VO in VO-P O o vo cn cn cn rH rH vo*h  fd o rH o o o cn in t"-
0 Pm • • • • • • • ■
G o O o o o o o o0 1w

co
o CO COG o CM CO in cn cn rH COtn-P • • • • • • • •

-H G o cn cn in t"- cn cn o
m -h o cn cn
0) 0 rH iH CMQ  CM rH

O
in
i

in
CM

o\o
0 cn
t n cn
G > oV> <X> oV> <*> cN> o\o oV» •
cd O CM CM CM CM CM in CO rH
« U rH

in
in
0) rH
G O O rH CO
P O O O in O VO cn cn
0 G • • • • • • • •

cd o o o in CO CM rH o
G 0 o o o VO
0 S rH CM rH CM

rH rH
w

G
0

*H
■P
G  0

XI CM
-H  > i J2 55
P  ^ 55 55 55 55 55 55 iH PI

-P

*H
• Q

cn

CM • II II
.0 0 _ cn .

• 55 0 g CM
o O  rH 1
15 H •H  & E g

0  cd g g g
rH CM cd *H g g g g g G 55
0 G m  p g g g t n

T3 0 cd 52 Pm T3 5>i g
0 P > a Q CQ Eh £ X0  P  
S  O



Ba
si
c 

Va
ri

ab
le

s 
and

 
St

at
is

ti
ca

l 
As

su
mp

ti
on

s 
in 

An
al

ys
is

 
of 

Be
am

s

rH
0  P —̂.

*H 0 rH in
•p -p O o
P  0 o o
0  0 * •
f t  f t rH rH
\ s—
rH

vo
cn ^ rH

T5 0  P CM Cft in o
II O -H 0 O cn CTl o

Si ■P -P O CTl <n o
0 -P P  O • • • •
in 0 0  0 rH o o rH
0  0 f t  f t
c
P  0
0  i—1
73 f t
G 0
0  -H >1

rH cn •P
cn *H p

>  o
•H +J -3* in CM CO
-P 0 co in o
•H 0 o o ■—i o
0  f t • • • •
G o o o o
0 1 1
cn

G rH CO CM vo
tp -p • • • •

-H G in r>* CM vo
0  -H in in
0  0 o rH rH

o Q  f t vo
o
rHI1
in

0
tj>
G > oV> o\° 0\0 o\o
0 o CM CM CM CM
f t u

m
0
0
G O
p o O O VO
0 G • • • •
73 0 o CO co VO
G 0 co in in
0 f t o H rH

«H vo
cn

G
0

-H
■P
3  0
Si f t

P  EH f t f t £ f t
•P
0

• •H
Q

CM

0 0
• f t 0

0 0  rH
f t  CM •H Si

0  0 0
rH f t 0  *H 0 £ 0 0
0  3 CQ P 0 £ 0
T3 0 0 £
0  P^  r n > PI Q « EH

«<—«» ,—^
o

o rH CO
o O in

• • *
1—1 rH rH

VO in o rHon H <j\ CO
G\ o cn VO

• • • •
o rH o O

CO rH CO orH CO in vo
rH rH o o \• • • •
O 01 o o

CO
VO
CM CO CM CO

• • • •
CTl o\ o

CO in

oV>
CO
ino\<> <N> o\o •

CM in CO VO
CM

■sr
O CM o CO
CO • •

• • CM rH
a\ CO VO

CO

ft ft LN LN

o  CO 
t-''

• •
rH ^

ii ii
g  CM ^  «H
g  1 ^

G £



Ba
si
c 

Va
ri

ab
le

s 
and

 
St

at
is

ti
ca

l 
As

su
mp

ti
on

s 
in 

An
al

ys
is

 
of 

Be
am

s

id P  
-h o 
-p -p  
p  o
Cd (0 
PH Pm

m
o
o

CM
O
o

in
o
o

co
co

CM

cn

rH -—•»
rH
(0 P rH O r- o 00 00 in CM

TJ -H O O o cn o cn o cn O
II O •P -P o o m o cn o cn

, a P  O • • • • • • • •
m -p <0 cd rH rH o rH o rH o o
oi a) f t  Pm
CD g  
G
P (U 
(D rH
•d a  
g  gCD -H 
rH CO 
W

in
rH
I

O
in
rH

> 1
-p
*H p
> o•H +J
-P O
•rH CO
01 Pm 
G 
a) 
w

G
d»-P  

-H G 
01 *H 
a) O 
Q PH

CM rH rH CM cn cn o 00
rH CO O vo cn rH 00

O O O O o o O cn
• • • • • • • •

o o O O o o O o
1 + + + + I + +

o t"- CM CM
CO in in CM in cn 00

• • • • • • •
o vo o cn o cn o
vo in cn H vo vo
CM rH CM
in
rH

a)
cn
G
id
«
01
01
CD

>oa
o\0
CM

oY>
CM

o\<>
CM

oV>
CM

oV>
CM

o\°
in co

oY>
co
CM
in

G in
P in cn o in o
CD G • • • • •
TS cd o r - rH cn o O  CM
G CD in cn rH vo r-~
(D £ CM rH CM
rH in
W rH

G
O

•H CM
•p 1
G CD o
XX OH rH
•H  > i £  £
P  EH £ £ £ £ £ £ 3  M X
-p

• 01 o  [■"
cn *H vo cn
CM Q • •

i—i in
o II II
55 01• CD g CM ca

0 cn 0  rH 1 ft
55 H •H XX S g

01 (d s s g
rH Oh cd -h g g g § § G £
(D G m P g g g tn
*d 0 cd £ Pm > i g
0  P > PI a CQ Eh Eh £ X
£  O



m
rH
cn
<D
rH
-Q
rd
Eh

■m
:n0
0

40

D

in
in
>"rH
0
:G

■:ao■G
.0'■'rH

~P
-a
£43
I/]
T/l

rd
pPH-P
in

td
P40
“•0
G
0

•0
a)

"rH
«Q

rd

4h
td

:D<=H
in
id

-ICQ

(N
CO
O

c
P  Q)
0  rHT3 a
G g0 -Hi—i in
xn

in
CM
CM
I
Oo
CM
0

c
0
£
0
in
0
c
p
0
T3
c  
0 
i—i
CO

I—I
0  P  

-H O 
-P 43 
P  O 
0 0 
ft Cn 
\

-P
*H P  
> O

q  a

>o
u

c
o-H

-p3 0
si  a-H >i
P  EH 
+J 
0  •rH
Q

co in
o  co
o  o

o
r-o

vo

oY>
CM

<x>
CM

o\°CM o\oCM oV>CM o\<>
in

o
cno

o\<>
co

CM
CMo

CM ̂
n

rH
0  P in CM rH rH in rH rH CO

II 0 •H 0 cn CT\ CM O m CO r-
s i -p -p o CT> OV o cn rH cn cn

m 4-> P  O • • • • • • • •
0  0 0  0 rH O o rH o rH o o
0  g a  a

-H p> VO CO cn cn cn cn43 0 VO in CO o CO ■<3* o*H 0 CM o in o in o CM0 IP • • • • • • • •
G O o o o o o o o0 1 + + I + I + +CO

oCM o CM CM cn
G in CO cnt?43 • • • • • • •
•H G in rH cn cn in cn rH rH0 -H cn o in vo0 0 CM CM cn

oV>cr*in

CO r-~
o CO cn vo cn

G • • • • • •
0 o cn CO cn in CM CM rH
0 CO o in
£ o

vo
CM cn

rH
rH
Io
rH
X

r-
vo cn 

• •
VO rH•CO •0£ 0 II II

• 0 g CM 00. 4-|0 H 0 rH 1 a£  H *H XI £ g0 0 g S grH a 0 -H g g g g g G £
0 G CQ P g g g tn3̂ 0 0 £ IP Tl g0 p > PI Q CQ Eh Eh £ X£ O



jf
ee

lla
bi

llt
V

 
A

ri
dl

va
ig

 
St

if
fe

ne
d 

fr
ld

hd
ea

-iH
fd

~ P P
P O
fd -P
Pn U
\  fd

IP

o o o o o o o o o o o o o ^ t c n m ^
O O O O O O O O O O O O O C T i r H O V O
O O O O O O O O O O O O O C T i O O O

r l  H  rH r l  r l  r l  H H H r l H H O r l r l r l

•iH
fd P

0
-P -P
P O
fd fd

4 P  pH

>1
- p
—rH

>

-P P
0

W -P
:'C 0
. 0 fd
TO IP

O O O O O O O O O O O O O V O r H f ' - O
O O O O O O O O O O O O O O C O C T i ^
O O O O O O O O O O O O O O O O C f t

H  rH rH H H r l H r l r l r i r l r l r l O O O

O O H t ^ O H H H H O O O O r ' V O O C T >
o o r H o o o o o o o o o o o i n o m
O O O O O O O O O O O O O C N ' t f O C O

• • • • • • • • • • • • • • • • A
o o o o o o o o o o o o o o o o o

I I I I I I

'Z 0 O C\ 0 0 O 0 0 vo O O 0 O m CO 0 in
0 O vo CN 0 CO 0 m H O m 0 O CO o\ H a\

- - C 0 O m O m f"- in 0 m vo m rH cn VO i>
^  -p • • • • • • • • • • • « • • • • •
i-»iH c 0 CN IO in a\ CO CN vo O CO co 0
:;td •H 0 O O 0 CN CO O pH O in

VT0 ; (D 0 r—1 CN m pH in pH rH CN CN CN
tH ,0 CP VO m rH
xo
tn
eg

XQ
TD

m
; cp
;:<l)
70
4G
.0

i H
TO

r g

O
'45

■'.•ft
::3
0
P
O

>
O
u

c
(0
0
s

p
0

-p
0
n
id
P
td
CP

o o o o o o o o o o o o o o o o o
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 m
O O O O O O O O O O O O O O O O H  

• • • • • • • • • • • • • • • • •
C N C N C N C N C N C N C N C N C N C N C N C N C N i n C O C O ^

O O O O O O O O  O O O O H O O V O
o o r ^ o o c o o m o o m o o c r i o o ^
o o m o r ^ m r ^ i n o r ^ m v o m c o o i n c o

•  • • • • • • • • • • • • • • • a

o c g r ^ i o ^ i o - ^ ^ ' ^ t ' - c o f N v o c o ^ o o
o  o  
h  eg 
vo m

o  o  
m  H

cn co 
in cn
I—I

o  h  a \ vo
H  H  CN CN

CN 
g CN CNe e n

S 3 , n  5 , ^
w  X  X  X  X  > ( J h ^ > < O P h  w  

X>H I ^ l S l S I P I P X ^ & I P I P Q W W  g 
P P E f W Q ^ Q E H C Q P E H Q E H W ^ ^ X

o
o
+
w
CO
vo

CO o  
m m  

m  
• •

o  o
II II
<Eh
W <w 
«  a



Re
li

ab
il

it
y 

An
al

ys
is

 
Re

su
lt

s 
Bt
lf
if
fe
He
d 

Fl
an

de
s

rd
*H
-P
P
rd
PP

U
o

•p
o
rd
Ph

o o o o o o o o o
o o o o o o o o o
o o o o o o o o o

o o o o w ) n n H
O O O O O l H O f l l
o o o o c n o o o

i—I r H H H i —I H O O O O O O O O H H r H

rH
rd U

- H O  O O 
4-> -P O O
P O O O
rd rd • •
CH Pm r l  r l

o  o  o  o  o  
o  o  o  o  o  
o  o  o  o  o  

• • • • •
rH rH rH rH O

O O O O O
O O O O O
o  o  o  o  o

• • • • •
o  o  o  o  o

o  -3* co o  o
o  o  cn cn H
o  o  cn cn cn

•  •  •  •  •

O  rH o  O  O

>1
■P
-H>
-H
•P

m 4-> 
G o 
0) rd 
W Ph

o o o o o o o o o o o o o v o o o c o
O O O O O O O O O O O O O H H ’ O H
O O O O O O O O O O O O O C M C O O C n

• • • • • • • • • • • • • • • • a
o o o o o o o o o o o o o o o o o

o
co
rH

c
0>4-» 

-H G 
m -h 
0 o
Q to

o  o  o  o  
o  o  o  o  
o  o  o  o  

•  •  •  •

o  o  o  o
O O H 
o  o  h  
co

o  o  
o  in 
in co 

• •
co cn

rH

o  o  o  o  o  o  o
o  o  o  o  o  o  o
o  o  o  o  o  o  o

• • • • • • •
o  o  o  o  o  o  o

h  oa cm in 
vo cn vo 
o  h  o  o  

• • • •
in cm co o
in rH 
CM CO

cn
in

w 
m 
0 
G 
P 
Q) 
T3 
G 
0 
i—l
w

CO

O
£

>
O
u

G
rd
O
S

o o o o o o o o o o o o o o o o i n
o o o o o o o o o o o o o o o o o
O O O O O O O O O O O O O O O O C M  

•  • • • • • • • • • • • • • • • •

C M C M C M C M C M C M O O O O O O O i n c O C O r H
CM

o  o  o  o  o  o
o  o  o  o  o  in
o  o  o  o  in co

o  o  o  o
O O H -tj* 
O O H 
CO

co cn

o  o  o  o  o  o  o
o  o  o  o  o  o  o
o  o  o  o  o  o  o

• • • • • • •
o  o  o  o  o  o  o

vo o  o  co
CO O O rH 
rH in rH CO

^  vo 
in -tj*
CM CO

o  o
CM

o
o
+
m
vo
rH 

O CO 
CO vo 
CO CO 

• • 
o  o

<
EH
W tH 
CQ to

CO

to
Go
p
o

p
0
-p
0
g
rd
p
td
to

CM 
gCM CM
g  g  g  

s  g  
g  s  w

g  g  g  g  —  g  —  V.
g  w
w.  X X X J X J  >r >r >h >r 0  W 

X>*  W
( J P I E H C Q Q E H Q t H C Q Q E H Q E H W > r > r



Re
li

ab
il

it
y 

An
al

ys
is

 
Re

su
lt

s 
St

if
fe
ne
d 

Fl
an

ge
s

rd
•H
-P p  
p  o  
rd -P 
f t O 
\  rd
H  |i |

C O O O O H O O O O O O O O O O O c n ^ 1
t o O O O O O O O O O O O O C O C M O t ^
t o O O O O O O O O O O O O t o O O C M

•  • • • • • • • • • • • • • • • a

O H H H H H O O O O O O O O H H H

rH
rd P  *H O 

-P -P 
P  U 
rd rd 
f t ft

c N O o o c n o o o o o o o o c N O r - ' i n
O O O O t o O O O O O O O O r H c O t o C O
o o o o c h o o o o o o o o o c r i c n r ^

•  • • • • • • • • • • • • • • • a

H H H H O H O O O O O O O H O O O

>1
-P
•H
>-H
-P

m +j 
c  o
<d td w ft

O O C O C O V O C M O O O O O O O c n c O O H  
t ^ O H H V O O O O O O O O O C M O O O i n  
O O O O O O O O O O O O O C M H O t o  

• • • • • • • • • • • • • • • • •
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 I I

inVO
in

r-'

O r- CM to o O o o o o o o iH to CO
rH O to CO CO o O o o o o o o o O in cn

G CO O rH CO in O o o o o o o CM in cn vo
tr>-P • • • • • • • • • • • • • • • • •
-H c CM cn VO in CM o o o o o o o to in CO oW -H cn CM in r̂ rH cn CO
0) o CO in -a* rH cn cnQ  ft rH rH

inin
d)
G
p
<u
c
<D
rH
w

cn
CM

O
S

i—I
a
2o
p
o

>o
a

g
rda)
S

P
0)

•P
0)
0
<d
P
td
ft

o o o o o o o o o o o o o o o o
o o o o o o o o o o o o o o o o
o o o o o o o o o o o o o o o o

•  • • • • • • • • • • • • • • a
C N C MC N C N C N C N O O O O O O O i n C O C O

o o o o o o o o o o o o o t o o o c n
o  o  o  
o  o  in 

• • •
o  cn vo cn cm 
co in
rH rH

o o o o o o o o o o
o o i n o o o o o o o

vo cm 
in r" h

o  o  o  o  o  o  o

CO O  O  H
cn cm vo co

t  •  •  •

r̂- cm to o
^  CO

h  cn cn

CM
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SECTION 4

CONNECTIONS: A R E -E V A L U A T IO N  OF BS5400 PA R T IA L  FA CTO RS FO R 

O FFSH O R E 3USE

4.1 In tro d u c t io n

E ille l  rw tlds  under  shear and  the f r ic t io n  capac ity  of h igh s treng th  

fr ic tion  g r ip  bo lts  are exam ined  in this Section. D ata  on 789 lap jo in ts  w ith  

transverse  a n d  long itud ina l  f i l le t  welds and  on c ru c ifo rm  test pieces were

studied Tand m o d e l l in g  fac tors  evaluated  separa te ly  fo r  end fillets, side f illets  

and  ro m b in e d  Fillets. Weld area, load and m odelling u n c e r ta in ty  were t rea ted  as 

random : variab les . E xper im en ta l  da ta  on the f r ic t io n  capac ity  of 211 HSFG bu tt  

splice jo in t s :  i n  mild and  h igher grade plate m ate ria l  were exam ined. The da ta  

covered Sbolls to BS4395 Parts 1 and 2 and  the equ iva len t  US grades. The

methods o f  t ig h ten in g  covered were the ’tu rn  of n u t ’ and  a more accu ra te  

means lioT ^achieving a shank tension to the p roof  load. Blast cleaned and  mill 

scale f a y in g  s u r f a c e s  were considered as were the e ffec ts  of su rface  trea tm ents , 

w ea thering  a n d  re laxation  of shank tension due  to creep. C o e ff ic ien t  of

fr ic tion , shear  load and  shank tension were trea ted  as random  variables.

THiree ^statistical loading de fin itions  corresponding  to ’d e a d ’, ’l ive’ and  

’e nv ironm en ta l’ loads as id en tif ied  in the previous Section were used.

Com binations of u n c e r ta in ty  are trea ted  using advanced  FOSM re l iab i l i ty  

analysis. O ptim isation  of pa rt ia l  factors  is then  presented using the p a r t ia l  

fac to rs  on lo a d  a lready  derived. The e ffec t  of d i f f e r e n t  s ta tis tica l models fo r  

weld a r e a  onV partia l  fac to r  is demonstrated.
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Filia l ly  the BS5400 rules fo r  side fil le ts  show s ig n f ican t ly  grea ter  

conserva tism ' th an  fo r  end fillets. The consequences fo r  the p a r t ia l  fac to r  and 

th e - s p re a d  o f  re liab ili t ies  when the two fo rm ula tions  are m ade more consistent 

is dem onstra ted .

Section 4.2 considers su itab le  ta rge t  fa i lu re  p robabilit ies  based upon fa i lu re  

consequences and  the experience of past design practices. Section 4.3 summ arises 

the s ta t is t ic a l  de fin itions  of load effects . Sections 4.4 and 4.5 deal w ith  pa r t ia l  

f ac to r  op tim isa tion  of HSFG bolted connections and  fil le t  welded connections 

respectively.; Section 4.6 summarises the m ateria l  fac to rs  and  in Section 4.7 the 

global fa c to rs  of sa fe ty  are com pared with  both  BS5400: P a r t  3 values fo r  

bridges a n d  the A m erican codes. Section 4.8 discusses the comparisons.

^ C onclusions  are sum m arised in Section 4.10.

4.2 T a r g e t  R e liab ili ty

Tn target re liab ili t ies  fo r  connections on o ffsho re  s tru c tu re s  it

was b o rn e  I n  m ind th a t  nom inally  at least connections should be m ore re liab le  

than  t h e  connec ted  components. Two considerations lead to this conclusion:

(1) t h e  consequences of fa i lu re  are grea ter  (though not ca tas troph ic  as in the

case id* de te rm ina te  s tructures)

(2) t h e  'w arn ing  time of im pending  fa i lu re  is likely  to be very  short.

For the  eva lua tion  o f  re liab ili t ies  to BS153 d e s ig n s ^ )  it  was fo u n d  th a t  

w hen considering s ta tic  s treng th  alone f i l le t  welded connections have  a h igher  

notional re l iab i li ty  th an  components. This would  not be the case w ere  f ra c tu re  

a n d . fa t igue  to be modelled in the  f a i lu re  function .



They were excluded  from  the eva lua tion  of targe t  reliabili ty . F r ic t io n  grip 

bolts on the o ther  hand  had a s ign if ican tly  lower notional re l iab i l i ty  and  were 

likewise excluded. It should be borne in m ind th a t  f r ic tion  grip  bolts are 

designed to a se rv iceabili ty  requ irem en t  i.e. no slip and  as such do not have 

severe consequence of fa i lu re . The re l iab i li ty  of bolted components against 

bearing  or shear fa i lu re  are  not considered in the present work.

The o rig inal c a l ib ra t io n ^ )  proceeded by selecting separa te  target 

re l iab ili t ies  fo r  bolted and  welded connections.

The same course was taken  in the present study. It was also dec ided  to 

m ain ta in  the same ratio  of component re l iab i li ty  to connection re l iab i l i ty  as 

tha t  es tim ated  fo r  BS153.

The l ife tim e  fa i lu re  p robab il ity  fo r  all components to BS153 was 

no tiona lly  3.2x10"5 and  fo r  f i l le t  welds 4 .0x10"1 °U): a reduc tion  o f  f iv e  orders  

of m agnitude . The targe t  l ife tim e fa i lu re  p robab il ity  fo r  com ponents used in 

the previous section was 2.5x10"3. R educing  this by five  orders o f  m agn itude  

leaves 2.5x10“ 8. This was the value adopted  fo r  f i l le t  welds in this s tudy. For 

HSFG boted connections to BS153 rules the l ife tim e fa i lu re  p ro b ab i l i ty  was 

2.5x10" 40 ) :  an order  of m agnitude  g rea ter  than  the components. Increasing  the 

com ponent ta rge t  f a i lu re  probab il ity  used in the last section by one o rder  of 

m agn itude  results  in 2.5x10"2. Because o f  the not in s ign if ican t  no tiona l chances 

of f a i lu re  this now represented it was fe l t  this value should be red u ced  to 

1.25x10"2. The life tim e fa i lu re  p robabilit ies  are sum m arised below w ith



app rop ria te  values of 1 /p f  and  safe ty  index, 0.

P f 1 / P f

B S 1 5 3

a l l  c o m p o n e n t s  H )  3 . 2 x l O " 5

( e x c e p t  c o n n e c t i o n s )

BS 1 5 3  f i l l e t  we 1d s ( 1 ) 4 . 0 x l 0 " 10

BS 1 5 3  HSFG b o l t s O )  

c u r r e n t  c o m p o n e n t s

2 . 5 x 1 0 " 4 

2 . 5 x 1 0 " 3

3 1 2 5 0

2 5 0 0 x 1 0 6

4 0 0 0

4 0 0

4 . 0

6 . 2

3 . 5 

2 . 8

P r o p o s e d  - 

f i l l e t  we 1d s

2 . 5 x 1 0 “ 8 4 0 x 10 G 5 . 5

P r o p o s e d  

HSFG b o l t

1 . 2 5 x 1 0 " 2 8 0 2 . 2

4.3 Statis tical D e f in i t io n  of Load E ffec ts

The defin i t ions  used in this s tudy are  those assumed fo r  the w ork  on 

components and are  sum m arised  at the end of this section.

The following summ arises the  rem arks m ade in Section 3.

The f ive  load categories in the DEn gu idance  notes(^) were reduced  to

three  by am algam ating  dead w ith  hydrosta tic  load and  dynam ic  w ith

environm enta l.  The am algam ation  was done w ith  load types w ith  a s im ilar

degree of va riab il i ty . The categories are as follows:

(1) ’D ead ’ - weight of s truc tu re  and  f ixed  equ ipm en t and m ach inery ,

hydrosta tic  loads.



(2) ’L ive’ - opera tion  loads, stores, portable  equipm ent, crew, berth ing  and

land ing  loads, m otion loads fo r  mobile p la tfo rm s, therm al stresses, 

cons truction  forces and  buoyancy.

(3) ’E n v iro n m en ta l’ - w ind , wave, slamming, vortex  shedding , m arine  growth

effec ts ,  snow and  ice, curren ts . Dynam ic  loads w hich  are those arising

from  a s tru c tu re ’s m om entum  in response to imposed loads.

A p ar t  from  the advan tage  of hand ling  a reduced  num ber  of types this

ca tegorisa tion  is consistent w ith  the API RP2A(3) d e f in i t io n s  except in RP2A 

buoyancy  is inc luded  u n d e r  dead  loads.

The assumed bias, COV and  d is tr ibu t ion  fo r  each load ca tegory  are

sum m arised below:

De s i g n  Va r i a b 1e B i a s cov% D i s t r i b u t i o n

D e a d  l o a d  e f f e c t 1 .075 5 n o r m a  1
L i v e  1o a d  e f f e c t 1.15 10 n o r m a  1
E n v i r o n m e n t a l  l o a d  e f f e c t 1 .0 30 n o  r m a 1

4.4 HSFG Bolted Connections in Fric tion : P a r t ia l  F a c to r  O p tim isa tion

4.4.1 S trength  Fo rm u la tion

The fr ic t io n  capacity  of HSFG bolts in BS5400 P a r t  3(4) is

P d g n  = NSNBK5KH^ P v / T mT fL  ( 4 . 1 )

where N g  is the num ber o f  bolts

Ng is the num ber  of shear planes

K f[  is an allowance fo r  overside or slotted holes.



The K 5 param ete r  is given by:

K5 = 1 - ( L - 1 5 d ) / 2 0 0 d  ( K5 < 0 . 7 5 )  ( 4 . 2 )

w here  L, the  length  between centres of end bolts (measured in d irec tion  of the 

load), m ust exceed 15 bolt d iam eters  d. The allow ance becomes necessary due to 

th e  large d i f f e re n t ia l  s tra ins w hich exist a t  e i the r  end of a line of bolts and

w h ic h  can give rise to an unbu tton ing  e ffec t.

The slip fac to r  p depends on the type of fay in g  su rface  and  a list of

values  is g iven in clause 14.5.4.4 of Part  3. The slip fac to r  should  be reduced

by 10% w hen  the h igher grade bolts of BS4395: P a r t  2(5) are  used. This 

fo llow s the  experim en ta l  w ork of Black and  Moss(^) who reported  a 2% loss in 

s lip  fac to r  fo r  every  lOkN increase in bolt preload. The two possible reasons 

f o r  this quo ted  in R eference  7 are:

(1) ’fo r  t re a te d  fay ing  surfaces, increase in bolt load is ca rr ied  by the th in

su rface  t rea tm en t,  and  pa r t  by the steel substance w hich does not take  

pa r t  in the shear process of the slipping su rfaces ’ and

(2 ) ’the m easured  bolt loads are not a t rue  m easure  of the loads being

ca rr ied  by the surfaces in contact a t  the tim e of s lip ’.

The prestress load, P v , in the absence of  ex te rna l ly  app lied  tension, is

d e f in e d  as the proof load P pr0 . This should be reduced  to 0.85 P pr0  fo r  the

dilgher g rade  bolts of BS4395: Part  2. Some ju s t i f ic a t io n  fo r  this was fo u n d  in 

R e fe re n c e  7 in w hich the ra t io  of preload to p roof  load fo r  bolts t igh tened  by 

fh e  s ta n d a rd  p rocedure  was grea ter  fo r  lower g rade  bolts than  fo r  the  h igher  

3>rade ones.

A ppend ix  A presents typical hand  ca lcu la tions  fo r  H SFG  bolted

connections designed to BS5400:Pt. 3.



4.4.2 Data

The ava ilab le  da ta  on HSFG bolted sym m etric  b u t t  splices tested in 

tension are  sum m arised  in Table 4.1. The fu ll  set o f  211 results is tab u la ted  in 

A ppendix  B w here  the orig inal source refe rence  and  id en t ify in g  nam e can be 

obtained. The fo llow ing  discusses the da ta  in re la tion  to slip fac to rs  and bolt 

preloads.

R eferences  8 to 12 con ta in  tests on jo in ts  w ith  clean mill scale fay ing

surfaces (su rface  code, IS=1, see Appendix  B fo r  a fu ll  list of  codes). For  this

type of su rface  the loose mill scale is usually  rem oved by hand  w ire  b rushing

and any  oil is c leaned  using a solvent. This  su rface  type is not categorised in

Clause 14.5.4.4 so advan tage  was taken  of th a t  p a r t  of the  Clause which

perm its the  designer to determ ine , from  published  in fo rm ation , a su itab le  slip

factor. A ccord ingly  the average value of

M = P S L I P / NSNBPCL ( 4 . 3 )

w here P sL IP  1S ôac  ̂ a t f i rst slip, and  P q l  average  clam ping

load as m easured  in tests, was de term ined  f rom  the 85 results in R efe rences  8,

10, 11 and  12. U n fo r tu n a te ly  R eference  9 d id  not con ta in  deta ils  o f  clam ping

loads. The  average, 0.349, was used in the analysis. Fo r  com parison R efe re n c e  7 

quotes a m ean of  0.336 de te rm ined  in an iden tica l  m anner  as above f ro m  312

results. The re levan t  table from  R eference  7 has been rep roduced  he re in  as

Table 4.2. The second row in the table inc luded  the results f rom  the f i r s t  row.

The value used in R efe rence  1 was 0.332.



S urface  code 2 refers  to blast cleaned fay ing  surfaces fo r  w hich  Clause 

14^.4.4 of Pa r t  3 quotes a slip fac to r  o f  0.5. T h ir ty -one  results  from

R efe rences  10, 13, 14 and  15 have been listed in A ppendix  B. O f these 22 

(R eferences  13 and  14) were on a high grade construc tional alloy, A514 (yield 

stress = 6 2 0 N /m m 2). Due to the su rface  hardness, blast c leaning  has little  

e f fe c t  and  leaves the average slip fac to r  achieved  in tests at a ro u n d  the clean 

mill scale value. This steel is not ap p rop ria te  to the  ev a lu a tio n  since it 

contravenes the requ irem en t  (Clause 6.3 of P a r t  3) th a t  the ra t io  of u l t im a te  to 

y ield  s treng th  be not less th an  1.2. The rem ain ing  9 results had  a m ean slip 

fae to r  of 0.483. R efe rence  7 quotes an analysis of 171 results fo r  w h ich  the 

mean slip fac to r  was 0.493. R efe rence  1 used a value of 0.478.

Surface  codes 3 to 9 are  fo r  fay ing  surfaces  trea ted  w ith  va rious  rust 

inh ib ito rs .  R efe rence  6 was the sole source fo r  the 63 results (see T ab le  4.1

and  A ppend ix  B). Table  4.3 has been reproduced  from  R efe re n c e  6 an d  is 

inc luded  to enable comparisons to be made betw een the slip fac to rs  in Clause

1 4 3 .4 .4  of P ar t  3 and  test results. A considerable  am ount of sca t te r  is ev iden t  

and  the  com parable  P a r t  3 values are  seen to underes tim ate  the  test values.

Slip fac to rs  in general, and  these slip fac to rs  in p a r t ic u la r ,  were 

considered  to be a m ajor source of m odelling error.

R e fe rence  15 gives results on 9 tests w ith  fay ing  surfaces  t re a te d  w ith  

vinyl wash and  3 surfaces  trea ted  w ith  linseed oil. These c o ns ti tu te  su rface  

code;: 10. These surfaces  are not categorised in Clause 14.5.4.4 an d  so the  m ean

slip, fac to r  from  these results 0.27, ca lcu la ted  as above, was used. As can  be 

s e e n :  f rom  Table 4.4, w hich has been reproduced  from  R efe rence  15, the  small

d i f fe re n c e  in slip fac to rs  betw een vinyl washed and  linseed oiled slip su rfaces  

does, not w a r ra n t  separa te  trea tm ent.
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Table 4.5 reproduced from Reference 16, charts the variation of slip

fac to r  w ith  exposure time. Except fo r  a small reduc t ion  a f te r  6 m onths fo r  

g rit  b las ted  surfaces  and  a reduc t ion  du r ing  the f in a l  6 m onths fo r  a lum in ium

sprayed  surfaces  the fac to rs  increase over the two year period. R e fe ren ce  7 

quotes an  increase in slip fac to r  f rom  0.49 to 0.53 fo r  g rit  b lasted  surfaces

exposed fo r  a short du ra t io n  (see Table  4.2). In con tras t  R e fe rence  15 shows a 

decrease in slip fac to r  f rom  0.43 a f te r  2 m onths to 0.39 a f te r  12 m onths 

a l though  it increases to 0.47 a f te r  6 months (see Table  4.2). H ow ever these 

p a r t ic u la r  jo in ts  were assembled w ithou t  f i r s t  rem oving the loose ru s t  and

invo lved  only one specimen in each time period.

T he  time fac to r  in jo in t  assembly is not allowed fo r  in the  BS5400

s treng th  fo rm ula tion .

T he  value of IB in A ppendix  B is 1 or 2 depend ing  on the type  o f  bolt 

used. Type 1 corresponds to BS4395 Par t  1 bolts while  Type 2 corresponds to 

BS4395 P a r t  2 bolts so the reduc tions  of 15% of bolt p roof load an d  10% of 

slip fa c to r  requ ired  by Clauses 14.5.4.3 and  14.5.4.4 must be applied .

The tables o f  u ltim ate  s trength , yield s treng th  and  proof loads f ro m  the

re levan t  U K  (BS4395 Parts 1 and  2(5)) and  US (ASTM D esignations A325 and  

A490(17)) codes have been reproduced  in A ppendix  C. Table 4.6 sum m arises  the 

requ irem ents . To fac i l i ta te  comparison betw een the bolts specified  in these codes 

the stress levels of the US bolts have been converted  in Table  4.6 to N / m m 2.

Ignoring  the m inor d i f fe re n c e  in the de fin i t ions  o f  stress area  the  A325 bolt is

seen to correspond almost exactly  to the BS4395 Par t  1 (type 1) bolt. T he  A490 

bolt however has slightly  h igher properties  than  the BS4395 P a r t  2 ( type  2) 

bolt.



A ccord ing ly  A490 bolts q u a l i fy  fo r  the reductions  in slip fac to r  and  p roof load 

a s  re q u i re d  in Clauses 14.5.4.3 and  14.5.4.4 fo r  BS4395 P a r t  2 bolts.

The proof loads o f  the  SAE 4140 bolts o f  R e fe ren ce  10 were reported  in 

t h a t  reference: the  values have been reproduced  here  in A ppend ix  B. None of

these exceed the p roo f  loads of type 1 bolts and  as such do not q u a l i fy  for

l lm  ' reductions  in p roof  load and  slip factor. In R e fe rence  6 tests on g inch

bolts to BS3139: Pt 1 (1959)0^) are reported  as well as g inch  ’Y g rade’

ss i lm in iu m  plated  bolts. The fo rm er  were t igh tened  to 160 kN  an d  the la t te r  

'to 210 or 260kN. The p roof  load fo r  g inch BS4395 P a r t  1 bolts is 177 kN

a n d ;  fo r  P a r t  2 bolts of the  same d iam eter  235.5 kN. The BS3139: Pt. 1 bolts 

"were thus trea ted  as type 1 bolts and  the ’Y g rad e ’ bolts as type 2.

^  Table  4.1 gives the m ethod of t igh ten ing  as e i the r  ’to p roof  load ’ or by 

'Turn o f  n u t ’. The la t te r  involves tigh ten ing  the n u t  u n t i l  a ’snug’ f i t  is 

a d t i e v e d  and  then  ro ta t in g  an ex tra  \  or 2 / 3  tu rn  depend ing  on grip  length.

A . ’sh a n k  tension in excess of the proof load genera lly  results  bu t in te rp re ta t io n  

t ) y 21operatives of w h a t  constitu tes ’snug’ results in some scatter. A no ther  m ethod 

o f ; ,t igh ten ing , not represen ted  in the data , is by using a ca l ib ra ted  wrench.

..-■■Wi this the app lied  to rque  can be controlled. F igu re  4.1 has been rep roduced  

fxom  R efe rence  7, and  shows d is tr ibu tions  of p re lo a d /p ro o f  load fo r  A490 and  

A325 bolts t igh tened  by both  tu rn  of nu t and  ca lib ra ted  w rench  m ethods. A 

Tull discussion of d is t r ib u t io n  param eters  follows th is  section.

The shank  tension was obtained  experim entally , fo r  all results  except those 

in  R eference  6, by m easuring w ith  dial gauges, the  e longa tion  du r ing

lig liten ing . This was then  com pared w ith  a p rev iously  ca lib ra ted  chart.  In
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R eference  6 however use was made of a customised device w hich  relied  on 

m easuring the d i f fe re n c e  in e longation betw een an unstressed rod inserted  into 

a hollowed-out bolt shank  and  a bolt head. A small d i f fe re n c e  betw een the

two methods is to be expected  but cannot be q u an ti f ied .

4.4.3 D is tr ibu tion  Param eters

The d is tr ibu t ion  param eters  fo r  slip fac to r  and  c lam ping load to proof 

load ra t io  have been ca lcu la ted  from  the data . These are  p resen ted  in this 

Section w ith  com parable  da ta  from  R eferences  1 and  7. Lognorm al d is tr ibu t ions  

were chosen to represen t the da ta  and  this is consistent w ith  R e fe re n c e  1.

Values of the m ean of

V- = p S L I P / n Sn Bp CL ( 4 . 4 )

were ca lcu la ted  fo r  each of  the ten types of fay in g  su rface  in d ica ted  in

A ppendix  B. The results  a re  presented in Table  4.7 w ith  com parab le  values 

from  R efe rence  1 and  7. The P ar t  3 values (^C O D E) are a ŝo g iven > those

values in parenthesis  corresponding  to the fac to rs  ca lcu la ted  in acco rdance  w ith  

Clause 14.5.4.4 o f  the  Code fo r  surfaces not exp lic it ly  ca te red  for. A to ta l of 

169 results were analysed  in this way.

By d iv id ing  each o f  the mean slip fac to rs  by the Code va lue  and 

grouping all surfaces  w ith  pro tec tive  coatings together (IS = 3 to 10 inclusive)

the fo llow ing results were obtained:

IS B i a s COV no

1 1 . 0 0 0 1 5 . 1 85

2 0 .  9 6 6 1 5 . 4 9

3 - 1 0 1 . 2 0 0 1 3 . 8 75



These biases and  CO V’s were used as inpu t  to the re l iab i li ty  analysis.

T h e  ra t io  of  c lam ping load to proof load was ca lcu la ted  fo r  a ll bolts

t igh tened  by the  tu rn  of n u t  method and  fo r  w hich  clam ping loads w ere  given.

Seven ty-four such results were ob ta ined  an d  th e ir  means and  C O V ’s are

presented  below together  w ith  com parable  results  f rom  R eferences  1 and  7.

C u r  r e n t  Re f . 7 Re  f . 1

l o i r : T y p e me a n COV n o  . me a n COV n o . m e a n  COV

A 3 2 5 1 1 . 1 8 1 3 . 6 0 54 1 . 35 8 81 -

A49D 2 1 . 1 7 6 . 78 2 0 1 . 2 6 10 - -

A 3 2 5 +

A 4 9 0 1+2 1 . 1 8 1 1 . 7 0 74 1 . 1 9  14

The "values used in the  analysis were those fo r  the com bined bolt types - viz.

mean, 1.18 an d  COV, 11.7.

4.4.4 R e liab i l i ty  Analysis

TJsing the A dvanced  Level 2 p rocedure  re l iab i l i ty  analyses were p e rfo rm e d

using t h e  fo llow ing  fa i lu re  equation:

£  = ( p p r o )  { / 'C O D E lq l  ( 1 / Np ) -  ( p C L / p p r o ) 3

[ ( 1 / n / * ) £ ( p s l i p / n sn b p c l m c o d e ) 3 

- { L o a d  B i a s  x P p r o MCODE Q / V f L ) ( 4 . 5 )



161

where q = N§ Ng Kg K j j .

^CODE 1S slip fac to r  f rom  Clause 14.5.4.4 o f  P a r t  3 or 

0.9 times this value depending  on bolt type.

P p r o  is the  proof load or 0.85 times this value depend ing  on 

bolt type.

Np is the  num ber of  da ta  fo r  w hich  P c L / p pro cou ld be 

calcu la ted  and

is the num ber of da ta  fo r  w hich  P s L I p / ( ^ S  N g  P CL 

^CODE) could be calculated.

The two terms in square  b rackets  in E qua tion  4.5 are  the  biases on p roo f  load

and  slip fa c to r  w hich have been calcu la ted  in Section 3.4.3. The th ree  term s in

parenthesis  are  the basic design variables. T he ir  m eans and  CO V’s, together

w ith  the biases from  the previous section, a re  sum m arised  below:

B a s i c

Va r i a b  1 e Me a n cov% B i a s

p p r  o a s  s p e c i f i e d  

( x  . 8 5  f o r  t y p e  2)

1 1 . 7 1 . 1 8 Lr

I S = 1 1 5 . 1 1 . 0 0 LN

^CODE f r om CODE I S = 2 1 5 . 4 0 .  9 6 6 LN

( x . 9  f o r  t y p e  2) I S = 3 , 1 0 1 3 . 8 1 . 2 0 LN

De a d 5 . 0 1 . 0 7 5 N

P d g n Ppro^CO D EO L i v e 1 0 . 0 1 . 1 5 N

V f L En v . 3 0 . 0 1 . 0 0 N



Assuming the same bias and  COV adopted  herein  to rep resen t design dead 

loading  (bias = 1.075, COV = 5%), re l iab ili ty  analysis was c a rr ied  out on all

test results. The load level was de te rm ined  using 7 m = Y f^  = 1.3. T he  values

p p ro ’ ^CO DE (ETA), Pdgn anc* safe ty  index (BETA) are  presented  in

A ppend ix  B. Three  results, one f rom  each of the three  su rface  types (IS=1, 

IS=2 an d  IS=3 to 10), were selected fo r  presen ta tion  of typ ica l  sensitiv ity  

factors . These results are presen ted  in Tables 4.8 to 4.10.

A t the top of each table, general in fo rm a tion  is given. The id en t ify in g  

group and  name enables each test jo in t in question to be m atched  w ith  the 

source refe rence  in A ppendix  B. The f ir s t  two columns give the in p u t  means 

and  CO V’s. The th ird  column, the design point, corresponds to the  poin t  of

m axim um  p robab il ity  of f a i lu re  density  and  is in general g rea te r  th an  the 

m ean fo r  loading variables and  less fo r  resistance variables.

The absolute value of the sensitiv ity  fac to rs  ind ica tes  the  re la tive

sensit iv ity  each variab le  has to fa i lu re .  Closer control of  the  m ore sensitive

variab les  would more read ily  result in grea ter  safety. A nega tive  sensit iv ity

fac to r  ind ica tes  th a t  the design poin t is g rea ter  than  the mean.

Design load is here seen to be least in fluen tia l .  H ow ever, fo r  loads 

represen ting  env ironm en ta l  forces, COV=30%, this will not necessarily  be true. 

Slip fac to rs  are the most in f lu e n tia l  and  preload only s ligh tly  less so. The 

order  of sensitiv ities  is the same fo r  each example and  follows the o rder  of 

m agn itude  of COV.

E xam ina tion  o f  the sa fe ty  indices (BETA) in A ppendix  B reveals  a d irec t  

co rre la t ion  betw een surface  type and  safe ty  index. Coated su rfaces  (IS=3 to 10)

result  in the highest safe ty  index, blast cleaned surfaces (IS=2) the lowest and  

clean mill scale surfaces (IS=1) occupy an in te rm ed ia te  value.
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4.4.5 Partial Factor Determination

Values of the global sa fe ty  fac to r  = Tm YfL were fo u n d  fo r  which

the w eigh ted  m ean f a i lu r e  p robab il i ty  equalled  the targe t  p robab il i ty  of fa i lu re .

M ? k
P f  t = .X  P f  i ( 4 . 6 )

i — 1

w here  p f j  is the p robab il i ty  of fa i lu re  of m em ber i of  the d a ta  set of M  

members. Three  loading ^categories were considered (Section 4.3). T he  w eighting  

app lied  was on the basis th a t  clean mill scale surfaces, b last c leaned  surfaces  

and  coated fay ing  su rfaces  would occur in equal proportion.

The results are p resen ted  in Table  4.11 and  F igure  4.2. Colum ns 1 to 4 in 

Table  4.11 give the  I inpu t  ta rge t  p robab il ity  of  fa i lu re  and  design  load 

d is t r ib u t io n  p a ram ete rs^  T h e  requ ired  optim um  global fac to r  is given in column 

5 and  the achieved-t^wie^hted average p robab il ity  o f  f a i lu re  appears  in colum n 

6. The f in a l  two columns give the corresponding range of sa fe ty  indices. The 

range dim inishes as load COV increases w hich is consistent w ith  the  w ork  on 

components. The va ria t ion  of global fac to r  w ith  l o g , 0 (Pft) is show n fo r  each 

loading  category  in F ig u re  4.2. As one w ould expect global f a c to r  increases 

w ith  load COV.

D ete rm ina t ion  o f  ^  fo r  bolted connections is ach ieved  by d iv id in g  the 

global fac to rs  by th e  load  fac to rs  de te rm ined  in Section 2. T he  process of 

ca lcu la tion  is presented below:

G l o b a l L o a d  F a c t o r

D e a d 1 . 4 2 8 1 . 2 0 1 . 1 9

L i v e 1 . 5 8 1 1 . 3 5 1 . 1 7

E n v . 1 . 6 8 9 1 . 5 0 1 . 1 3

Ave  r a g e 1 . 1 6



The th ree  Tm ’s show consistency despite  the  fac t  th a t  the load fac tors  

were not involved  in the optim isation. The above resu lt  is sum m arised  together 

w ith  results f rom  the  analysis fo r  welded jo in ts  in Section 4.6.

4.5 Welded Connections : P artia l  F ac to r  O ptim isa tion

4.5.1 S treng th  Form ula tion

The In te rn a t io n a l  In sti tu te  of Welding expressionU^) f 0r the com bination  

of stresses ac ting  on the p lane of the weld th ro a t  as used in P a r t  3 Clause

14.6.3.11.2 is:

( / a 2 + 3 ( r  t 2 + r  2 2 ) ) 2 

a is the  stress norm al to the plane.

r , is the  shear stress on the p lane p e rp en d icu la r  to the length  of 

the  weld and

r 2 is the  shear stress on the p lane along the length  of the  weld. 

For end  fil le ts  r  2 is zero and  fo r  side f il le ts  a and  r  , a re  zero.

The l im iting  value fo r  this is a fu n c t io n  o f  the average yield stress of 

pa ren t  and  weld metal:

k ( d y  + 4 5 5 )

2 Ym 7f3

w here <jy is the nom inal yield stress (in N / m m 2) o f  the w eaker p a re n t  m etal 

and  k is 1.4 fo r  side fil le ts  and  0.9 fo r  side fillets. For  fil le ts  inc lined  to the 

d irec tion  of loading  k should be taken  as 1.0.



Many tests on welded joints had  com binations of end and  side fillets  so

it is necessary to express the Clause in load ra th e r  th an  stress terms. This is

in keeping w ith  Clause 14.3.3.1 (Elastic Analysis) w hich  requ ires  th a t  all welds

share  the design ax ia l  load in p roportion  to the ir  respective strengths.

Accordingly  the design load on any jo in t  was taken  as

P d g n  -
1 . 4 A ,  0 . 9 A  I . O A 3
/ 2  + / 3  ^ + / 2 S  i n 0 + 3Co s 6

o y + 4 5 5 

2 V f 3
( 4 . 7 )

where A 1 is the  th ro a t  area  of an end f il le t  

A 2 th a t  of the side f il le t  and

A 3 th a t  of a f i l le t  inclined a t an  angle  0 to the  d irec tion  of 

loading.

A ppendix  A presents typ ica l hand  ca lcu la tions  fo r  f i l le t  welded 

connections to B S5400:P t.  3.

4.5.2 D ata

Table 4.12 sum m arises the da ta  used in the  eva lua tion  as well as the

rejected  data. T he  results  f rom  R eferences  20 to 22 were re jected  because 

m easured yield stresses were not given. In R e fe rence  23 (Group 11) 152 results

were recorded  w ith  m easured  yield stresses. These together w ith  135 results 

f rom  R efe rence  24 (G roup 10) constitu te  the  da ta  set of 287 tests f rom  w hich 

X m (see Section 4.5.4) and  Ym (see Section 4.5.5) were calculated .

All the  test results  in G roup 10 were on c ru c ifo rm  test pieces. These 

were made by weld ing  one one-metre narrow  plate  e i the r  side of a transverse

plate  and  then  cu tt ing  in to  50mm cruc ifo rm  sections. A tensile  load was then



applied  to  ^the na rrow  plates across the thickness of the transverse  p late  and  

increased  a m t i l  ru p tu re  occurred. T he  area  (A l)  given in A ppend ix  B is the 

sum o f  The th ro a t  thicknesses of the f ra c tu re d  welds times the length  of

c ru c ifo rm  section . In Appendix  B IF IL  = 1 is the code used fo r  end fillets.

All o f  the test pieces in G roup 11 had  a d i f f e re n t  co n f ig u ra t io n

consisting o f  two lap plates welded e ithe r  side of a w ider  cen tra l  plate. The 

tensile lotLd was applied  paralle l  to the p lane of the plates. T he  various 

locations o f  the welds were as follows:

( 1) t ran sv e rse  to the d irec tion  of loading  across the 2 ends o f  the lap plates

?(IFTL *= 1),

(2) pa ra l le l  to the d irec tion  of loading and  along the 2 sides of  each lap

Opiate (IF IL  = 2), and

(3) sboth o f  these i.e. on 3 sides of each lap plate  (IFIL  = 3).

I n ^ : ^  B, therefore , A l  is the  sum of two th ro a t  areas an d  A2 sum

of fouT, T w e n ty -e ig h t  test results from  G roup 11 had  end fil le ts  only, 50 had  

side f i l le ts  only and  the rem ain ing  74 were o f  the combined type.

4.53 S ta t is t ica l  D efin i t ion  of R esistance V ariab les

T h e  d e f in i t io n  of yield stress of plate  m ate ria l  was discussed a t  leng th  in 

the -p rev io u s  section. The conclusion was to select a bias of 1.125 an d  a COV 

of 8% w i th  a lognorm al d istr ibu tion . This d e f in i t io n  is used herein.

The ^second and  most im portan t  basic variab le  is weld area  w h ich  will 

now be discussed.



R efe ren ce  1 reports results on 4 groups of m easurem ents o f  th roa t  

thickness. W hether allowance has been made fo r  convexity  in the m easurem ents  

of the f il le ts  is not m entioned. The results are  sum m arised below:

a c t u a l
No .  n o m i n a l  COV% D i s t r i b u t i o n

6 , 8 a n d  10 mm c o n t i n u o u s  

a n d  i n t e r m i t t e n t  f i l l e t s

on b o x  g i r d e r  b r i d g e s  198 1 . 2 7  1 6 . 5  Gamma

6mm t e e  j o i n t s  on a

p l a t e  g i r d e r  b r i d g e  64 1 . 2 0  1 2 . 5  L o g n o r m a l

6mm f i l l e t s  on

B r i d g e  A 5 2 9 2  0 . 9 5  2 1 . 0  N o r m a l

B r i d g e  B 4 8 0  1 . 0 6  1 5 . 1  L o g n o r m a l

Eviden tly , as results from  Bridge A suggest, no guaran tee  can be g iven  th a t  

weld a rea  will be g rea ter  than  nominal. The au tho rs  of R efe rence  1 used the 

bias an d  COV of the  f i r s t  group w ith  a lognorm al d is tr ibu t ion . T he  reasons 

fo r  this choice are  not clear.

A f i r s t  a t tem p t at optim isation using the results of  the largest g roup  i.e. 

bias 0.95, COV 21% Norm al, failed . For the  ta rge t  re l iab ili ty  selected va lues  of 

global f ac to r  were tried. At a certa in  level, app rox im ate ly  7  q  = 3.4, the

m ethod began p red ic ting  negative design points m aking  convergence impossible. 

Using the same bias and  COV but w ith  a lognorm al d is tr ibu t ion  p roduced  a 

result a lbe it  ra th e r  high. Even tually  it was decided  to use this d e f in i t io n  

together w ith  the ’bias 1.27, COV 16.5 L ognorm al’ d e f in i t ion  as bounds on the 

v a r ia b i l i ty  of th roa t  thickness.



4.5.4

4.5.4.1

Reliability Analysis

Model U n c e r ta in ty  Factor, X m

TThe.: value of the model un ce r ta in ty  factor,

-  x m = p r u p t / [ 1 - 4 A 1/ 2  + 0 . 9 A 2 / / 3 ) ( a y + 4 5 5 ) / 2 ]  ( 4 . 8 )

being th e  ra t io  of ac tua l  fa i lu re  load from  the test results to the f a i lu re  load 

pred ic ted-  by E qua tion  4.7, was determ ined  fo r  the en tire  da ta  set. The th ird  

t e r m  T n ^ E q u a t io n  4.7 has been om itted since none of the da ta  had  inc lined

results are  presen ted  in Appendix  B. The most l ike ly  sources of

m odell ing  e rro r  were considered  to be k, (the weld o r ien ta t io n  pa ram ete r)  and 

th e  a ^ m n p t io n  of elastic  re-d istr ibu tion . Accordingly , fo r  the  purposes of

£valna:t3iig the mean and  COV of X m the data  were categorised as follows:

1) End fil le ts

2) Side f il le ts

3) Com bined end and  side fillets

Sade fil le ts  were fo u n d  to be the most conserva tive ly  m odelled, X m=2.07,

■end Fillets the least, X m =1.44 and  combined fil le ts  had  an X m betw een these 

tw o  extrem es viz. 1.78. The v a r iab il i ty  in X m was never  g rea te r  th an  13%. A 

Tognoim al d is tr ibu t ion  was chosen to complete the de fin i t ion .  This  is consistent

w i th  p rev ious  work. Table  4.13 summarises the m eans a n d  C O V ’s o f  the 

m odelling  fac to rs  and  of the o ther  basic variables.

4.5.422 s  Results of T ypical  Analyses

- Using the A dvanced  Level II p rocedure (Section 1) re l iab i l i ty  analyses 

were p e rfo rm e d  on all models. Three  were selected fo r  the  purposes of



i l lu s tra t ing  the salient points of the analysis. The load e f fe c t  selected

represen ted  ’design’ dead loading  in tha t  it had  the same bias and  degree of 

u n c e r ta in ty  as adopted  here in  fo r  this type of action. The load level was

de te rm ined  using 7 m=YfL=1.3 so th a t  the design e f fe c t  fo r  w hich  the

com ponent was analysed f ro m  the lim it state  equation

Z = g ( x t .................... x 6 ) ( 4 . 9 )

The basic variab les  x 1 to x 6 are  design load Pdgn , th ro a t  area  of end f il le t  

A 1? th ro a t  area  of side f i l le t  A 2, th ro a t  area of inclined  f i l le t  A 3, yield

stress (jy and  modelling fac to r  X m.

The fu n c t io n  g has the form:

8 = p u l t  " p d g n

whe  r e

r 1 . 4 A , O . 9 A2 1 . 0 A 3 a y  + 4 5 5
P u i t  = \~~7l + “7 3  + / 2 S  i n 0 + 3 C o  s 0j 2

p d g n  g i v e n  by  E q n .  4 . 1 .  

i s  t h e  l o a d  b i a s .

The results  of the th ree  analyses, one chosen a t random  fro m  each fil le t  

type are  shown in Table 4.14-4.16. In these Tables the source re fe re n c e  can be 

de te rm ined  from  the group num ber using A ppendix  B. An id e n t i fy in g  cha rac te r  

str ing is also given enabling  each model to be m ated w ith  the original. 

Columns 1 and  2 give the inpu t  mean and  COY.

The design point corresponds to the point of m ax im um  p ro b ab i l i ty  of 

f a i lu re  density  and  is generally  grea ter  than  the mean fo r  loading  variab les  

and  less than  the mean for resistance variables.

( 4 . 1 0 )

( 4 . 1 1 )



The sensit iv ity  fac to r  gives the slope of the norm al to the f a i lu re  su rface  

with  respect to the  axis representing  the basic variab le  concerned. Its absolute 

value ind ica tes  the  re la tive  sensitiv ity  each basic variab le  has to fa i lu re .  A 

high value ind ica tes  a sa fe r  design will more read i ly  resu lt  f rom  closer 

inspection of this va riab le  than  any other. The p a r t ia l  fac to r  gives the ra t io  of 

mean to design point.

E xam ina tion  of the sensitivities in Tables 3.14-3.16 reveals the same 

declin ing o rder  or m agn itude  of weld area (most in f luen tia l) ,  m odelling fac to r,  

design load and  yield  stress.

4.5.5 P a r t ia l  F ac to r  D eterm ina tion

The results  of the pa rt ia l  fac to r  op tim isa tion  are  presented in Tables 4.17 

and 4.18 and  F igu re  4.3. Tables 4.17 and  4.18 show the results using the upper  

and lower values o f  weld th roa t  COV respectively. The w eigh ting  considered

was assum ing th a t  each of the three f il le t  types (IFL = 1, 2 and  3) would

occur in equal proportion . The Tables show, in the  f i r s t  fo u r  columns, the

inpu t values of ta rge t  sa fe ty  index, load bias, load COV and d is t r ib u t io n  type 

(N= Norm al). The f i f th  and sixth columns show the global op tim um  sa fe ty  

fac tors  and  the achieved  weighted average p ro bab il i ty  of fa i lu re  respectively. 

The global op tim a increase w ith  load COV as would  be expected. When the 

lower value  of th ro a t  COV is used (Table 4.18) the  global op tim um  sa fe ty  

fac tors  reduce  by approx im ate ly  24%.

F igure  4.3 shows, fo r  the dead load category  (Bias = 1.075, COV = 5%), 

the v a r ia t io n  of log 1 0 of the weighted average  p robab il i ty  o f  f a i lu re  w ith



global sa fe ty  fac to r.  The f igu re  may be used to investiga te  how a d i f fe re n t  

choice of ta rge t  p robab il i ty  of fa i lu re  would in f luence  the global fac to r  and 

hence the choice of 7 m.

In order  to see w hat f ina l  7 m’s the results  in Tables 4.17 and  4.18 

represent it  is necessary to d iv ide  out the y ield  stress bias (1.125) and  the load 

factors. The load fac to rs  w hich were derived  in the components s tudy  were 

dead load - 1.20, live load - 1.35, and  env ironm en ta l  load - 1.50. The process 

of calculations is d isp layed  below:

T h r o a t  L o a d  G l o b a l  + 1 . 1 2 5  + L o a d  F a c t o r

D e f i n i t i o n  C a t e g o r y  O p t i m u m

LN,  2 1 . 5 %

LN,  1 6 . 5 %

De a d  

L i v e  

En  v .

De a d  

L i v e  

E n v .

2 .  898  

3 . 3 0 0  

3 . 964

2 . 3 3 2  

2 . 6 8 0  

3 . 3 0 0

2 . 5 7 6  2 . 1 4 7

2 . 9 3 3  2 . 1 7 3

3 . 5 2 3  2 . 3 4 9

A v e r a g e  2 . 2 2 3  = 7  

2 . 0 7 3  1 . 7 2 7

2 . 3 8 2  1 . 765

2 . 9 3 3  1 . 9 5 5  

A v e r a g e  1 . 8 1 6  = 7

m

m

The load fac to rs  were not included in the  optim isa tion  and  thus a slight 

lack of consistency in the  7 m’s results. T ak ing  average  values to the  nearest 

0.05 gives 7 m of 2.20 and  1.80 fo r  the 21.5% and  16.5% weld th roa t  de f in t io n s  

respectively.



T he outcome of the analysis using two separa te  d e f in t ions  of th roa t  

th ickness lends itse lf  to the suggestion th a t  the f ina l  choice of Ym be le f t  to

the designer w ith  an upper bound  of 2.20 and  a lower bound  of 1.80,

depending  on th e  confidence  held in the welding quality .

4.5.5.1 .M odified Strength  F orm ula tion

R eca ll ing  Section 4.5.4.1, X m fo r  end fil le ts  was 1.44 and  2.07 fo r  side

fillets. This  ^evident lack of consistency seemed to w a r ra n t  fu r th e r  investiga tion .

I f  the fo rm u la t ion  is m odif ied  such th a t  k = 1.0, instead  of 1.4, fo r  end

fille ts  the a p p ro p r ia t e  X m value becomes 2.01. This is c learly  m ore consistent 

w ith  :the va lu e  fo r  side fillets. The consequences fo r  re l iab i l i ty  and  optim ised

p a r t ia l  fac to rs  are now dem onstrated .

F irs t ly  ±he spread of re l iab ili t ies  is subs tan tia lly  reduced. Com parison  of

F igure  44,v^wliich shows the range o f  sa fe ty  indices fo r  any  global fa c to r  when

k is t a k e n  a s  1.0 fo r  end fillets, w ith  F igu re  4.5 w hich shows the same set of

results w hen ik = 1.4 clearly  dem onstra tes  this. F igures 4.4 and  4.5 have  been 

p lo tted  foT th e  dead load case and  the th roa t  th ickness COV = 21.5%. A 

s im ilar reduc t ion  in the spread of re liab ili t ies  can be expected fo r  o ther  load

categories a n d  th roa t  thickness defin itions.

^Secondly a substan tia l  reduc t ion  in the optim um  global fac to rs  resu lt  -

approx im ate ly  2.20 (21.5% case) and  1.70 (16.5% case). C a rry in g  out the

divisions o f  y ie ld  stress bias (1.125) and dead load fac to r  (1.20) y ields 1.63 and

1.26 w h ich  com pare  favou rab ly  w ith  the 2.20 and  1.80 ob tained  above.



W hether added  conservatism  in the fo rm u la t io n  has cancelled  out the 

reduc t ion  in pa rt ia l  fac to r  can read ily  be de te rm ined  from  E q ua tion  4.7. 

T aking: the  16.5% weld th roa t  COV case the various expressions fo r  design load 

are

k = 1 . 4 k = 1 . 0  %

7 m = 1 . 7 3  7 m = 1 . 2 6  C h a n g e

E n d  1 • 4 A t ( t f y  + 4 5 5 )  1 . OA,  ( c i y  + 45 5 ) 2% i e s s

f i l l e t  / 2 x 2 x 1 . 8 0 x 7 f 37 f L  / 2 x 2 x 1x 1 . 2 6 7 f 37 f L  c o n s e r v a t i v e

S i d e  O . 9 A 2 ( t f y + 4 5 5 ) O . 9 A 2 ( n y + 4 5 5 )  43% l e s s

f  i 1 Le  t  y  3 x 2 x 1  . 80x  ̂ f 3*ffL « / 3 x 2 x l . 2 6 7 f 37 f E  c o n s e r v a t i v e

A change of the k -fac to r  fo r  end fil le ts  f rom  1.4 to 1.0 has led to a 

red u c t io n  in m ateria l  pa rt ia l  fac tor.  Since the same pa r t ia l  fac to r  applies  to 

side f i l le ts  a g rea ter  capacity  can be realised  fo r  these a t  the  cost o f  a 

reduc t ion  in end f i l le t  capacity . The weighted  average p robab il ity  o f  f a i lu re  of 

all f i l le t s  rem ains at the target level and  the spread  of re l iab ili t ies  has been 

substan t ia lly  reduced.

4.6 SUMMARY OF M A TE R IA L PA R T IA L  FACTORS

"Values of  the part ia l  fac to rs  fo r  HSFG bolted connections an d  f i l le t  

welded  connections are  presented below. The values from  the analyses  have  

been T-ounded to the nearest 0.5.



BS5400 stength form ula tions:

t h r e e  l o a d i n g  

c a t e g o r i e s  c o n s i d e r e d

HSFG b o l t s  1 . 1 5

F i l l e t  W e l d s  U p p e r  2 . 2 0

Lowe r 1 . 8 0

M o d i f i e d  s t r e n g t h  f o r m u l a t i o n  w i t h  k = 1 . 0  f o r  e n d  f i l l e t s :

U p p e r  1 . 6 0  ] d e a d  l o a d  c a t e g o r y

]Lowe r 1 . 2 5 c o n s i d e r e d

The two values fo r  f i l le t  welds derive from  considera tion  o f  two separa te  

s ta tis tica l d e f in i t ions  of weld th roa t  thickness. It is suggested th a t  the two 

values be regarded  as upper and  lower bounds and  the f in a l  choice be made 

accord ing  to the a n tic ip a ted  qua li ty  o f  welding.

4.7 Design Comparisons

4.7.1 HSFG Bolts

The design slip capac ity  of the HSFG bolts is g iven by E q ua tion  4.1. In 

this the  slip fac to r ,  /*, and  prestress load, P v, both  re fe r  to m ean values. The 

global fac to r  of sa fe ty  against slip is thus the p roduct  o f  p a r t ia l  fac to rs  

Tm “VfL times the analysis fac to r  Y f 3. For the purpose of com parisons w ith  

the A m erican  Inst i tu te  o f  Steel Construction  (AISC) and  the o rig ina l  BS5400: Pt. 

3 fo r  bridges opera ting  loading conditions are  assumed to be represen ted , fo r  

land  based s tructures , by dead load and  live load in equal p ropo rt ion  and , fo r  

o ffshore  s truc tures , by dead, live and  env ironm enta l  loads in equal p roportions .
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The AISC allow able  shear stress fo r  f r ic t io n  A325 bolts is 1 0 3 N /m m 2. The 

API RlR2A(3) rules fo r  o f fsh o re  structures  allow an increase o f  one th ird  on 

these stresses w hen they  are  caused by env ironm en ta l  loads. For the  opera ting

condit ion  the  a llowable stress can thus be increased to (1/3 + 1/3 + 1.33/3)103

= 1 1 14N /m m 2. For A490 bolts the allowable shear stress is likewise increased 

f rom  138 to 153 N / m m 2. Assuming a coeff ic ien t  of f r ic t io n  of 0.5 the slip 

capac ity  f o r  bolts up to 1 inch  d iam eter  is 0.5 x 586 fo r  A325 bolts and  0.5 

x 7825 Tor A490 bolts. The fac to r  of safe ty  against slip p rov ided  by the AISC 

allowable  stresses are  thus 0.5 x 586/114 = 2.54 fo r  A325 bolts and  0.5 x 

825/153 — 2.70 fo r  A490 bolts. For a coeff ic ien t  of f r ic t io n  o f  0.35 the fac to rs  

are  respective ly  1.80 and  1.89.

T h e  load fac to rs  fo r  h ighw ay  bridges in BS5400: P a r t  3 a re  1.05 fo r  dead 

load, .1275 fo r  superim posed load and  1.5 fo r  HA live loading. Assum ing for 

the  opera ting  cond it ion  the dead and HA line loading  occur in equal 

proportion , and  superim posed load to be negligible, the  net load fa c to r  for 

h ighw ay  Abridges is

0 . .3  x 1 . 0 5  + 0 . 5  x 1 . 5  = 1 . 2 7

The  -BS5400: P ar t  3 m ate ria l  fac to r  fo r  HSFG bolts is 1.3 and  the analysis  

fac to r  3s 1.1 thus the global fac to r  against slip, i rrespec tive  o f  fay in g  su rface

and  bo lt  ty p e ,  is 1.3 x 1.1 x 1.27 = 1.82.

F o r  the present s tudy  the m ateria l fac to r  is 1.15, analysis  fac to r  1.1 and 

the n e t  lo ad in g  fac to r  can be obtained  fo r  the opera ting  load cond it ions  as

1 1 2 / 3  + 1 . 3 5 / 3  + 1 . 5 / 3  = 1 . 3 5



The global factor is thus 1.15 x 1.1 x 1.35 = 1.71.

Table  4.19 summarises all comparisons.

For jo in ts  designed to resist slip the fac to rs  of sa fe ty  against  bearing  

fa i lu re  are  d i f f ic u l t  to establish because the stress d is tr ib u t io n  on the 

connected parts  in the bearing  area is unknow n. If, however, bearing  fa i lu re  is 

assumed to occur when the stress on the rec tangu la r  area  of plate  p ro jec ted  by 

the bolt reaches the plate yield stress then the fac to r  of sa fe ty  against bearing  

is small. H ow ever this assum ption is very conservative  and  tests have shown(25) 

th a t  s treng th  of the net section of a tension m em ber is not e ffec ted  prov ided  

the bearing  stress is not larger than  2.25 times the net-section stress.

4.7.2 F ille t  Welds

The  resu lting  pa rt ia l  sa fe ty  fac to rs  are  expressed as a global fa c to r  of 

sa fe ty  on e lectrode yield s trength  fo r  the purposes of comparisons w ith  the 

A m erican  In s t i tu te  of Steel Construction  (AISC) specifica tion . For this purpose 

’op e ra t in g ’ conditions  of loading are assumed. Com parisons are  also m ade w ith  

the orig ina l  BS5400: Part  3 specif ica tion  fo r  steel bridges.

The API RP2A(3) rules re fe r  to the AISC specif ica tions  fo r  s t ru c tu ra l  

steel bu ild ings  fo r  details  on allowable stresses fo r  welds bu t allow a 33% 

increase on these allowable stresses when they  are  caused by en v iro n m en ta l  

loads. The  AISC rules specify  the allowable stress on the th ro a t  of an  end  or 

side f i l le t  o f  0.3 times the electrode yield s t r e n g t h ^ ) .  p or th e purpose  of 

m aking com parisons with BS5400 rules an ’o p e ra t in g ’ loading cond it ion  can be



id en t if ied  by assum ing the stress on a weld to be composed of one th ird  each 

of dead, live and  env ironm enta l  loads. For the AISC rules, there fo re ,  the global 

fac to r  on e lec trode  yield  s trength  under  opera ting  conditions is

1 / ( 3  x 0 . 3 )  + 1 / ( 3  x 0 . 3 )  + 1 / ( 3  x 0 . 4 )  = 3 . 0 6

This would  be the global fac to r  when the stress on a f il le t  is assessed as

simply the load ac ting  on the th roa t  plane d iv ided  by the th ro a t  p lane area

irrespective of the  line of action of the load. This is a comm only made 

assumption. When the IIW expression is used however the stress on an end

fil le t  will be m ore conservatively  assessed by a fac to r  o f  / 2  or 1.414. In this

case the global fac to r  on electrode yield s treng th  is 1.4141 x 3.06 = 4.33.

The BS5400: P a r t  3 weld m etal s treng th  pa ram ete r  is ( a y + 455)/2. For

mild steel w ith  Oy = 2 4 8 N /m m 2 this becomes 351 N / m m 2. E60 des igna ted  

electrodes have  a y ield  s trength  of 414 N / m m 2 thus fo r  mild steel the  BS5400 

weld s treng th  pa ram ete r  is more conservative th an  the AISC pa ram ete r  by a 

fac to r  o f  1.18. The load factors , T fp , fo r  h ighw ay  bridges in BS5400: P a r t  3 

are 1.05 fo r  dead  load, 1.75 fo r  superimposed load and  1.5 fo r  HA loading.

Assuming, fo r  the opera ting  condition  the dead  and  HA live loading are  equal 

and assum ing superimposed loads to be neglig ible  the net load fa c to r  fo r

h ighw ay  bridges is:

0 . 5  x 1 . 0 5  + 0 . 5  x 1 . 5  = 1 . 2 7

The m ate ria l  fac to r  in BS5400: Par t  3 welds is 1.1 and  the analysis fa c to r  is 

also 1.1. Using the simple assessment (Clause 14.6.3.11.1) the BS5400: P a r t  3



weld s treng th  param eter  is reduced  by a fac to r  of / 3 ;  using the IIW expression 

(Clause 14.63-11.2) the fac to r  is / 2  fo r  end fil le ts  since

/ { ( P y ^ A , ) 2 + 3 [ ( P / / 2 A 1 ) 2 + O 2 ] }  = / 2  P / A 1 ( 4 . 1 2 )

and  / 3  fo r  s id e  fil le ts  since:

/ { O 2 "+ 3 [ O 2 + ( P / A 2 ) 2 ] )  = / 3  P / A 2 ( 4 . 1 3 )

In Equations  4.12 and 4.13 the load P is assumed to be supported  by end 

fil le ts  o f  to ta l  th roa t  area, A ,  or by side fillets  of total th ro a t  area , A 2.

An ad d it io n a l  fac to r  on the BS5400: P ar t  3 weld metal s treng th  pa ram ete r  

is 1/1.4 f o r  send fil le ts  and  1/0.9 fo r  side fillets. The fac to rs  o r ig in a te  from  

R efe rence  1 based on da ta  from  R eference  26. Average e x pe r im en ta l  values 

were ob ta ined  for

k t  — 22 P r u p t  /  (^1  ( a p + CTw) )

a n d

k 7 — «z P r u p t / ( A 2 ( ^ p  + (7W) ) 

where

<Tp and  u w are plate  and  weld metal yield stresses respective ly  an d  P r u p t 

is The ^experimental ru p tu re  load.

The  average values  were k 1 = 1.4 and  k 2 = 0.9. On the basis o f  these results  

end fil le ts  were concluded to be ’s tronger’ than  side fillets. H ow ever the  mode

( 4 . 1 4 )

( 4 . 1 5 )
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of analysis  s treng th  in Equations  4.14 and  4.15 ignores the d irec t  stress

component. H ad the more rea lis tic  IIW expression been used the d if fe re n c es  in 

s treng th  would not have been so great.

Considering  all the above con tr ibu to ry  fac to rs  the global fac to r  on

electrode yield s trength  in BS5400: P a r t  3 end fil le ts  in mild steel using the 

IIW expression unde r  opera ting  conditions is thus

1 .1  x 1 .1  x 1 . 2 7  x / 2  x 1 / 1 . 4  x 1 . 1 8  = 1 . 8 3

other  com binations are tabu la ted  in Table  4.20.

For  comparisons w ith  the present s tudy  a m ateria l  fac to r  of  1.8 has been

assumed and  the same opera ting  load condition  has been assumed as fo r  the 

AISC case i.e. one th ird  dead  load, one th ird  live load an d  one th ird

env ironm en ta l  load. Thus the net load fac to r  is

1 . 2 / 3  + 1 . 3 5 / 3  + 1 . 5 / 3  = 1 . 3 5

Comparisons have been made fo r  the two cases:

7 m = w ith  k 1 = 1.4

and

7 m = 1.26 w ith  k 1 = 1.0

For example the global fac to r  on electrode yield s treng th  fo r  end  f il le ts  in 

mild steel under  opera ting  conditions using the IIW expression is

1 . 8  x 1 .1  x 1 . 3 5  x / 2  x 1 / 1 . 4 x  1 . 1 8 = 3 . 1 9



180

w hen 7 m = 1.8 w ith  k  ̂ = 1.4 and

1 . 2 6  x 1 . 1  x 1 . 3 5  x / 2  x 1 . 0  x 1 . 1 8  = 3 . 1 2  

w h e n  Ym = 1 . 2 6  w i t h  k 1 = 1 . 1 0 .

All com binations are  tab u la ted  in Table 4.20.

4.8 Discussion

The comparisons o f  global fac to r  of sa fe ty  w ith  BS5400: Par t  3 designs 

shows the design of HSFG bolted connections are  less conservative  under  the 

revised pa r t ia l  fac to rs  whereas f il le t  welds are more conservative. Two major 

fac to rs  in f luence  the optim um  part ia l  factors: the ta rge t  re l iab i l i ty  and  loading 

model. It will be recalled  f rom  Section 4.2 th a t  the  d i f fe re n c e  in ta rge t  sa fe ty  

indices betw een bridge  an d  o ffshore  connections was 3.5 - 2.2 = 1.3. For welds 

the d if fe re n c e  was 6.2 - 5.5 = 0.7. Considering ta rge t  re l iab ili t ies  alone, the 

global fac to rs  fo r  o ffsho re  connections could be expected  to be lower than  

bridge connections bu t  w ith  the d if fe ren ce  in bolted  connection  global fac to rs  

being g rea ter  than  the d if fe re n c e  in f il le t  weld global factors .

Considering alone the second major in f luence  on op tim um  pa r t ia l  factors ,

i.e. load model, g rea ter  global fac to rs  should resu lt  fo r  o f fsho re  connections 

because of the g rea te r  v a r iab il i ty  in env ironm en ta l  loading  o ffshore . For 

comparison, HA live loading was m o d e l le d ^ )  as an ex trem e value d is t r ib u t io n  

w ith  COV = 7%, the env ironm en ta l  load e ffec ts  o ffsho re ,  on the o ther  hand , 

were modelled w ith  a N orm al d is tr ibu tion , COV = 30%. Since the same loading  

model applies to bolted and  welded connections a u n i fo rm  increase in global 

fac to r  would be expected. Superim position of the two effec ts ,  ta rge t  re l iab i l i ty  

and load model, has resulted, fo r  the present case, in bolted connection  global 

fac to rs  being smaller and f il le t  weld global fac to rs  being g rea te r  than  the ir  

coun terparts  in BS5400: Par t  3.



Comparisons w ith  the AISC rules ind ica te  s im ilar global fac to rs  fo r  clean 

mill scale jo in ts  (i.e. w hen = 0.35). For blast cleaned jonts  (n=0.5) the AISC

rules are considerably  more conservative. AISC f il le t  welds on the o ther  hand

are generally  less conservative  than  the present recom m endations.

The p resen ta tion  adop ted  in Figures 4.2 to 4.5 illus tra tes  the rela tionsh ip

between global sa fe ty  fac to r  and  fa i lu re  probability . As such the f igures  can

be used to re-establish p a r t ia l  fac tors  if  and when it is deemed desirab le  to

do so. For example it  may be found , upon considering  economic c r i te r ia  and

consequences of fa i lu re ,  necessary to ad just the targe t  reliab ili t ies .

4.9 Conclusions

1. The p robab il i ty  th a t  the slip capacity  of HSFG bolted connection  designed 

to the BS5400: P a r t  3 rules w ith

7m = 1.15 

7 fL D  = 1*20 

7 fL L  = 1-35 

7 fL E  = L50

will be exceeded is on average 1.25 x 1 0 '2. The range of sa fe ty  indices

was from  2.00 to 3.20.

2. The p robab il ity  th a t  the ru p tu re  load of an end or side weld  f il le t

designed to BS5400: P ar t  3 rules with

7 m = 1*80 f ° r good weld qua li ty

= 1.20 fo r  poor weld quality

7 fL D  = 1-20

7 fL L  = L35 

7 fL E  = !-5°

will be exceeded is on average 2.5 x 10"8. The range of  sa fe ty  indices

was from 5.24 to 8.15.
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3. T l ie  p robab il i ty  tha t  the ru p tu re  load of an end or side f i l le t  designed

■according to BS5400: P ar t  3 bu t  w ith  k 1? the  weld o r ien ta t ion  fac to r  for 

end  f il le ts ,  having  a value of 1.0 and  w ith  

^ym = 1.25 fo r  good weld qua li ty

= 1.60 fo r  poor weld qua li ty

T fL D  = 1-20

T IL L  = L35

T f L E  = L50

•’w ill  be exceeded is on average 2.5 x 10"8. The range of sa fe ty  ind ices  in 

th is  case is reduced, being between 5.5 and  6.7.

4.10 R eferences

1 F l in t ,  A.R. et al, ’The D eriva tion  of Safety  Factors  fo r  Design of

H ighw ay  Bridges’. In the Design of Steel Bridges, ed. R ockey  an d  Evans, 

G ra n a d a ,  London, 1981, p p l l-3 6 .

2. ’O f f sh o re  Insta lla tions  G uidance  on Design and  C onstruc t ion ’, Dept, of 

E n e rg y ,  HMSO, Ju ly  1977.

3. A P I RP2A  ’API Recom m ended P ractice  fo r  P lanning , D esign ing  and  

C onstruc tion  of F ixed O ffshore  P la tfo rm s’, A m erican  P e tro leum  Inst., 

D a llas ,  1981.

4. XS5400: Steel, Concrete and  Composite Bridges. British S tandards  In s t i tu t io n ,  

X o n d o n ,  1982.

5. BS4395: H igher  G rade  Bolts (waisted shank), Nuts and  G enera l  G rade  

Washers. British  S tandards  Insti tu tion , London, 1973.

6. B lack, W.B. and  Moss, D.S., ’High Strength  F ric t ion  G rip  Bolts - Slip 

F ac to rs  o f  Protected  Faying  Surfaces’, R oad  R esearch Lab R epo r t ,  LR153, 

1968.



183

7. F isher , J.W. and  Struick, J.H., ’G uide  to Design C rite r ia  fo r  Bolted and 

R iv e ted  Jo in ts ’, John Wiley & Sons, 1974.

8. Sterling, G.H. and  Fisher, J.E.W., ’A440 Steel Connected by A490 Jo in ts ’, 

Proc. ASCE, J.Struct. Div., ST3, June  1966, pp 101-118.

9. Bendigo, R.A., Hansen, R.M. and  R um pf , J.L., ’Long Bolted Jo in ts ’, Proc. 

ASCE, J.Struct. Div., Dec. 1963, ST6, pp l87 -  211.

10. H ech tm an , R.A., Young, D.R., Chin, A.G. an d  Savikho, E.R., ’Slip of Joints  

u n d e r  S tatic  Loads’, Trans. ASCE, Vol. 1120, 1955, ppl335-1351.

11. F isher, J.W., Ramseler, P.O. and Beedle, L.S., ’S trength  of A440 Steel Joints  

F as tened  w ith  A325 Bolts’, IABSE, Vol. 23, 1963, ppl35-157.

12. Forem an , R.T. and  R um pf, J.L., ’Static  Tension Tests of Com pact Bolted 

Jo in ts ’, Proc. ASCE, J.Struct. Div., June  1960, ST6, pp73-99.

13. K u la k ,  G.L. and  Fisher, J.W., ’A514 Steel Jo in ts  Fastened  by A490 Bolts’,

Proc. ASCE, J.Struct. Div., October 1968, ST10, pp2303-2323.

14. F isher, J.W. and  K ulak , A.M., ’Tests of Bolted Butt Splices’, Proc. ASCE,

J.Struct. Div., Novem ber 1968, ST11, pp2609-2619.

15. Lee, J.H., O ’Connor, C. and  Fisher, J.W., ’E f fe c t  of Surface  Coatings and

Exposure  on Slip’, Proc. ASCE, J.Struct. Div., Novem ber 1969, S T 11,

pp2371-2381.

16. Moss, D.S., ’E f fe c t  of Two Yars W eathering on High S treng th  F r ic t io n

G rip  Bolted Jo in ts ’, T ransport  and  R oad  R esearch  L a b o ra to ry

S upp lem en tary  Report, 191 UC, 1976.

17. A m erican  Society fo r  Testing Materials: P a r t  1, Steel P iping, T u b in g  and

Fitt ings , ASTM Designation A325, Spec if ica tion  fo r  H igh-S treng th  Steel 

Bolts, 1970.

18. BS3139: Spec if ica tion  fo r  High Strength  F r ic t ion  G rip  Bolts fo r  S tru c tu ra l  

Eng ineering . British  S tandards  Insti tu tion , London, 1959.

19. Hicks, J.G., ’Welded Jo in t  Design’, Crosby Lockwood Staples, London, 1979.

20. Clarke, A.H., ’The Strength  of F ille t  Welded C onnections’, Im peria l College, 

N ovem ber 1970.



184

21. H arrison , J.D. and C larke, P.J., ’Static Shear Tests on F ille t  Welded

C onnections’, The Welding In s t i tu te  paper 3364/1/72, October, 1972.

22. Butler, L.J. and  K u lak , G.L., ’S trength  of F ille t  Welds as a Func tion  of

D irec tion  of L oad’, Welding Research Supplement, Vol. 50, No. 5, May

1971, pp231-234.

23. L igtenberg , F.K., ’In te rn a t io n a l  Test Series’, F ina l  R ep o r t  In te rna t iona l  

In s t i tu te  of Welding D ocum ent XV-242-68, 1968.

24. Swedish Insti tu te  fo r  P roduc tion  Engineering  R esearch, ’V ertica lly  Welded 

F ille t  Welds’, In te rn a t io n a l  In sti tu te  of Welding Docum ent XV-272-69, 1969.

25. G aylord , E.H. and  G aylord , C.N., ’Design of Steel S tru c tu re s ’, M cG raw  Hill, 

New York, 1972.

26. S tra ting , J., ’The S trength  of F illet Welds m ade by A u tom atic  and

Sem i-autom atic  Welding Processes’. In te rn a t io n a l  In s t i tu te  o f  Welding 

D ocum ent XV-316-71, M arch 1971.



tu
O 03 

-P 
• ® 

O <13 
2  -P

Q)

<p
U
3CO

<13

i—I
ft

O'C
2 3
2 5

•H

a  c
M 0)J  >10 *H 

f t  O '

c  J  a> u  >ft -H 
O '

(4•Ho

•p
(—1s

Ip
£

a
3

Su

0

9
<

CO

0
sN

CM O  O  CD 00H  CM H  H  If)

CM

CMH

0NN

0\N

in

CM

c c c c■P -P -P -P

wH

c■p

O  O  CD H i—I

OH

O OO' O' CM CM
% s  a  a  a

in inCM

»pO0
u
Qt

CO
in

CM0*
*H

2to

CD

y~v >-v
VO ro £

w u
N N in 0 nJ

V 0
y"S «» % *

y - \ H r* 0 HH ininO v -y CO 0 0H H
©
H

0 *"N. c0 CM Q0 0 oQ to 0 0 -D
VC CQ H IIro r* . 5 i* C" "O< < < X b C ©

c■p

«•H

lp

Ua

u>

in inCM CM
3 3

O'cnH
cn
toto

CM*

03

3M
O '

C
-P

HH

0
\

inCM

y s . y*v y-H y - s y—\ y^s.

0 0 m CTv LD c rH vbi-H .H H rH i—1 rH
s y N»y s y v y

H CM m < * in VO rv GO <7>

TO<Q
O

OOw.Q.
O

co*oo£
®
E
03C
c0
x:
03
3—

O
CD
0u.
0
X

c
o
o
00
Q
O
>»k»<0
E
E
3
CO

X5<0I-



Summary of Slip Coefficients®

Type Steel Treatm ent Average
S tandard
Deviation

Number 
of Tests

A7, A36, A440 Clean mill scale 0.322 .062 180
A7, A36, A440] Clean mill scale 0.336 .070 312

Fe37, Fe52 J Red lead paint 0.065 — 6
A7, A36, Fc37 Grit blasted 0.493 .074 168
A7, A36, Fc37 Grit blasted, exposed 

(short period)
0.527 .056 51

A5I4 Grit blasted 0.331 .043 19
A7, A36 Semi polished 0.279 .043 12
A7, A36, Fe37 Hot dip galvanized 0.184 .041 27

Vinyl treated 0.275 .023 15
Cold zinc painted 0.30 — 3
Metallized 0.48 — 2
Rust preventing paint 0.60 — 3
Galvanized and sand 

blasted
0.34 1

Sand blasted and treated 
with linseed oil 
(exposed)

0 .26 3

Sand blasted 0.47 --- 3

• D eterm ined from  tension type specimens.

Table -4.2 — Reproduced from Reference 7 Table 5.1
p : 78



Comparison of slip factors, measured during present  
tes ts  with other British measurements

1 2 3 4 5 6 7 8

Bolt load 160 kN (16.1 tonf) Bolt load 295 kN

Slip Factors
(29.5 tonf)

Preparation of Faying 
Surfaces

RRL
Nominal

bolt
load

RRL
Actual

bolt
Ioad

(Corrected)

BIE
Actual
bolt
Ioad

MET
Actual

bolt
load

BR
Actual

bolt
load

RRL
| Nominal 

bolt 
load 

(Extra
polated

BR
Actual

bolt
load

.Grit blasted, 
etch primer 0.33 0.34 0.32 0.32

Shot Bla'sted, 0.30 0.31 0.30 0.29

Grit .Blasted, 
.zinc s il ic a te  primer 0.43 0.50 0.56 0.27

dShoi TV -^ted, 
z la c sd lic a ie  primer | 0.51 0.59 0.63 0.38 0.36 0.32

Grit Blasted, 
-ziacvmBtal spray 0.59 0.71 0.78 0.75 0.52

Grit B lasted, zinc 
metal .spray (Wire) 0.62 0.75 0.43 0.37

Grit B lasted, aluminium 
spray {Powder) j 0.71 0.72 0.76 0.56

Grit Blasted, aluminium! 
spray (Wire) j

0.77

. Column 2. Present  resul ts.  Slip factor = Slip Load * Nominal Bolt Load
5: 3. Present  resul ts .  Slip factor = Slip Load t  Load in bol ts  immediately

prior to tes t ing.

Slip factor corrected to value at 16.1 tons bolt ioad, assuming that s lip factor 
decreases  by 2 per cent per ton of bolt load.

Column 4. B.I.E. tes ts;  bolts retightened to nominal value before tes t .
Column 5. Results from Metaiisation Ltd. tes t ing immediately after bol ting up, 

actual boh load.
Columns 6 & 8 British Rail resul ts.  Test ing  immediately after bolting.

TABLE 4.3 Reproduced from Reference 6

T a b le  5



tr.enen

*.t)

Loid at 
f i r s t  (lip , 

In kips

m

Maximum load 
bofore 0.02 in. 
movement, in 

kips

(3)

Initial clamping 
force, in kips

(4) (5)

*a

<C)

Remarks

(7)

><1-1 230 303 463 0.31 0.33 Blast cleaned; treated
» SI-2 2*0 210 360 0.28 0.29 with vinyl wash
»tU -3 270 230 489 0.28 0.29 HIL-C15328A.

n< n{t - - - 0.29 OJO

t i t - I 294 23d 379 0.30* ”  < Blast cleaned; exposed
» K2-2 510 310 360 0.43* 12, 2 and 6 months.

310 510 360 0.47* — %
Mcrajo — - 0.43 -

2.H2-1 210 210 408 0.26 Blast cleaned; trea ted
» K3-2 TL2 212 394 0.27 with linseed oil and
»,K3-3 220 220 421 0.26 — exposed 2 months.

*«engc - - - 0.26

»4U -l 203 205 459 0.22 Blast cleaned; treated
i h l - 2 215 215 387 0.2S _ with vinyl wash
I.U2-3 275 275 443 0.31 — MIL-C1532SA and

•u r tje _ _ _ 0.27 _
exposed 2 months

lrtJS-1 2£0 260 514 0.25 _ Blast cleaned; treated
'  t i l -2 250 260 480 0.27 — with vinyl wash
»j.'tJ-3 200 240 487 0.25 — MIL-I’l  522S3 and

utraje _ _ _ 0.26 _

exposed 2 months.

* d l- l 315 345 360 0.46 _ Blast cleaned; longi
di!l-2 SCO 360 360 0.50 — tudinal slotted holes.
*:il-3 559 359 360 0.50 —
“ «rtje - - - 0.49 -

*S3U2—1 exposed 12 months; SOH2—2 exposed 2 months; SOII2—3 exposed 6 months.

TABLE 4.4 Test results reproduced from Reference 15



Variation in slip factor with exposure time

Exposure Time

Grit Blasted Grit Blasted 
+

Zinc Spray

i
Grit Blasted i 

+
Aluminium Spray

Slip
Factor

Spec. Slip
Factor

Spec.
No.

Slip
Factor

Spec.
No.

0.683 8 0.711 33 0.596 73
24 hours 0.693 9 0.678 44 0.555 75
after 0.670 15 0.728 45 0.590 81
assembly 0.675 21 0.648 57 0.691 87
(unexposed) 0.665 32 0.645 68 0.515 93

Mean 0.677 Mean 0.682 Mean 0.589 l
0.652 1 0.738 38 0.673 74
0.707 14 0.783 50 0.575 76

6 months 0.633 16 0.745 58 0.687 86
0.648 22 0.766 67 0.679 91
0.700 27 0.810 59 0.645 95

Mean 0.668 Mean 0.768 Mean 0.652

0.700 2 0.825 37 0.695 72
0.745 13 0.763 49 0.640 83

1 year 0.672 17 0.721 66 0.674 84
0.683 23 0.810 59 0.678 97
0.733 31 0.842 40 0.669 90

Mean 0.707 Mean 0.792 Mean 0.67 1

0.766 5 0.800 34 0.707 69
0.783 12 0.825 39 0.630 71

2 years 0.731 18 0.804 43 0.605 78
0.721 24 0.815 46 0.594 79
0.790 30 0.806 60 0.634 s:

Mean 0.758 Mean 0.810 Mean 0.634

TABLE 4 . 5  Reproduced from Reference 16
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Code B o l t  Ty p e p. = 0 . 5 p = 0 . 3 5

AISC
1(A3 2 5*) 2 . 5 4 1 . 80

2 ( A4 90)
t

2 . 70 1 . 89

BS 5 4 0 0 : P t . 3
1 1 . 82 1 . 82

2 1 . 82 1 . 82

P r e s e n t

1 1 . 71 1 . 71

2 1. 71 1 . 71

* b o l t  d i a m e t e r s  up t o  1 i n c h

Table 4.19 Comparison of global factors of safety against slip under 

operating conditions



Code S t r e s s  E x p r e s s i o n End S i d e

■"  ............ ri1

AISC*

IIW 4 . 33
!
; 3 . 06

S imp 1e 3 . 06 ; 3 . 0 61t

j

BS 5 4 0 0 : P t . 3 !
1
i
i

IIW 1 . 83 3 . 4 9

S imp 1e 2 . 24 3 . 4 9

1
P r e s e n t  \ 
k 1= 1 . 4  and

7m=2 . 0  !
1

IIW 3 . 1 9 6 . 07

S imp 1e 3 . 9 1 6 . 0 7

P r e s e n t  j 
k . = 1 . 0  and !1 t 

7m= 1 . 2 6  |

IIW 3 . 1 2 4 . 2 5

S imp 1e 3 . 82 , 4 . 2 5

* a l l o w i n g  33% on e n v i r o n m e n t a l  l o a d s

Table 4.20 Global factors on electrode yield strength for fillet welds in 
mild steel under operating conditions of loading.



FIGURE 4,

A 490 bolts 
tu m -o f-n u t-m e th o d

A325, A490 bolts 
calibrated  wrench 

m ethod

A 325  bolts 
tu rn -o  f-oo  t-m e th od

ui

1.9

R eal in it ia l  t e n s io n

Min. required initial tension

Distribution curves Tt/T,tv>̂  for different installation procedures.

Bolt tension distributions. Reproduced from Reference 

Figure 5.8 p.82
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APPENDIX A

SAMPLE CALCULATIONS

Calculations for the design capacity of HSFG bolted joint acting in 

friction and of welded joints are presented in the following pages. In each 

case the capacity is found from multiplying the characteristic resistance by the 

assumed bias on dead load, 1.075 and dividing by the trial values of material 

and load partial factors.

The notation used is consistent with Appendix B.



1. BOLTED JOINT GROUP 1 K131 (Ref .  8 )

IS = l

NS = 2

KB = 1 3

IB = 2

BD = 22.225 mm (7/ a inch)

ETA = 0.349 to u t IB=2 .* 0.9 ETA = 0.314

PRO = 246.7 KN to u t IB=2 0.85 PRO = 209.73 kN

LENGTH = 802.64 > 15BD

.'. K5 = 1 - (LENGTH - 15 BD)/200 BD

= 1 - (802.64 - 15 X 22.225)/200 X 22.225

= 0.894

PDGN = NB NSX.85 PROx.9 ETAXK5XKHX1.075/YmYfj,

= 13X2X209.73X0.314x0.894x1. 0x1.075/1. 3X1.3

PDGN = 974.5 XN



2. END FILLET GROUP 10 1 (REF.  7 4 )

A1

SY

PDGN

PDGN

PDGN_________=__

3. SIDE FILLET 

A2

SY =

PDGN =

PDGN =

PDGN

4. COMBINED END

A1 =

A2 =

SY =

PDGN =

PDGN =

PDGN

486.85 mil*

298.224 N/mm2

115.46 KN

1.075 X A1 X 1.4(SY + 455)

VmVfL 2/2

1.075 X 436.85 X 1.4 X (298.224) 4 455) 

1.3 X  1.3 X  1000 X 2 X /2

115.46 KN

I GROUP 11 IB3 NL (REF. 23 )

1545.0 iwn2 

369.837 N/nin2

210.6 KN

1.075 X 0.9 X A2 ( SY4-455)

2/3 YroYfL

1.075 X  0.9 X 1545(369.84 4 455)

2/3 X 1.3 X 1.3 X 1000

210.6 KN

AND SIDE FILLETS * GROUP 11 IIIB NL (REF. 23 )

1181.0 mm2

1178.0 mm2 

369.84 N/mm2

467.28 KN

1.075 X 1.4 X A1(SY 4 455) 1.075 X 0.9 X A2(SY+455)

2/2 X Ym X YfL 2/3 Ym YfL

1.075 (369.84 4 455) /  1.4 X 1181.0 0.9 X 1178

2 XI.3 XI .3 X 1000 \  /2 /3

467.28 KN



APPENDIX B

DATA

The data used for the evaluation of material factors for HSFG bolted 

joints acting in friction  and fillet welds are presented in the following pages. 

The notation and; source references are indicated below:

GR Group Number

IS faying surface type as follows:

1 Clean mill scale

2 Blast cleaned

3 Grit "Blasted, etch primer

4 Shot Blasted, etch primer

5 Grit blasted, zinc silicate paint

6 ::Shot Blasted, zinc spray (powder process)

8 Grit blasted, zinc spray (wire process)

9 Grit Blasted, aluminium spray (powder process)

10 ^ Vmyjfe wash or linseed oil

IB Bolt Type

NS NumBer of shear planes

NB NumBer of Bolts

ETA Coefficient of friction for faying surface type

(x 0.9 if IB = 2)

PRO Proof Load (x 0.85 if IB = 2)

PCL Bolt clamping force or preload

BS Bolt diameter

LENGTH Length of joint between centres of end bolts. In the case of 

Reference 12 the maximum length is given.



K5

PDGN

PSLIP

BETA

IFIL

A1

A2

A5

SY

PRUP

XM

GROl

1

2

3

4

5

6

7

8

9

10

11

Reduction factor  for  long joints

Design friction capacity for Ym = YfL = 1.3 and Load bias =

1.075

Experimental slip load

Reliability index for dead load case with Ym = -yfL = 1-3

1 end fillets

2 side fillets

3 combined end and side fillets

Throat area of end fillet

Throat area of side fillet

Throat area of combined fillets 

Yield stress of parent metal 

Rupture load of joint

Modelling factor = PRUPT x 1.075/PDGN x 1.3 x 1.3 

REFERENCE

8

13 

9

14

15 

10 

11

6

12

24

23
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APPENDIX C

BS4395 and  ASTM specifications fo r  HSFG bolts.



S p e c i f i c a t i o n  f o e  H i g h - S t r e n g t h  Steel B olts (A  3 2 5 )  

T A B L E  I I I . — TENSILE REQUIREMENTS FOR FULL-SIZE BOLTS.

Bolt Six*. Threidi per Inch iQd 
Strict DeilguaOon

Column 1

M  * 13 U N  C . 
H  - 11 U N C . 
f i - 10 U N C .
H - e unc. .
I  - 8 U N C . . .  
1 ^ - 7  U N C . 
H i - 8  U N .  . 
l H  -  7  U N C . 
H i  - 8  U N .  .

1 ^ - 6  U N C . 
1 ^ - 8  U N . .  
H i  - 6 U N C . 
1 M - 8 U N . .

Stress Area,* sq in. Tensile Strength1 
cun, lb

Priiof Load,* 
Lengtn Measure
ment Method, ib

Alternate Proof 
Load. Yield S tren r ti  

Method, mm, lb*

Column 2 Column J Column 4 Column 5

0.142 17 050 12 050 13 050
0.226 27 100 19 200 20 800
0.334 40 100 28 400 30 700
0.462 65 460 39 250 42 500

0.606 72 700 51 600 55 75 0
0.763 80 100 56-450 61 600
0.790 82 950 5S 450 64 000
0.969 101 700 71 700 78 500
1 .0 0 0 105 000 74 000 81 000

1 . 156 121 300 85 450 93 550
1.233 129 500 91 250 99 870
1.405 147 500 104 000 113 800
1.492 156 700 110 400 120 850

* T h e  stress  a re a  is ca lcu lated  a s  follows:

A t -  0.7864 (  D  -

w h e n :

A ,  “  s tress area ,
D  «  Dom iaal bo lt size, and 
n  “  th read s  p e r  inch.

4 L oads ta b u la te d  a re  based  on  th e  follow ing:

Bolt Size Column 3 Column 4 Column 5

\ i ,  to  1 in c l.............................................. 120 000 psi 
105 000 psi

85 000 psi 
74 000 psi

92 000 psi 
81 000 pail J ’j  to  H i ,  in c l........................................

®  A 490
TABLE 5 Tensile Requirements for Full-Size Bolts

Bolt Size, Threads 
per In ch ,an d  Se Stress A r e a /  in.’ 

(cm1)

Tensile Load * Ibf(kN) Proof Load,* 
lbf(kN )

A lternative Proof 
Load.* min, 

Ibf(kN)

ries Designation
min max Length M easure

ment M ethod
Yield Strength 

M ethod

Colum n 1 Column 2 Column 3 Column 4 Colum n 5 Column 6

'/z-13 UNC 
‘ * /t- l l  UN C 

>/*-10 UNC 
V*-9 UNC

0.142 (0.92) 
0 .2 2 6 (1 .4 6 ) 
0 .3 3 4 (2 .1 5 ) 
0 .462 (2.98)

21 3 0 0 (9 5 ) 
33 900 (1 5 1 ) 
50 100(223) 
69 3 0 0 (3 0 8 )

24 150 (1 0 7 ) 
38 4 0 0 (1 7 1 ) 
56 8 0 0 (2 5 3 ) 
78 5 5 0 (3 4 9 )

17 0 5 0 (7 6 ) 
27 100 (121) 
40 100 (178) 
55 4 5 0 (2 4 7 )

18 5 0 0 (8 2 ) 
29 4 0 0 (1 3 1 ) 
43 4 0 0 (1 9 3 ) 
60 100 (2 6 7 )

1-8 UNC 
. lVe-7 UN C 

1V.-8 UN 
l'/a -7  UNC 
lVa-8 UN

0.606 (3.91) 
0 .763 (4.92) 
0 .790  (5.10) 
0 .9 6 9 (6 .2 5 ) 
1.000 (6.45)

90 900 (4 0 4 ) 
114 4 5 0 (5 0 9 ) 
118 5 0 0 (5 2 7 ) 
145 3 5 0 (6 4 7 ) 
150 0 0 0 (6 6 7 )

103 000 (45 8) 
129 7 0 0 (5 7 7 ) 
134 3 0 0 (5 9 7 ) 
164 7 5 0 (7 3 3 ) 
170 0 0 0 (7 5 6 )

72 7 0 0 (3 2 3 ) 
91 5 5 0 (4 0 7 ) 
94 8 0 0 (4 2 2 ) 

116 3 0 0 (5 1 7 ) 
120 0 0 0 (5 3 4 )

78 8 0 0 (3 5 1 ) 
99 2 0 0 (4 4 1 ) 

102 7 0 0 (4 5 7 ) 
126 0 0 0 (5 6 0 ) 
130 000 (578)

lV»-6 UNC 
1V.-8 UN 
1 Va-6 U N C 
1 */z-8 UN

1.155 (7.45) 
1 .233 (7 .95 ) 
1.405 (9.06) 
1.492 (9.63)

173 2 5 0 (7 7 1 ) 
185 000 (823 ) 
210 750 (9 3 7 ) 
223 800 (9 9 6 )

196 3 5 0 (8 7 3 ) 
209 6 0 0 (9 3 2 ) 
238 8 5 0 (1 0 6 2 ) 
253 6 5 0 (1 1 2 8 )

138 6 0 0 (6 1 7 ) 
148 0 0 0 (6 5 8 ) 
168 6 0 0 (7 5 0 ) 
175 0 5 0 (7 7 9 )

150 2 0 0 (6 6 8 ) 
160 3 0 0 (7 1 3 ) 
182 6 0 0 (8 1 2 ) 
194 0 0 0 (8 6 3 )

* The stress area is calculated as follows:

A , -  0.7854 [D -  (0.9743/n ) f

where:
A t m stress a rea , in.*.
D  «  nominal bolt size, and 
n *  threads per inch.

* Loads tabulated and loads to be used for tests of full size bolts larger than l ' / i  in. in d iam eter arc based on the 
following: _______________________

Bolt Size Column 3 Column 4 Column 5 Colum n 6

'/a to  l ' / j  
in ., incl

150 000 psi (1035 MPa) 170 000 psi (1170 M Pa) 120 000 psi (825 M Pa) 130 000 psi (895 M Pa)
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TATTI.F 4. M E C H A N IC A L  PP.OPF R T IF S  Of- i lO l.T S

I 2 3 4 5
....

6 7 A V 10 t t 12 Ii 13 j
I

14 is ib

N om inal 
lizc  and 
thread  

d iam eter

P itch
of

th read
(coarse

pitch
series)

Tensile 
atrcss 
area 
(see 

N ote 1)

U ltim a te  load 
face N ote J )  

■min.

Yield load or 
load nl 

perm anen t set 
lim it mi., 
(see N ote 3i 

min.

P roof load 
(see N ote 41 

min.

rio n g - i 
ation i 
afte r ; 
fra c 
tu re

ill)

B rined I 
M il 1

rdnesa (see Note 5)

Rockw ell j V lrkcrs 
HM C 1 U \  30

_______________ i .

d

mm

P

mm m m ’

*tunne-
Torce
<1000
^ q ff )

3rl!o-

’to m

fonnc-
fo rce
<1000
kgf)

kilo-
new
tons

tonne-
forcc
(1000
klff)

ki lo
n e"  - 
tons

per
cent
min.

M ax . M in. M ax . M in . M ax . M in.

M 12* 1*75 84-3 m m 5-45 53-5 5-04 49-4 12

!

! 321 255 34 2.5 3,30 260
M 16 2-0 157 3325 330 10-16 99*7 9-39 92-1 12 ' 321 255 34 25 330 260
M 20 2-5 245 Z Q T ll 203 15-85 1.55 14-64 144 12 | 321 255 34 25 3.30 260

M 22 2-5 303 25*37 250 19-60 192 18-1 177 12
i
1 321 255 34 25 330 2 CO

M 24 3-0 353 vs 2 979 .232 22*94 225 21*10 207 12. j 321 255 34 25 330 260
M 27 3*0 459 □ 339 □33 26-04 259 23-88 234 12 J 295 223 30 19 292 225

M 30 3*5 561 31*82 313 29*19 286 12 1 295 223 30 19 292 225
M 36 4*0 817 •jSO'32 :591 46*35 445 42*51 418 12 1 295

1

223 30 19 292 225

•Non-prefcrred. Only to be used fo r th e  lighter type of construction where practical conditions, such as material thickness, do not warrant the 
usage of a larger size bolt than M 3 2 .
NOTE 1. The tensile stress arcsr& caleDlats£from  the following formula:

At -« -jj- (mean oTrellccttwtttrKF^ninor diameters)* (effective diameter +  minor diameter)*

NOTE 2. Based on 84*38 kgf/mni*.<075^^nnt^ for sizes M 12 to M 24 inclusive and 73-83 kgf/mm* (725 N/mm*) for sizes M 27 to M 36 inclusive.
NOTE 3. Based on 64-7 kgf/nttrP({fi33,N/inW, )ift>r M 12 to M 24 inclusive and 56-73 kgf/mm* (558 N/mm*j for sizes M 27 to M 36 inclusive. 
Equivalent to stress at perm aram to elitm itd ^^ .i,,.
NOTE 4. Based on 59-77 kgritmP0K9:Wt*anW for sizes M 12 to M 24 Inclusive and 52-04 kgr/mm* (512 N/mm’) for sizes M 27 to M 36 Inclusive.
NOTE 5. Hardness values a re ̂ iven Tor guidance only.
NOTE 6. See Appendix B form elhadxffxarrying out: (1) ultimate load test:

(2) yield load (or load at permanent set limit mm), proof load and elongation tests;
(3) hardness tests.
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M E C H A N IC A L  PROPERTIES O F  BOLTS

1
1

1 3
<4 5 6 7 8

’
10 11 12 13 14 15 16

Nominal
size
and

thread
diameter

d

mm

Pitch of
l

Tensile
stress
area
(see ' 

Note J )  
A,

mtnJ .

U lthnatedoad Ixrad at 
permanent set 
limit Ru-2 min. 

(see Note 3) min.

Proof load Elon>
gatioo
after

fracture

Hardness (see Note 5)
thread
ISO

metric

ifsee Note-2) 
n il) .

(see Note 4) 
min. Brine!)

HB
Rockwell

HRC
Vickers 
HV 30

coarse
■cries

P
nun

-tonne 
force • 

<1000
<kiio-

xnewtons

tonne
force

(1000
kgf;

kilo-
newtons

tonne
force
(1000
kgf)

kilo-
newtons

%
min. max. min. max. min. max. min.

M 16 2*0 157 25*7 154*1 14*13 138-7 12*45 122*2 9 365 280 38 27 380 280
M 20 2*5 245 24 5 240-0 22-05 216 19-41 190-4 9 365 280 38 27 380 280
M 22 2-5 303 □ 0 * 3 2 9 6 5 27*2 266 2 4 -C 235-5 9 365 280 38 27 380. 280

M 24 3*0 353 S ^ 3 >346 31*8 312 28*0 274*6 9 365 280 38 27 380 280
M 27 3*0 459 J •545*9 >450 41*4 406 36*3 356 9 365 280 38 27 380 280
M 30 3*5 561 m a •i550 50*5 495 44-4 435 9 365 280 38 27 380 280

M 33 3*5 694 .59*4 EB0 62*4

i

612 55-0 540 9 365 280 38 27 380 280

NOTE I, The tensile stress arreais calculated from the following formula:
A, =  a/4 (m eanof pitefi (effective) and minor diameters)* =  «/J6 (pitch (effective) diameter + minor diameter)* 

NOTE 2. Based on 100 kgf/nmt* (981 N/mm*) for all sizes.
NOTE 3. Based on 90 kgf/rrrrri* <882 N/mm*) for all sizes.
NOTE 4. Based on 79-2 kgf/mm*;<776 N/mm’) for alt sizes.
NOTE 5. Hardness values are-given for guidance only.
NOTE 6. See Appendix B foranethod of-carrying out:

(1 )u ltim a te  load test,
(2) load at permanent set limit (R0.j m)„.) proof load and elongation tests,
(3) tiard ness tests.



SECTION 5

F R A C T U R E  M ECHANICS CONCEPTS AND B A C K G R O U N D  TO T H E CTOD 

DESIGN C U R V E

5.1 In tro d u c tio n

The m ajor p a r t  of this Section follows the developm ent of f ra c tu re  

mechanics f rom  G r i f f i th  in the 1920’s to the PD6493 Design Curve, published 

in 1980. The developm ents since 1980 will also be in troduced . The ab il i ty  of 

the f ra c tu re  models to p red ic t  applied  crack opening d isp lacem ent (COD) will 

be rev iew ed and  the uncerta in t ie s  associated w ith  the models and  assessment 

variables will be described. In the light of this discussion the su i ta b i l i ty  of a 

model fo r  use in a f a i lu re  func t ion  fo r  re l iab i l i ty  analysis of de fec t  assessment 

will be considered.

Most of the  ea rl ie r  developm ent was concerned  w ith  l inea r  elastic  f ra c tu re

m echanics (LEFM). This approach  is suitable fo r  sub-crit ica l  c rack  g row th  due

to fa t igue  loading  and  fo r  the  fa i lu re  o f  purely  b r i t t le  m ateria ls :  its

app lica tion  to lower s treng th  ductile  m ateria ls  w here  extensive  p las tic i ty  

preceeds and  accom panies f ra c tu re  is however less appropria te .  The more recent 

developm ent has been concerned w ith  e lastic-plastic  f ra c tu re  m echanics  (EPFM) 

where f a i lu re  in i t ia t io n  and  subsequent c rack  advance  occurs under  

elastic-plastic  conditions. EPFM  has developed to a stage w here  there  are 

recom m ended procedures such as crack-tip  opening d isp lacem ent (CTOD) fo r

fa i lu re  assessments of defec ts  in fusion welded joints.
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5.2 E lastic  S tra in  Energy Release R ate

T he  earlies t  engineering approach  to describe the f ra c tu re  phenom enum  

was by G r i f f i th O )  in 1920. He proposed th a t  i f  the rate  of change of elastic

s tra in  energy  was grea ter  than  or equal to the ra te  of change in the  energy

requ ired  to c rea te  new crack surfaces  then  unstab le  f ra c tu re  would  occur by

increasing  the crack  length. The requ irem en t  was expressed as

d U e  d W

  > —  ( 5 . 1 )
d a  d a

w here U e is the elastic s tra in  energy of the system

a 2x a 2
_ _ i-  2 -----------

E 1

a is h a lf  the c rack  length 

a  is the nom inal applied  stress 

E 1 = E fo r  p lane stress 

E 1 = E/(l-i> 2) fo r  p lane s tra in  

E is Y oung’s m odulus 

v is Poisson’s ratio

W is the  w ork requ ired  to create  new surfaces 

= 2aT e

T e is the  specific  su rface  tension

T he  s tra in  energy release ra te  d U e/d a  was regarded  as c h a ra c te r is in g  the 

po ten tia l  fo r  f ra c tu re  and  was symbolised by G:

d U e <t 27t a
G  =  --------- =  -----------

d a  E 1
( 5 . 2 )



234

The level a t  w hich f ra c tu re  takes place was des igna ted  G c, the c r i t ica l  s tra in  

energy release rate , and  ' was fo u n d  to be a constan t m ateria l  p roper ty  fo r  any 

p a r t icu la r  s tra in  ra te  and  tem pera tu re .

The c r i t ica l  stress level, the stress below w hich  b r it t le  f r a c tu re  in a 

m ate ria l  con ta in ing  a c r i t ica l  c rack  of  length  2 a c, would not in it ia te ,  would  

th e re fo re  have  been

o c = { 2 ' E ' T & / ' k * c ) 12 ( 5 . 3 )

F u r th e rm o re  fo r  any  given stress level the l im iting  crack  size could have  been 

calcu lated .

T he  G r i f f i t h  model, va lida ted  by his experim ents  using glass, has become 

the basis fo r  m odern  f ra c tu re  mechanics. The l im ita tions  of his model were:

1) the  m ate r ia l  is en tire ly  brittle .

2) the  m ate ria l  considered was a large p late  of un i t  th ickness co n ta in in g  a 

very  small th rough  crack in the fo rm  of a f la t  ellipse so th a t  no 

b o u n d a ry  or size e ffec ts  are imposed o ther  than  the crack size.

3) the  cond it ion  analysed is the onset of in s tab il i ty  d isregard ing  events  p r io r  

to and  a f te r  it.

4) m a te r ia l  p roperties  3E and  T e are  assumed constant.

Most m etals exh ib it  plastic  d e fo rm ation  before  and  d u r ing  f ra c tu re .  In 

1947 I r w i n ( ^ )  m odif ied  the  G r i f f i th  approach  to a t tem p t to account fo r  su rface  

p lastic  energy  absorp tion  Tp

a 2x a
G = --------  = 2 ( T e + T p )

E
( 5 . 4 )
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In .1952 Irw in  and  Kies(^) pos tu la ted  th a t  f ra c tu re  would  occur i f  the elastic 

s tra in  energy equalled  the w ork  done by a rem otely  app lied  load P to cause 

am in c re m e n ta l  d isp lacem ent 6 a t  the crack tip

Ue = P 5 / 2  = P 2C / 2  ( 5 . 5 )

w here  C is the l inea r  e lastic  compliance of the specimen. T he  s tra in  energy 

release ra te  is fo u n d  by d i f f e re n t ia t in g  the elastic s tra in  energy

dU e P 2 dC
  = G = ----------- ( 5 . 6 )
d a  2 d a

I t  *was an tic ipa ted  th a t  by m easuring the l inea r  elastic  com pliance o f  s im ilar 

specim ens w hich con ta ined  d i f f e re n t  crack lengths it  would  be possible to 

e v a lu a te  d C /d a  as a fu n c t io n  of crack length. By su bs ti tu t ing  the app rop r ia te  

va lue  of load and  d C /d a  a t  in i t ia t io n  the m ateria l  p a ram ete r  G c could  then  be 

ideterm ined.

5 3  The Stress In tens ity  F ac to r  (SIF)

In 1939 W estergaard(4) developed the m athem atica l  fu n c t io n s  fo r  the stress 

J je ld  in the v ic in ity  o f  an  e llip tica l in te rna l  void. Sneddon(^) used these to 

c a lc u la te  the ra te  of elastic  s tra in  energy and  presen ted  a series o f  solutions 

T ot the  l inear  elastic  stress a t  the tip  of a sharp  crack. In 1957 Irw in  (6) 

expressed  the stress d is t r ib u t io n  near  to the crack  tip  in a fo rm  inversely  

p ro p o rt io n a l  to the  square  root of the rad ia l  distance, r, f ro m  the crack  tip 

(Fig. 4.1).

K
a i j = ------  F j j ( 6 )

/ r k
( 5 . 7 )
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where a y  is the direct stress magnitude in the x, y and z coordinate

direc tion  at any  point, 

k is a constant.

F j j (  d) is a fu n c t io n  of the  angle of inc l ina t ion  0 to the  crack

plane and  is dependen t  on the overall geometry.

K  here  is a fu n c t io n  of the  applied  stress, c rack  length  and  geometry. K

be considered as a m easure  o f  the am plitude  of  the stress f ie ld  s ingu la ri ty

a n d  is called the stress in tens ity  fac to r  (SIF).

The stress in tensity  fac to r  a t  the tip  o f  a c rack  in a loaded body is

u n iq u e  fo r  the p a r t icu la r  mode o f  loading. The three p r inc ipa l  types of  loading 

a r e  shown in F igure  5.2. They  are

-MODE I Norm al d isp lacem ent of  the crack surfaces re la tive  to one ano ther

(opening mode).

M O D E II In p lane disp lacem ent of the crack surfaces  p e rp e n d icu la r  to the

crack  f ro n t  (shearing  mode).

M O D E III In p lane disp lacem ent of the crack surfaces  para lle l  to the  crack

f ro n t  (sliding mode).

The opening mode is the  most common and  the stress in tens ity  fac to r  in

- the  opening mode is given the appropria te  su f f ix  Kj. Fo r  this m ode the

stresses and  displacem ents ahead  of a crack are  as follows:

,ffx x ' Co s_0 (1 - S i  n0 S i n3  6 )'
Kl 2 2 2

° y y Co s.0 (1 +S i n_0 S i n3  6)
/ 2 t r 2 2 2

7 xy Co s 0 S i n 0 Co s 3 0
2 2 2 .
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K j r 6 6
u = 2 ( 1 + 0 — / —  C o s —( 2 - 2 * ’ - C o s 2—) ( 5 . 9 )

E 2x 2 2

Kj  r 6 6
v = 2 ( 1 + 0 — / —  S i n—( 2 - 2v - Co  s 2—) ( 5 . 1 0 )

E 2x 2 2

w = O f o r  p l a n e  s t r a i n  ( 5 . 1 1 )

The l im iting  value o f  K j  is a p roper ty  of  the m ateria l,  the  f ra c tu re  

toughness, K c. When conditions of p lain  s tra in  prevail  (i.e. small p lastic  zone) 

K c = K Ic.

For a cen tra l  c rack  of length 2a in f in i te  body under  a rem ote stress a

K j = <t/ x a ( 5 . 1 2 )

For a m ate ria l  w ith  f ra c tu re  toughness K j c the stress at the  onset o f  

in s tab il i ty  is

o  c = K j c / / i r a c ( 5 . 1 3 )

This  approach  is more reliable  than  the c r i t ica l  s tra in  energy release rate , G c, 

since it  is based on conditions at the crack  tip. They  are, however, re la ted  

since

G = ( i 2x a / E 1 = k 2 / E 1 ( 5 . 1 4 )

The general expression fo r  K is

K = F( g )  a A a ( 5 . 1 5 )
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where F(g) is a fu n c t io n  dependen t on specim en geometry, c rack shape and 

boundary  conditions. There  has been a considerable  am ount o f  research e f fo r t  

into -the d e te rm in a tio n  of stress in tensity  factors . T ada  et al(^) is one of the 

m any handbooks ava ilab le  which catalogue com prehensive values of stress 

in tensity  factors.

5^4 7 Small Scale Yielding

According  to E qua tion  5.8 at the crack  t ip  (r = 0) the stress would be

in fin ite .  N a tu ra l ly  in practise  y ield ing takes place and  a volume of p las t ic i ty  

su rrounds the tip. I f  the plastic zone is small the energy con ten t would

likewise be small and  the overall stress d is t r ib u t io n  would be u n a ffe c te d .  As 

the  aplastic zone increases so does the energy con ten t  and  the e f fe c t  on the 

GTeamll stress d is t r ib u t io n  becomes sign if ican t.  In such c ircum stances K j  and  G 

will  -no t fu lly  represen t the problem.

Irw in  in 1970 proposed an ad ap ta tio n  o f  the model to inco rpora te

p lastic ity . The allowance fo r  a small am oun t  o f  p las t ic i ty  was m ade by 

assum ing the c rack  length  was a+ry where ry  is the  rad iu s  of the  p las tic  zone. 

Ty w a s  es tim ated  by assuming the normal stress ahead  of the  crack  t ip  equal

to t h e  y ield  stress. Using his earlie r  solution fo r  the  stress d is tr ib u t io n  a ro u n d  

the ;crack tip  he obtained  the rad ius of the p las tic  zone:

1
r y = —  ( K / O y ) 2 ( 5 . 1 6 )

2x

foT p lane stress. The  stress intensity factor was now modified as

K = F ( g , r y ) ( t /x  ( a + r y ) ( 5 . 1 7 )



Such a correc tion  to the l inea r  elastic SIF is only va lid  i f  r y is small

com pared to the crack length  and  the specimen width. F ra c tu re  mechanics

condit ion , w here the region of p las t ic i ty  is small com pared w ith  c rack  length,

has become know n as small scale y ie ld ing  (SSY).

5.5 Toughness Testing

V a l id i ty  of LEFM  depends on the experim ental d e te rm in a tio n  o f  a un ique  

m ateria l  f ra c tu re  toughness value. Most m ateria ls  exh ib it  a th ickness  e ffec t  

where th icker  m ateria ls  have lower appa ren t  toughness than  th in  m ateria ls  (see

Fig. 5.3). The reason fo r  this is the g rea ter  am oun t of p lastic  c o n s tra in t  w ith in

th ick  sections. The th icker  the section the g rea ter  the region o f  p lane  s tra in  

leading to the m inim um  plane s tra in  f ra c tu re  toughness K j c (see Fig. 5.4). For 

th in n e r  sections the p lane stress region is dom inan t and  e v a lu a tio n  of K c

would lead to very conservative  results. V alid  f ra c tu re  toughness testing 

th e re fo re  requires a m inim um  proportion  of p lane stra in . T he  US and  U K  

s tanda rds  fo r  f ra c tu re  toughness testing both impose va l id i ty  checks on the

toughness test results so th a t  a m in im um  proportion  of plane s tra in  exists

K
a ,  ( W - a ) , B > 2 . 5

I c
( 5 . 1 8 )

where a, W, and  B are crack  length, specimen w id th  and  specim en th ickness 

respective ly  and  ( K j c/ u y ) 2 is a measure of the plastic  zone size.

5.6 Sum m ary of LEFM

Since the early  work of G r i f f i th  the use of.  stress in ten s ity  fac to rs  to 

charac te r ise  cracks has been the most s ign if ican t  development. The p recond it ion



of the approach , th a t  p las tic ity  must be res tr ic ted  to a small volum e around  

the c rack  tip, is very  l im iting  since in m any p rac tica l  s itua tions  the volume of 

p las t ic i ty  is m uch larger. F u r th e rm o re  fo r  tough m ateria ls  the  size of test 

specimen necessary to dete rm ine  va lid  K j c is very large. The subsequent 

developm ent of  e lastic-plastic  f ra c tu re  mechanics (EPFM) overcame m any  of the 

restric tions.

5.7 Elastic-Plastic  F ra c tu re  M echanics

B ritt le  f ra c tu re  accom panied by small scale p las tic ity  described  above is 

one ex trem e mode o f  fa ilure : the opposite extrem e being plastic  collapse on the 

uncracked  ligament. In between these two f ra c tu re  takes place w ith  large scale 

p las t ic i ty  w hich  is su f f ic ie n t  to inva l ida te  LEFM  concepts bu t  in su f f ic ie n t  to 

in it ia te  plastic  collapse. This is the regime of e lastic-plastic  f ra c tu re  m echanics.

The f ra c tu re  charac te r is ing  pa ram ete r  described here is the  c rack - tip  

opening d isp lacem ent COD or CTOD. O ther  param eters  not inc luded  are  the 

J - in teg ra l  w hich  relates the  s tra in  energy o f  a cracked body to a given 

increm en t in crack  length  and  the tw o-cri te ria  approach  used by the  C en tra l  

E lec tr ic ity  G enera ting  Board in the  UK.

5.8 Crack Opening D isplacem ent

Wells(8) in 1961 proposed th a t  the separa tion  of the crack  faces, w hich  is 

a m easure  of the  ex ten t of norm al de fo rm ation , could be considered  as a 

ch a rac te r isa tio n  pa ram ete r  o f  the s tra in  and  thus the stress f ie ld  a t  the  crack  

tip. C rack  extension will occur a t  some cri t ica l  value of this separa tion  called 

the c r i t ica l  CTOD.



241

Using the I rw in  : ^analysis (Equations 5.10) w ith  r = r y , the p lastic ity  

correc tion  fac to r,  a n d  6-ir

4 K  Ty
v   J —  ( 5 . 1 9 )

:2E y-y23r-

The totalv^fzack^tjpening 8 is twice the norm al d isp lacem ent so subs ti tu ting  

fo r  ry from  E qua tion  3.. 16 gives

•4K 2
5 -------  ( 5 . 2 0 )

*T Ed y

I f  K  is e x p re sse d - in  itKrms of  G using Equation  5.14

8 3= ( 5 . 2 1 )

Wells in 1 9 6 3 ^  p ro p o sed  th a t  the energy balance  requ ired  to p roduce  an

increm ent in c ra c k  leng th  is equal to the work done a t  the  crack  tip  p r io r  to

extension. S ince^j.vd5:';^he only stress acting across the  plastic  zone then

a n d

S U y  ( 5 . 2 2 )

8 ^ ' : D M y  ( 5 . 2 3 )

C o m p a r i s o n b f  t h e  two above expressions fo r  6 shows a fac to r  of  4/ir

d iffe rence .  W e l l s ^ ’eaxgued th a t  this fac to r  could be rep laced  by u n i ty  w ithou t

d is tu rb ing  the ^ener at the crack  tip. The above expression was

considered a lower b o u n d  value for CTOD:

5 > G / a y ( 5 . 2 4 )



Expressing this in terms of K gives rise to

5 > K 2 /E(7y ( 5 . 2 5 )

The approach  to EPFM  adopted  by D ugda leO ^)  was d if fe re n t .  He 

suggested  th a t  by equa ting  the  work done in closing the crack  w ith  the change 

i n  in te rn a l  energy due to shorten ing  the crack, the d isp lacem ent a t the crack 

t i p  could be estimated. B urdek in  and  StoneO*) used W estergaard stress functions  

t o  eva lua te  the COD

<5 = ( 8 (Jya /7 rE )  1 n s e c  ( T r a / 2 a y ) ( 5 . 2 6 )

w h e re  a  is the rem otely  app lied  tensile stress. For  a = Oy  in this expression 

t h e  COD becomes in f in i te .  This is because as yet s tra in  h a rd e n in g  was not 

acco u n ted  for.

Expand ing  E qua tion  5.26 yields

<5 =
8<r y a T < 7 2 i r  o A

i +  A 4-

. 2(Jy.
+  2

. 2cry.
T  • • • ( 5 . 2 7 )

T ak ing  the f i r s t  term  of this expression and  su b s ti tu t in g  the MODE I 

expression  fo r  K

ir<7 2 a K 2
5 = ( 5 . 2 8 )

E<7 y E(7 y

w h ic h  agrees w ith  the lower bound value of 5 in E q u a t io n  5.25.



5.9 Critical CTOD

EPFM  using crack opening disp lacem ent is based on the assum ption  tha t

fa i lu re  occurs w hen the CTOD reaches a c r i t ica l  value, 5c r j t. The  c rit ica l 

CTOD may be a m ateria l  constan t ind ep en d en t  of the degree of plastic 

de fo rm ation . Three  cri t ica l  CTOD values can be id en tif ied  depending  on the 

physical n a tu re  of the f ra c tu re  event:

i) CTOD at the onset of in stab il i ty  5C i f  stable crack ex tension  is

fo llow ed by unstable  fas t  f rac tu re .

ii) CTOD at m axim um  load, 5m, i f  fa i lu re  occurs by plastic  collapse 

of the  rem ain ing  ligament.

iii) CTOD at the in it ia t ion  of crack extension 5].

M any au tho rs  agree th a t  8C is a f fe c te d  by section th ickness an d  crack 

acu ity  o f  the  test piece while Sm is dependen t on specimen dimensions. U n d e r

su ff ic ie n t  p lane s tra in  conditions however 5j, the COD at the in i t ia t io n  of 

crack extension, is independen t of specimen dimensions. Thus is po ten t ia l ly  

the best m easure  of the m ateria l property . Even so w ork by H ancock  and

Cow lingO ^) h as shown tha t  fo r  high s treng th  steel 8 j is d ependen t  on the 

state o f  stress at the crack tip. An order of  m agn itude  d if fe re n c e  was reported  

betw een 5] fo r  high and low constra in t  geometries. Despite this obse rva tion  it 

is rega rded  as a well established toughness pa ram ete r  in the  e lastic  p lastic  

regime.



5.10 Experimental Determination of <5j

Due to p rac t ica l  d i f f ic u l ty  in de tec ting  the  exact in c id en t  of crack 

in i t ia t io n  5j is usually  de te rm ined  from  a crack  grow th resis tance curve. This 

is a plot o f  COD versus physical c rack  ex tension  Aa. On the same plot is 

d raw n  the ’b lun ting  l ine ’ w hich models the t ran s it io n  of a sharp  c rack - tip  to a 

sem ic ircu la r  or o ther  shaped c rack-tip  u n d e r  the tensile load. F rom  simple 

geometric  considera tions  the b lun ting  line has the  equa tion

5 = 2Aa ( 5 . 2 9 )

The R -cu rve  is represented  in F igure  5.5.

Physica l m easurem ent o f  crack extension is done visually  or by e lec tr ica l  

po ten tia l  d rop  methods. The COD is usually  m easured  by a clip gauge r ig id ly  

a ttached  across the  m outh  of the c rack  (geom etric  reckoning  is then  used to 

convert the  crack  m outh  opening to crack  tip  opening). O ther  m ethods inc lude  

rep lica tion  techn iques  using harden ing  silicon rubber ,  and  visual m easurem ents.

5.11 The CTOD Design Curve

T he  app lica tion  o f  the  COD concept has been shown to be re le v an t  fo r  

conditions o f  small scale yielding. As the ex ten t  of p las t ic i ty  increases so the 

re la tionsh ip  betw een COD and SIF (Equation  5.25) loses its va lid ity . T he  COD 

design curve  is a com pound curve fo r  w hich  the lower po rtion  ( fo r  low 

stresses) derives d irec tly  from  ana ly tica l  considera tions  and  the u p p e r  po r tion  

(for h igher  stresses and  more w idespread  p las tic i ty )  is a lower b o und  to
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experim enta l  results. The curve  is given by

a m =

2 X

2x —  - 0 . 2 5  
e

< 0 . 5

> 0 . 5

( 5 . 3 0 )

( 5 . 3 1 )

and  it is continuous at o / O y  = 0.5. a“ m is the to lerable  de fe c t  pa ram ete r  

w hich fo r  th rough  th ickness cracks in wide plates would  be the  crack  h a lf  

length. T he  BSI docum ent P D 6 4 9 3 (^ )  in w hich the design cu rve  was published  

in 1980 provides graphs fo r  converting  a~m into  tolerable  d im ensions fo r  o ther 

de fec t  geometries. The conversion is based on equa ting  the stress in tens ity  

fac to r  o f  any  p a r t icu la r  geom etry  to th a t  of a th rough  crack  in a w ide  plate.

The expression fo r  a~m in the lower portion  of the curve  is exactly  one 

h a lf  of the q u a n ti ty  ob ta ined  f rom  expanding  and  rea r ra n g in g  E q u a t io n  5.26. 

Resta ted  this is

5 = ( 8 d y a / x E )  1 n s e c  ( x( r / 2( 7y) ( 5 . 3 2 )

E xpanding , rep lacing  Oy/E w ith  ey and  sim plify ing

5 =

R earran g in g

5 / e
a =

( 5 . 3 3 )

( 5 . 3 4 )



Thus the lower portion of the curve incorporates a safety factor of 2.0.

The m ethod of ob ta in ing  tolerable  defec t  sizes based on COD presented in 

PD6493 is s tra ig h tfo rw ard  to use. Because the overall s tra in  of the body is 

used as inpu t  secondary e ffec ts  such as res idual and  therm al stresses can be 

taken  in to  account.

The m ajor omission in the m ethod is th a t  no considera tion  is given to the 

am oun t of plastic  constra in t. The bend specimens used to de te rm ine  crit ica l 

CTOD have a h ighly  constra ined  geometry and  the re fo re  would  lead to 

over-conservative estimates of to lerable  f law  sizes in real c racks in less 

constra ined  geometries.

5.12 Sum m ary of EPFM

The successful app lica tion  o f  f ra c tu re  mechanics concepts to assessing 

defects  in s truc tu res  depends largely on the charac te r isa tion  of  the  f ra c tu re  

toughness of materials. M any of the ’tougher’ m ateria ls  used in various 

s truc tu res  are  m edium  to low streng th  steels w hich develop large plastic  zones 

a t the tip  of a crack unde r  load. T herefo re  assessment based on K j c toughness 

and  LEFM  is inapp rop r ia te  in these cases. CTOD toughness on the o ther  hand  

has been shown to be a va lid  charac te r is t ing  pa ram ete r  in the EPFM  regime.

The use of the CTOD at the in it ia t ion  o f  c rack  extension can lead to 

over-conservative  judgem ents since many m ateria ls  in e lastic-plastic  conditions 

undergo  a period of stable c rack  growth p rio r  to ins tab ility . H ow ever there  is 

a lack of clear unde rs tand ing  about in s tab il i ty  conditions so such conservatism  

m ay be justif ied .



5.13 Developments since 1980

The m ajor shortcom ing of the Design Curve is th a t  m odelling beyond 50% 

of yield is no t based on knowledge of the physical phenom ena occurr ing  at

these stresses. To base it on a lower bound to experim en ta l  da ta  is one way of 

m aking up fo r  the  lack of knowledge but unless the param eters  w hich  control 

the physics are  recognised and  accounted, fo r  such an approach  cannot give 

wholly sa tis fac to ry  predictions. It was these considerations  w hich lead in recent 

years to the developm ent of the so called collapse m od if ied  str ip  yield 

m o d e l (^ ) .

This approach  a ttem pts  to model the f r a c tu re  and  plastic  collapse 

phenom ena w ith  an in te rac t ion  equation  of the fo rm

S r
/ 5 r = -------------------------------------------------------------  ( 5 . 3 5 )

l n s e c  ( 7r/ 2  S r ) |

The equa tion  describes a curve in the p lane o f  Sr , the  stress as a p roportion

of the p lastic  collapse stress, and  / 5 r , the ra t io  o f  app lied  to c r i t ica l  COD. By 

p lotting  the values of these param eters  fo r  any  p a r t icu la r  d e fec t  ’f a i lu r e ’ is

p red ic ted  i f  the  poin t  lies outside of the in te rac t io n  curve. The type o f  fa i lu re  

p red ic ted  would be by b r i t t le  f ra c tu re  at low Sr values, by p lastic  collapse at

Sr values « 1.0 and  by tearing  w ith  large p lastic  de fo rm ation  a t  in te rm e d ia te  

values of  Sr .

In o rder  to v a lid a te  the  model Anderson, Legatt , G a r w o o d ( ^ )  used it to 

compare ac tua l  COD m easurem ents with  COD p red ic ted  using E qua tion  5.35.



Their  results  have  been reproduced  in F igure  5.6 w hich shows the m odif ied  

strip  y ield  model to follow the trend  of the experim en ta l  points. The design 

curve on the o ther  hand  can be seen to be w holly un rep resen ta tive  of the 

experim ental points in the  upper stress range. The o ther  result in F igure  5.6 is 

fo r  the so-called ’re fe rence  stress equation’O^) w hich  uses the  s tress /s tra in  

character is t ics  of the  m ate ria l  to p red ic t CODs a t  stresses beyond yield. Both 

the str ip  yield a n d  re fe rence  stress m ethods are like ly  to supplem ent the design 

curve in a coming revision to PD6493.

5.14 Discussion: U ncer ta in t ies  in D efect Assessment

The safe ty  fac to r  o f  2.0 w hich is im plic it  in the  COD design curve  at 

stresses below 0 . 5 ( T y  is o f ten  d e s c r i b e d ^  5,16,17) as ’va r ia b le ’. The sources of 

this v a r iab il i ty  a re  usually  pu t down to random  and  system atic  u n ce r ta in t ie s  in 

the m ateria l  toughness and  to the fac t  th a t  d i f f e r in g  degrees of sa fe ty  result 

depending  on the stress level. F igure  5.7 rep roduced  fro m  R efe rence  15 shows 

the va ria t ion  of  sa fe ty  fac to r ,  being the ra t io  o f  p red ic ted  to ac tua l  COD, to 

stress level.

The f i r s t  accred ited  source of u n c e r ta in ty  is in p r inc ip le , as f a r  as

trea tm en t  under  re l iab i l i ty  analysis is concerned, no d i f f e re n t  f ro m  the

un ce r ta in ty  in m ate ria l  yield stress seen in problem s of s ta tic  s trength . The 

random  u n c e r ta in ty  in toughness comes abou t because of the d i f f ic u l ty  in 

ob ta in ing  sim ilar values in separate, nom inally  iden tica l  tests. The system atic  

e rro r  comes abou t because o f  the lower bound  toughness value  em ployed to 

o ffse t  this random  u nce rta in ty .  (In the past the  m in im um  of th ree  values f rom  

nom inally  iden tica l  tests has been used).
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The second accred ited  source of u n c e r ta in ty  is a modelling un ce r ta in ty ,  

X j ^  The model p red ic ting  applied  COD has an  accuracy  w hich depends on the 

level o f  stress. The paralle l  in static  s treng th  p red ic tion  is the v a r ia t io n  of 

mean and  random  m odelling u n ce r ta in ty  pa ram ete rs  w ith  slenderness observed in 

s tru t, f lange  and  beam  s trength  prediction. F igu re  5.7 can also be in te rp re ted ,  

even though  it is fo r  only one specimen, as the va ria t ion  of 1 / X m since, 

generally , m odelling u n ce r ta in ty  is t rea ted  as the  ra t io  of ac tua l  to p red ic ted  

values. Fo r  the  s tr ip  yield model 1 /X m varies  betw een 1.15 and  1.5 fo r  stresses 

below net section yield, this corresponds to X m values betw een 0.67 and  0.87. 

To fu lly  q u a n t i fy  m odelling unce rta in ty  fo r  the  s tr ip  yield model a large 

sample of such da ta  would be requ ired  f rom  w hich  values of X m could be 

obtained  fo r  d i f f e r e n t  ranges of stress. W ithout such da ta  modelling u n c e r ta in ty  

would have  to be trea ted  using nom inal values.

As well as the uncerta in ties  generally  believed to be the cause of the 

’variab le  sa fe ty  f a c to r ’ there  are  a d d it io n a l  uncerta in t ie s  associated w ith  

assessment o f  defec ts  as well as other m odelling uncerta in ties . F irs t ly  there  are 

random  and  system atic  uncerta in ties  in assessing stress com parable  to those 

described in Section 3 fo r  o ffshore  s tructures. R ecapping , these were d iv ided  

into th ree  m ain  groupings:

- dead  and  hydrosta tic ,

- live, opera tion  and  berth ing  loads,

- env ironm en ta l  (wave, w ind  and  cu rren t)  and  dynam ic.

The ca lcu la tion  of load e ffec ts  from  these p r im ary  sources also adds 

u n ce r ta in ty  since there  is a need to choose a wave theory, su itab le



hydrodynam ic  constan ts  and  type of s tru c tu ra l  analysis. A d d it io n a lly  local 

stresses used in de fec t  assessment depend on stress concen tra tion  e ffec ts  (caused 

by jo in t geometry) a n d  res idual welding stresses. This  last category  is generally  

considered to dom ina te  the to ta l u n ce r ta in ty  in stress assessment in conditions

where res idual stress is know n to approach  yield  m agnitude.

Secondly, assessment of defec t  size is subject to large system atic  and

random  uncertainty^**). The degree o f  w hich depends largely  on the type of 

NDE equ ipm ent used, the skill of the opera to r  and  the a rd o u r  of the 

conditions in w hich  assessment is being made.

F ina lly  a source of  m odelling uncerta in ty ,  in a d d it ion  to the  u n c e r ta in ty

in pred ic ting  app lied  COD, is in the choice of plastic  collapse stress used to

evaluate  the  p lastic  collapse ratio , Sr , in the collapse m od if ied  str ip  yield 

model. For  tu b u la r  jo in t  geometries where p lastic  fa i lu re  is accom panied  by 

distortions of the  c ircu la r  cross sections the plastic  collapse stress based on a 

cracked wide p late  in tension is adequate.

C learly  the  need and  scope fo r  p robabilis tic  assessment o f  defec ts  is great. 

The s tr ip  yield model is a su itab le  tool from  w hich  to eva lua te  an  unbiased

critica l d e fec t  size. The d if fe re n c e  between th is  and  the ac tua l  c u rre n t  defec t  

size w ould then  consti tu te  the sa fe ty  m argin . The s tr ip  y ield  model is 

essentially an in te rac t io n  equation  expressing in te rac t io n  betw een fa i lu re  by

brit t le  f ra c tu re ,  param etised  by 5 r > 1, and  fa i lu re  by p lastic  collapse,

param etised  by Sr > 1. The use of  a probab il is tic  f a i lu re  model invo lv ing  an 

in te rac tion  equa tion  is not unpreceden ted  in re l iab i l i ty  analysis. In Section 3

fa i lu re  o f  s t i f fe n e d  webs was modelled as the  in te rac t ion  betw een shear

capacity  and  f lexu ra l  capacity.



Once the f a i lu re  ;i func t ion  has been set up in terms o f  the  basic 

unce rta in t ie s  of m ateria l  f ra c tu re  toughness, stress and  ac tua l  de fe c t  size 

answers to the more pe rt inen t  questions o f  operators  of o ffshore  s truc tu res  can

be tackled. Questions such as:

1. in w ha t  o rder  should an  opera to r  repa ir  a series of know n defects?

2. would  it  be economic to use a more or less expensive N D E de tec tion  and

sizing equipm ent?  &

3. w ould  it  be more aeconomic to pe rfo rm  f in i te  elem ent analysis  on a jo in t

to gain a more accura te  estim ate  o f  stress.

4. considering  the uncerta in ties  in stress and  de fec t  size, is th ree  COD tests

su ff ic ie n t  to ensure  a reasonable  lower bound toughness?

5. w h a t  sa fe ty  factors: should be app lied  to stress, defec t  size and  toughness 

to ob ta in  a specified  re l iab i l i ty  against fa i lu re .

Section 6 deals w ith  the setting up of the f a i lu re  func t ion  as the  d i f fe re n c e

betw een ac tua l  and  crit ica l d e fec t  size. Thus given estimates o f  m eans and

COVs of  each of the uncerta in  variab les  the p robab il i ty  tha t  ac tua l  de fe c t  size

exceeds c ri t ica l  defec t  .size can be estimated. The f i r s t  question can then  be 

answ ered  as ’in order of decreasing  p ro b ab i l i ty ’. Section 7 should  p rov ide

answers to questions 2,-S3 and  4 since they  re la te  to the rela tive  sensit iv ities  of 

the  d i f f e r e n t  variab les  ; fo r  d i f f e re n t  com binations  of the means and  COVs of 

the  th ree  basic variables. Thus only i f  the sensit iv ity  fac to r  o f  a p a r t ic u la r

v a riab le  were high would it be w orth  considering ob ta in ing  a b e tte r  estim ate,

and  conversely, fo r  variables hav ing  lit tle  in f luence  on ’fa i lu re  p ro b a b i l i ty ’

considera tion  m ight be ::given to using cheaper a l te rn a t iv e  assessment m ethods.

The answ er to question:. 5 should be found  in Section 8 where p a r t ia l  sa fe ty

fac to rs  on stress, toughness and  defec t  size are  ca lcu la ted  fo r  th ree  d i f f e r e n t

requ ired  probabilit ies .
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5.15 Conclusions

1. The CTOD design curve a lthough  capable  of safe ly  p red ic ting  d e fec t  sizes

a t  low stresses does not model correc tly  the behav iour  o f  app lied  crack

opening displacem ents in the e lastic-plastic  region. As such it is not

su itab le  fo r  the fo rm ula t ion  o f  a fa i lu re  fu n c t io n  fo r  re l iab i l i ty  analysis.

2. The  collapse m odif ied  s tr ip  y ield  model does p red ic t  the  essential

charac te r is t ics  of the applied  s tress /app lied  COD curve  and  would be

su itab le  fo r  use in a f a i lu re  fu n c t io n  fo r  re l iab i l i ty  assessment o f  defects.

The resu lting  values of f a i lu re  p robab il i ty  would however be str ic t ly

notional since there  is an absence of da ta  from  w hich  m odelling

u n ce r ta in t ie s  could be determ ined.
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SECTION 6

R E L IA B IL IT Y  ST U D Y  OF E X IST IN G  A N D  PR O PO SED  D E F E C T  ASSESSMENT 

PR O C E D U R E S

Forew ord

The w ork  in Sections 6, 7 and  8 was ca rr ied  out at the in stiga tion  of

the M ethodology Working G roup (MWG) w hich comprises ded ica ted

represen ta tives  f ro m  a dozen U K  industr ies  and  researchers w ith  an in te res t  in

steel o f fsh o re  s tructures. F und ing  derives f ro m  subscrip tions of the in d u s tr ia l

members o f  the  G roup  as well as from  the  U.K. G overnm ent th rough  the

M arine Technology D irec to ra te  Ltd. and  the  D epar tm en t  of Energy. The

program  of research  in re l iab i li ty  and  several o ther  steel o ffshore  s truc tu res  -

linked  topics was ca rr ied  out in a num ber of U.K. un ivers ities  d u r in g  the 

period 1985-87. It was t i t led  ’D efect Assessment in O ffsho re  S truc tu res ’. The

MWG ac tiv i ty  encompassed the co llabora tive  u n iv e r s i ty / in d u s try  research  of

Glasgow U n ive rs i ty ,  U n ivers i ty  College, London and  the U n iv e rs i ty  of

M anchester In s t i tu te  of Science and  Technology. The objective of the MWG was 

to p rovide  subs tan t ia l  recom m endations for, and  specific  m ethodology fo r  the

assessment o f  defec ts  in steel o ffshore  structures.

The BSI recom m endations  fo r  the t rea tm en t  of in-service defec ts  are  set

out in pub lished  docum ent PD6493 (not a British  S tandard). The docum en t has

provided  a read i ly  useable decision tool fo r  opera tors  faced  w ith  the  problem

of w he ther  or not to repa ir  a known defec t  bu t  has several widely  recognised

shortcomings. F irs t ly  the lack of a p lastic  collapse check has m ean t th a t  

modelling o f  crack  behav iour at stresses in excess of 0.8 o f  y ield  is

261



non-conservative. Secondly the stress field is conservatively taken as being

constan t^  th rough  the th ickness a t the  level of the total stress at the surface. 

T h ird ly  the m odelling a t  stresses below 0.5 y ield  incorporates  an  unspec if ied

f a c to r  -of sa fe ty  of 2.0 th a t  is out of keeping w ith  c u rre n t  design code 

philosophy w hich  calls fo r  l im it  s ta te  design/assessm ent equations  w ith  explic itly  

s ta ted  p a r t ia l  sa fe ty  fac to rs  re f lec t ing  the various degrees of u n ce r ta in ty .

I n  proposed revisions to the docum ent the l im it state  equa tions  are  based

on the ;  collapse m odif ied  s tr ip  y ield  model (see Section 6.4). This  and  the

fo llow ing  two Sections are d irec ted  at establishing pa r t ia l  sa fe ty  fac to rs  to be 

used w i th  the new assessment equations  in the revision.

T h e  m ajor d ist inc tion  betw een this and  earl ie r  Sections of  the  thesis is

th e  r a n g e  of  app lication  o f  the code in question. U nlike  the b r idge  code

^Section?:: 2) and  o ffshore  s truc tu res  codes (Sections 3 and  4) the  d e fec t  

^assessment code is not s truc tu re-spec if ic .  The ram if ica t ions  of th is  w ill become

e v id e n t S in  Section 7 w here  an  a ttem pt is m ade to present the  resu lts  of 

re l ia b i l i ty  ca lcu la tions  fo r  the m u lt i tude  of com binations  of d i f f e r e n t  levels o f  

u n c e r ta in ty  in the  basic variables. F o r tu n a te ly  the com plexity  of o f fsh o re  jacke t 

s truc tu re s  means tha t  by concen tra t ing  on this specific  app lica tion  alm ost every 

o th e r  .case will be ca tered  for. Users of the revised assessment docum en t in 

u th e r rT a e ld s  will have to m ake subjective assessment of the u n c e r ta in ty  in the 

basic "variables before  selecting the app rop ria te  sa fe ty  factors.

T h e  d ivers ity  of app lica tion  exacerbates the  task of id e n t i fy in g  ta rge t  

re l iab i l i t ie s ,  the f ina l  choice being highly dependen t  on an a rb i t r a ry  set of

"typical": assessments. A lthough such a targe t  has been id en t if ied  in th is  s tudy



fo r  o ffshore  jacke ts  (and pa r t ia l  fac to rs  evaluated)  the f ina l  recom m endation  to

operators  of de fec t-p rone  s truc tu res  in any f ie ld  is to develop the ir  own (or 

acqu ire  the necessary) so ftw are  and  use it w ith  the f a i lu re  func t ions  to be

described here in  in o rder  to get a feeling fo r  the level of fa i lu re  probabilit ies

fo r  defects  w hich they  have  h i the r to  considered as safe. H av ing  established

such a ta rge t  the problems of dealing w ith  d i f f e r e n t  toughness d is tr ibu tions , 

d i f f e re n t  levels of  stress un ce r ta in ty  as well as d i f f e re n t  levels of NDT 

accuracy  will be read i ly  overcome. A lthough the exp lic it  objective in the 

fo llowing Sections is to derive  pa rt ia l  sa fe ty  fac to rs  to be used w ith  the 

revised code it is in tended  th a t  the approach  adop ted  will serve as a model 

fo r  operators  w ish ing  to ob tain  "hands-on" experience  w ith  d e fec t  assessment 

re liab ili ty .

In this Section stress level, defec t  size and  f ra c tu re  toughness are 

id en t if ied  as being the p e r t in en t  sources of u n c e r ta in ty  in d e fec t  assessment. 

They  are  trea ted  as t im e-independen t random  variab les  and  com bined  using the 

F irs t  Order-Second M oment re l iab ili ty  analysis m ethod to genera te  the  notional 

f a i lu re  p robab il ity  o f  a know n defect. The use of the m ethod to m ake one-off  

assessments is i l lu s tra ted . N otional fa i lu re  p robab il it ies  are fo u n d  fo r  defects  

w hich the PD6493 Design Curve and  the revision based on the m od if ied  str ip  

y ield  model c lassify  as sa fe  and  a means of ensuring  consistent sa fe ty  a t  an 

adequate  level is proposed.

6.1 In troduc tion

As pa rt  o f  the  revisions to the U K  recom m endations  fo r  the  assessment 

of in-service defects , the CTOD design curve  in BSI P D 6 4 9 3 0 )  is to be



supp lem ented  by a rou tine  based on a m od if ica tion  of the D u g d a l e ( ^ )  strip  

y ie ld  model. This  new proposal, r e fe r re d  to as the Level 2 assessment route, 

incorpora tes  both  f ra c tu re  and  plastic  collapse considerations  an d  is less 

conserva tive  in its trea tm en t of defec ts  in th rough-th ickness  stress gradients. 

This  Section describes a pilot s tudy  in to  how the re l iab i l i ty  of the  Level 2 

rou te  m igh t be ca lib ra ted  p robab il is tica lly  using the sa fe ty  record  of the  CTOD 

design curve.

The problem  has been approached  from  consideration  of the  u n ce r ta in t ie s  

in stress, d e fec t  size and  f ra c tu re  toughness and  the com bina tion  of these to 

es tim ate  the p robab il ity  tha t  a know n defec t  is g rea ter  than  the c r i t ica l  size 

fo r  the  same stress f ie ld  and  m ate ria l  toughness. This p robab il i ty  has been 

re fe r re d  to here in  as the fa i lu re  probab il ity . Estim ation  of the no t iona l  fa i lu re  

p robab il it ies  of those defects  w hich  the assessment rules class as sa fe  provides 

a fu n d a m e n ta l  means of q u a n t i fy in g  the  m argin  of sa fe ty  in h e r re n t  in any  

assessment route. Where the sa fe ty  record  o f  the existing assessment rou te  is 

acknow ledged  as being adequate  a da tum  fa i lu re  p robab il ity ,  or ta rge t  

re l iab ili ty ,  can be set. By means o f  a sa fe ty  fac to r  on de fec t  size or by using 

lower bound values (characte ris tic  values) o f  the  inpu t  variab les  or bo th  the 

re l iab i l i ty  o f  the  proposed route  can be m ade to m atch  this da tum : this is 

w ha t  is m ean t by ca lib ra tion  of an assessment route. The m ajor  a d v a n ta g e  of 

th is  appraoch  to re l iab i l i ty  is th a t  the in f luence  on safe ty  o f  each  of  the 

th ree  u n ce r ta in  variables is made apparen t;  each is assigned a se ns i t iv i ty  fac to r  

as pa r t  o f  the ca lcu la tion  of re liab ili ty .

The scope of this section is l im ited  to f in d in g  re l iab i l i ty  ind ices  using 

the  m od if ied  s tr ip  yield model and  the existing CTOD design cu rve  to 

eva lua te



"critical" and  "tolerable" defec t  sizes. The p resen ta tion  of sensitiv ity  fac to rs  and  

discussion of  the ir  considerable  use is the subject of Section 7. They  have  also 

been repo r ted  in a separa te  p a p e r (^ ) .

T he advanced  F irs t  Order-Second M oment (FOSM) re l iab i l i ty  analysis  

m ethod is used to determ ine  safe ty  indices. The lim ita tions  of the m ethod  are  

discussed in  re la tion  to probabilis tic  f ra c tu re  mechanics. The existing and  newly 

proposed assessment routes are described and  a f a i lu re  c ri te r ion  fo r  use w ith  

the FOSM m ethod is proposed. A tten t ion  is d raw n  to the prob lem  of 

id en t ify in g  a model un ce r ta in ty  factor.

R esults  of  re l iab i li ty  calculations on two types of defec t  are  p resen ted  fo r  

an assum ed set of s ta tis tical param eters  fo r  stress, toughness an d  de tec tion  

accuracy.



N ota tion

a defec t  size - h a lf  w id th  of th rough crack, he ight of su rface  crack

or h a lf  he igh t of em bedded crack.

COV coe ff ic ien t  of va r ia t io n

e plate th ickness

ey yield s tra in

E Y oung’s M odulus

E(.) expected value

K  stress in tens ity  fac to r

N num ber of CTOD tests

P(x) p robab il ity  of x

w plate w id th

|3 sa fe ty  index

y safe ty  fac to r

5 c rack  tip  opening displacem ent (CTOD)

m m ean value

s s tan d a rd  dev ia tion

f f f  u ltim ate  tensile stress

Uy  y ield  stress

<J>(.) norm al d is t r ib u t io n  fu n c t io n

O ther  no ta tion  is d e f in e d  in the text.



6.2 Reliability Analysis Method

The advanced  F irs t  Order-Second Moment m ethod is well docum ented  in 

the  l i te ra tu re ,  in p a r t icu la r  R eferences  4 and  5. A fu ll  descrip tion  was 

presented  in Section 1. Essentia lly  a sa fe ty  index, 0, is fo u n d  w hich 

corresponds to the  m in im um  distance  in the space of no rm alized  independen t 

design variab les  f rom  the orig in  to the f a i lu re  surface. I f  x is a design 

va riab le  then  the t ra n s fo rm a t io n

ensures th a t  any  d istance  m easured in the tran sfo rm ed  design space is 

non-d im ensional and  gives 0 its un ique  meaning. (It also ensures th a t  the

origin, corresponding  to the  m ean values of the design variab les , is in the safe 

domain).

I f  all the design variab les  are  norm ally  d is tr ib u ted  and  the  f a i lu re  su rface  

is l inea r  then  the p robab il i ty  of f a i lu re  is exactly  given by

P f  = * ( - 0 )  ‘ ( 6 . 2 )

In  de fec t  assessment re l iab i l i ty  both the fa i lu re  su rface  is non - linear  and  the 

toughness d is tr ibu t ion  is w idely  recognised to be h ighly  skewed. To im prove 

upon the approx im ation  o f  E qua tion  6.2 m x and  sx in E q u a t io n  6.1 are 

rep laced  by m x^  and  sxN being the mean and  s tan d a rd  v a r ia t io n  of the

norm al d is tr ibu t ion  hav ing  the same cd f  and  p d f  as the non-norm al va riab le  at

the design point. The t ran sfo rm ations  are due to R a c k w itz  and  Fiesler

(R eference  5, Section 1) and  the ir  derivations  are presented  in A ppend ix  A of 

this Section.



It should  be emphasised tha t  the R ackw itz -F ies le r  t ran sfo rm ations  are  not 

estimates, o f  the  f i r s t  and  second moments o f  the given non-norm al d is tr ibu tion . 

These are sunique  values w hich may be eva lua ted  in terms of the param eters  

of the p a r t ic u la r  d is tr ib u t io n  (for an example w ith  the Weibull d is tr ibu t ion  see 

A ppendix  B). T he  R -F  tran sfo rm ations  are  not un ique  since they are  dependen t 

upon the p o in t  o f  eva lua tion  as Equations A4 and  A5 in A ppend ix  A clearly  

show.

Com parisons by C hang(^ ) between the R -F  a lgorithm  and  an ’ex ac t’ 

solution 33lxtained f ro m  M onte-Carlo sim ulation  showed the fo rm er  to p red ic t  a 

sa fe ty  iuxlex w ith in  0.1 of the value p red ic ted  by the la t te r  in all bu t  2 of 

the 13 exam ples  analysed. These two rela ted  to a fa i lu re  su rface  func t ions  of

m any Chi-square  variab les  all hav ing  COVs of  140%. The question of w he ther

the a d v a n c e d  FOSM m ethod gives s u ff ic ie n t ly  accu ra te  results w ith  h ighly  

skewed 'variables such as those a t t r ib u ted  to m ate ria l  toughness is inves tiga ted  

in Section 7:7 by m aking  comparisons w ith  the M onte Carlo method.

6.3 Toughness D is tr ibu tion

It i s  g e n e ra l ly  recognised tha t  toughness d is tr ibu t ions  d i f f e r  accord ing  to 

steel type, th ic k n e s s ,  position of crack tip  w i th in  the same p late  (an iso tropic) 

s tate  of Stress a t  the  crack  tip  and  tes t ing  tem pera tu re . This  m akes

development: o f  assessment codes w ith  Level I re l iab i l i ty  philosophy complex. To

recall Section 1, in Level I codes the p a r t ia l  sa fe ty  fac to rs  are m ade func t ions  

of the d is t r ib u t io n  character is t ics  of the  basic design variab les  and  thus 

e l im in a te : th e  need of code users to apply  re l iab i l i ty  methods. The choices 

ava ilab le  to developers of Level I assessment codes are:

e ither  to p roduce  p a r t ia l  fac tors  fo r  com bina tions  of d i f f e re n t  toughness

..d istr ibutions w ith  the d is tr ibu tions  of the  o ther  variables.
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or to assume a ’cover-a ll’ value fo r  toughness va r ia b i l i ty  and

d is t r ib u t io n  type and  rely on a small num ber  of toughness tests to

locate the  m ean of  the d istr ibu tion .

The f i r s t  option would  requ ire  the user to pe rfo rm  enough toughness tests (at 

least 20) to be co n f id e n t  o f  the  d is tr ibu t ion  and  would  s ig n if ican tly  complicate

the p resen ta tion  o f  assessment rules. The second option has been taken  herein

since, p r im ari ly ,  there  is l i t t le  experim ental evidence to suggest th a t  there  are 

great d i f fe ren ces  in toughness re l iab i l i ty  (a lthough s ig n if ican t  d if fe ren ces  occur 

in mean toughness). What evidence there is suggests th a t  v a r ia b i l i ty  in the 

m id - trans it ion  zone is g rea ter  than  at e ither upper or lower shelf  tem pera tures. 

Consequently  the  cover-all value assumed re la ted  to da ta  at m id - trans it ion  

tem peratures.

A pprox im ate ly  100 CTOD test results f ro m  14 European  labora to ries  were

analysed in R efe rence  7. The tests were all a t t ran s it io n  tem pera tu res  on 

BS4360-50D steel using 52mm th ick  plates. No s ig n if ican t  in te r - lab o ra to ry  bias 

was present an d  the da ta  gave a reasonable f i t  to a Weibull d is t r ib u t io n  w ith  

shape fac to r  2.0. The Weibull has the p roperty  th a t  the  d is t r ib u t io n  of m inim a 

of random  samples of size N is also Weibull w ith  the same shape fac to r  as 

the orig inal (paren t)  d is tr ibu tion . A simple re la t ionsh ip  exists be tw een the scale 

fac to rs  o f  the p a ren t  and  derived  d is tr ibu tions  - see A ppend ix  B.

Since the toughness in p u t  in assessment ca lcu la tions  is genera lly  ob ta ined  

from  the m in im um  of th ree  or more CTOD tests the  Weibull p roper ty  gives it 

a d is t inc t  opera tiona l  advan tage  over the lognormal. A ccord ingly  it  was used in 

this study.



6.4 Defect Assessment Procedures

6.4.1 In troduc tion

The most widely used assessment p rocedure  in the o f fsh o re  industry  

is th a t  em bodied in BS PD 64930). This procedure  is based on the CTOD 

design curve:

a m = C 5 / e y ( 6 . 3 )

w h e r e  C = 2^ { o / O y ) 2 o / a y < 0 . 5

= i x ( a / ( 7 y  - 0 . 2 5 )  d / f f y  0 . 5

For some considerable  time this has been believed to produce  an  excessive 

degree of  conservatism  as a resu lt  o f  the  inheren t  l im ita tions  o f  the  p rocedure  

and  the a im  of  w idespread  applicab il i ty .

In p a r t icu la r  the fo llow ing specific  l im ita tions  are  in h eren t  in PD6493:

(i) Through  th ickness stress g rad ien ts  are  not allow ed for.

(ii) For applied  stresses g rea ter  than  50% of the  y ie ld  stress the

CTOD design curve  is an  em piria l  f i t  to ava ilab le  da ta .

(iii) Plastic collapse is not an in teg ra ted  fa i lu re  m echanism .

(iv) The inheren t  sa fe ty  fac to r  varies  and  is o f ten  ill d e f ined .

In ad d it io n  specific  res tric tions  on the use of PD6493 are  app licab le ,  but
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not exp lic it ly  stated. These are:

(a) P r im ary  stresses should be less th an  yield.

(b) Crack size must not exceed 10% of the component w id th .

(c) Separate  plastic collapse ca lcu la tions  are  requ ired  fo r  de fec ted  

sections.

R ecen t w o rk W  has proposed correc tion  fac to rs  to the CTOD design curve  

in PDS49.3 to ex tend  the crack size res tr ic tion  to 50% of com ponent w id th .

Proposed revisions of PD6493 (9»10) include  a revised CTOD design curve  

ap p ro ach  as a basic assessment rou tine  w ith  increasingly  m ore complex 

p rocedures  ava ilab le  in Levels 2 and  3. Level 2 is sum m arised b r ie f ly  below.

6.4.2 Level 2 Assessment (9)

The proposed Level 2 assessment procedure  is based on the  orig inal  

Dugdale^?) s tr ip  yield model fo r  the p lastic  zone ahead  of a loaded  notch. This 

o rig inal model has been widely  used to derive  f rac tu re s  cha ra c te r is in g  

param eters .  M o d if ica t io n (U )  of the  orig ina l  model to incorpora te  p las t ic  collapse 

led to a  fo rm u la t io n  in terms of the  ra t io  o f  applied  CTOD to c r i t ic a l  CTOD, 

<5r ,

15 r = (x  2 /  8 ) S r 2 ( I n  s e c  x / 2  S r ) " 1 ( 6 . 4 )

w h e r e # r = <Jn / a p c ’ t *ie  s t r e s s  r a t i o
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a n  = a / ( l - 2 a / w )  f o r  t h r o u g h  t h i c k n e s s  c r a c k s

= a / ( l - a / e )  f o r  l o n g  s u r f a c e  c r a c k s ,  t h e  n e t  s t r e s s

a p c = ( a y + t*16 f l o w  s t r e s s .

5 r = 5 1 1 5ma t

5m a t = t h e  m a t e r i a l  t o u g h n e s s

6 j _ K 2 / a y E ,  t h e  a p p l i e d  CTOD

K = f f A a  f o r  t h r o u g h  c r a c k s  i n  t e n s i o n

= a / a  t i m e s  a p p r o p r i a t e  s t r e s s  i n t e n s i t y  

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

g e o m e t r i e s  a n d  l o a d i n g  t y p e s .

A f law  is assessed by plotting  values of / 5 r and  Sr on a U niversa l  

Assessment D iagram . A plotted  point outside the  curve  ind ica tes  an

unacceptab le  defect. The value of defec t  size a w hich  sa tisfies  E q u a t io n  6.4 

may also be fo u n d  using a simple com puter rou tine  w hich  increm ents  a in 

approp ria te ly  small steps (1mm is an obvious f i r s t  choice), calculates the ratios 

Sr and  5r and  term ina tes  w hen the equation  is sa tisfied . The solution, a c r j t, is 

un ique  and  the g raph ica l  and  com puter m ethods are  equ iva len t.

The Level 2 assessment procedure  has been sh o w n (H )  to be s ig n if ican tly  

more accu ra te  than  the CTOD design curve approach  and  may be app lied  fo r  

net section stress levels up to yield. Options exist regard ing  the degree of 

sophistication  u til ised  in the  estim ation of p r im ary  and  secondary  stresses.



6.5 Failure Function for One-Off Assessments

For cracks fo u n d  in service fa i lu re  may be assumed to occur when

M = a c r i t  " a a c t u a l  ( 6 . 5 )

becomes negative. a c r j t is the  crack size (either h a lf  leng th  of a th rough  crack,

he ight of a su rface  crack  or ha lf -he igh t  of an em bedded crack) w hich  satisfies

E qua tion  6.4. I t  may be called the ca lcu la ted  c r i t ica l  c rack  size. The 

uncerta in t ie s  in m ateria l  toughness, stress level and  crack  m odelling all

con tr ibu te  to u n c e r ta in ty  in the  calculated  c r i t ica l  c rack  size. A ctua l  c rack  size 

has uncerta in t ie s  s tem m ing from  the N D T method.

The fa i lu re  p robab il i ty  is the p robab il ity  th a t  ac tua l  c rack  size exceeds 

the c r i t ica l  c rack  size, i.e. P(M < 0). G iven estim ates o f  the toughness

d is tr ibu t ion , stress ( trea ted  e ithe r  de te rm in is t ica lly  or as a random  va riab le  w ith  

subjec tive  assessment o f  the COV) and  ac tual d e fec t  size ( trea ted  likewise) the 

Level II m ethod m ay be used to obtain  (3 and  a no tiona l f a i lu re  p robab il ity .

For this purpose the m easured  or estim ated values of stress and  ac tua l  de fec t

size would be taken  as m ean values of the respective random  variab les  and  

both d is tr ibu tions  assumed to be normal unless there  was ev idence  to suggest 

otherwise. Results  fo r  a selection of d is tr ibu t ion  param eters  are  presented  in 

Table  6.1.

Also shown in Table  6.1 are values of the to lerab le  th rough  th ickness

defec t  sizes in a wide plate  (470 x 112.5mm) m ade fro m  m ild  steel (o y =

4 0 0 N /m m 2) using both the design curve and  str ip  yield approaches. A mean
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COD toughness of 0.125mm has been assumed. The estim ate  of the m in im um  of 

three toughness obviously varies w ith  the COV of the pa ren t  Weibull 

d is tr ibu t ion  (see A ppendix  B) and  this has been taken  in account in the Table. 

An in d ic a t io n  is made w hether  on the basis of each approach  a rep a ir  is 

necessary. T he  most sensitive variab le  based on the sensitiv ity  fac to rs , oc, f rom  

E quation  1.7 is shown in the f in a l  column. For the Table  a s ta n d a rd  dev ia t ion  

of 2mm has been assumed fo r  defec t  size.

The so lu tion  a lgorithm  fo r  the advanced  FOSM m ethod is i te ra t iv e  and  

involves repea ted  calls to a rou tine  re tu rn in g  the value o f  the f a i lu re  fu n c t io n  

(i.e. M in E q ua tion  6.5). E va luation  of M involves ca lcu la ting  a c r j t w hich  is 

the resu lt  o f  a separa te  i te ra t ive  solution to E qua tion  6.4. For one-o ff  

assessments the  tim e to compute the |3-value is not excessive despite  the  two 

separa te  sets o f  i terations. When a large num ber  of ^ -eva luations  is req u ired  

however, such as in code ca lib ra t ing  work, a short cut may be used to "merge" 

the separa te  i te ra t iv e  calcu lations in to  a single one and  thus considerab ly  speed 

up the ca lcu la tion . This is described in Section 6.7.

6.6 Model U nc e r ta in ty

M odelling of physical behav iour inev itab ly  necessitates assum ptions being 

made to s im plify  the model as well as p rov id ing  a means of u n d e rs ta n d in g  the 

processes involved. The varia tions  of test results  abou t p red ic ted  b e h a v io u r  fo r  

example in colum n buckling  are  a t t r ib u ted  to dev ia tions  f rom  the assum ptions 

or indeed  to o ther  physical behav iour om itted  in the  model. Model u n c e r ta in ty  

is usually  eva lua ted  as

a c  t u a 1 b e h a v i  o u r
Xm = --------------------------------------------------------------------------  ( 6 . 6 )

p r e d i c t e d  b e h a v i o u r



In th e  colum n buckling  model in Section 3 u n c e r ta in ty  was trea ted  as a 

random  variab le ,  X m , and  used in the f a i lu re  fu n c t io n  as follows:

: • M = Xm x c r i t i c a l  b u c k l i n g  c a p a c i t y  - l o a d

The m odelling u n c e r ta in ty  fac to r  provides a conven ien t way of dealing  w ith

ran d o m  an d  system atic  "errors" aris ing out of  modelling. In a purely  

d e te rm in is t ic  sense X m serves to "correct" the  model fo r  any  conservatism  (or 

non-conservatism ). Note tha t  fo r  resisting variab les  X m > 1 implies

u n d e rp re d ic t io n  o f  perfo rm ance  (i.e. safe) and  X m < 1 implies overp red ic t ion  

(amsafe).

- : Follow ing the sp ir i t  o f  the buckling m odelling u n c e r ta in ty  X m fo r

d r a c tu r e / t e a r in g  could be expressed as:

a c t u a l  f r a c t u r e  l o a d

" p r e d i c t e d  f r a c t u r e  l o a d

or, s in c e  it  is c r t ica l  crack size w hich  is being modelled:

a c t u a l  c r t i c i a l  c r a c k  s i z e

p r e d i c t e d  c r i t i c a l  c r a c k  s i z e

TTie • denom ina tors  of both  of these expressions im ply  knowledge of  the m ate r ia l  

toughness 5m at and  because of this ne ither,  as the  fo llow ing  shows, are  viable.

S U n like  buck ling , w here the m ateria l  p roperties  can be know n ac cu ra te ly  

before  a test is perfo rm ed , with  f ra c tu re  repea ted  nom inally  iden tica l  3-point



bend tests result in a wide scatter  of values of the toughness, 5 m at. The 

physical reasons fo r  the  sca tter  a re  not of im m edia te  concern. I t  is re levan t

how ever th a t  the  modelling o f  the  f ra c tu re  process does not account completely 

fo r  the observed physical phenom ena. The 3-point bend test produces a random

sample of  the  value of a m ate ria l  p roperty  called toughness. By ob ta in ing  

increased num bers of samples a be tte r  p ic tu re  is ob ta ined  o f  the  toughness 

d is tr ibu tion . How ever this does not increase the accuracy  w ith  w h ich  a c r j t can 

be p red ic ted  since the value of the c rack-tip  opening d isp lacem ent a t  f ra c tu re

in any large scale test is not any  p a r t icu la r  charac te r is t ic  o f  the  toughness

d istr ibu tion . F ra c tu re  in the large scale test also occurs at a ran d o m  value of 

COD. In  repea ted  large scale tests however the  d is tr ibu t ion  o f  c r i t ica l  C O D ’s 

would be expected to resemble the d is tr ibu t ion  of 5m at ob ta ined  in  repea ted  

3-point bend tests. This is the  assum ption on w hich  the a b i l i ty  to p red ic t  

c rit ica l  and  to lerable  defec t  sizes rests.

The  consequence of the random  na tu re  of toughness is th a t  sca tter  in 

e ither  of  the above expressions fo r  model u n c e r ta in ty  may derive  e i the r  f rom  

the va ria t ion  in "toughness" or f rom  other m odelling assum ptions not rea lised  in 

the test. Since toughness scatter  is a lready  taken  in to  account by assum ing a 

d is tr ibu t ion  fo r  toughness in a c r j t in E qua tion  6.5 any  accoun t o f  the 

v a r iab il i ty  in X m would dup lica te  this.

The follow ing describes an a lte rna t ive  approach  to model u n c e r ta in ty  in 

f rac tu re .  U n like  buckling the model used in f ra c tu re / te a r in g /c o l la p s e  fa i lu res  

can be used to p red ic t  d isp lacem ent (i.e. the COD) a t  vary ing  stress levels up 

the f ra c tu re  event. F a i lu re  is p red ic ted  when this exceeds the c r i t ica l  COD,
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5mat- Modelling accuracy can thus properly be expressed as

a c t u a l  COD
X, ( 6 . 7 )

p r e d i c t e d  COD

and  ideally  w ould be know n at d iscrete  stress levels. This m odelling va riab le  is 

independen t  of <5m at and  thus f ree  of the dup lic i ty  described above.

The only ava ilab le  da ta  on this value is con ta ined  in R efe rence  10 and  is 

l im ited  to a single test. This  test ind ica tes  « 1.15 at stresses below 0.5 of

yield r ising to 1.5 at 0.9 of yield. In view of the lack o f  rep re sen ta tiv e  da ta

it was considered  app rop ria te  fo r  this s tudy to t rea t  X m as d e te rm in is t ic  withi l l  g

a value  of  1.0 th roughou t the stress range. It has consequently  been om itted

from  E q ua tion  6.5 and  from  fo llow ing  references  to the  fa i lu re  func t ion .

6.7 F a i lu re  Function  fo r  D efect  Assessment Codes

It is requ ired  to de te rm ine  the re l iab i li ty  in h e r ren t  in code procedures. In

o ther  words w ha t  is the  f a i lu re  p robab il ity  of the  largest de fe c t  deem ed by

the code to be tolerable? I f  the  largest de fec t  de te rm ined  using the  PD6493

design curve  is a j ) c  then P(M < 0) where

is the  requ ired  fa i lu re  probab il ity . In this case a j ) c  is equal to a m given in 

E qua tion  6.3. S im ilarly  i f  the de fec t  deemed to lerab le  using a revised p rocedure  

based on the s tr ip  yield model is a g y  ^  ap p ro p r ia te  f a i lu re  fu n c t io n  would 

be

M = a c r i t " a DC ( 6 . 8 )

M -  a c r i t  " a S Y /^ a ( 6 . 9 )
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and P(M < 0) would  be the requ ired  fa i lu re  probab il ity .

a g y  here  is the solution to Equation  6.4 w hen the in p u t  values of

toughness and  stress are  m odif ied  by pa rt ia l  fac to rs  Yr and  Ya respectively.

A dd itiona lly  a lower bound  toughness 5mjn3 being the  m in im um  of th ree  COD

tests is used. Ya is a pa r t ia l  fac to r  on defec t  size. These fac to rs  are  fu lly

described in the discussion on a Model Code in Section 8.

By w ri t ing  the (ite ra tive)  solution to E qua tion  6.4 as

a = f 2 ( o  , 5) ( 6 . 1 0 )

then

a SY ~ ’ 5m i n 3 / \  ) ( 6 . 1 1 )

and

a c r i t  ~ 2 ( m(7 ’ m 5) ( 6 . 1 2 )

E qua tion  6.9 becomes

M -  f 2 ( m(7 , m§ )  - f 2 ( m(7Y(7 , 5 m j n 3 / Y T )
( 6 . 1 3 )



Id en t i fy in g  the mean and  s tandard  dev ia tion  of the  random  variab les  as 

[mx , sx] gives

M f  2 ( [  m̂ j , Sg] , [m§ , s 5 ] ) - [ f 2 (m(j T (j  , 6m j n 3 / ^ 7 ) » s a l

-  ( 6 - 1 4 )

w here  sa is the  s ta n d a rd  dev ia t ion  assumed fo r  the  ran d o m  variab le  m odelling 

de tec tion  accuracy.

The Level II sa fe ty  index , |3, is found  by f in d in g  a stress, o , toughness, 

5* and  de fec t  size, a* such th a t

x = mx + o j x ^?sx x = c r , 5 , a ( 6 . 1 5 )

a n d

M ( x *)  = 0

I . e .  M( x * )  = f 2 ( a *  , 8 * )  - a*  = O ( 6 . 1 6 )

d t  a *  = f 2 ( a *  , 5 *)  ( 6 . 1 7 )

By com paring  E qua tion  6.17 to 6.10 it is clear th a t  the  f a i lu re  fu n c t io n  is in 

•precisely the same fo rm  as the  solution to E q ua tion  6.4. E v a lu a t io n  o f  M in 

^Equation 6.9 does not the re fo re  requ ire  separa te  i te ra t iv e  solutions fo r  a c r j t 

a n d  agY as E quations  6.11 and  6.12 would suggest. R a th e r ,  a single i te ra t iv e  

so lu tion  to E q ua tion  6.16 is necessary for each new design po in t  c rea ted  in the 

a d v a n ce d  FOSM solution algorithm . Only one p rio r  ad d it io n a l  i te ra t iv e  solution 

is requ ired  to de te rm ine  m a w hich  is given by a g y / ^ a  w here a g y  is given in 

E q ua tion  6.11.



F ig u re  6.1 presents plots of sa fe ty  index, 0, versus to ta l  stress

nondim ensiona lised  by yield stress. The dashed  curve  derives f rom  E q u a t io n  6.8

(i.e. (3 = <h"1(l - pf) , p f  = P(M < 0) , M fro m  E quation  6.8) w hen aj)(^ is

ca lcu la ted  using the estimate of the  m in im um  of three  3-point bend  tests fo r  

toughness (see A ppendix  B). The solid curves derive  from  E q ua tion  6.9 but

w ith

a SY = f 2 ("V  . m«)

T'a

and  Ya = 1.75, 2.5 and  4.0, i.e. p a r t ia l  fac to rs  on stress and  toughness are  

assumed to be 1.0 and  the mean toughness used. In F igure  6.1 the stress is

assumed to be pure  tension and  in F igu re  6.2, pure  bending.

6.8 Discussion

T he  reasons of the seemingly low re liab ili t ies  in Table  6.1 and  F igures  6.1 

and  6.2 raise the  need fo r  verif ica tion . For this E qua tion  1.8, the m ean  va lue

FOSM m ethod  can be invoked:

(3 = mR - mL
  ( 6 . 1 8 )
y ( s R 2 + SL 2 )

whence, p rov ided  mj^ ^ 0

13 = e - l
------------------------------  ( 6 . 1 9 )
/ V R 2 0 2 + VL 2

w here V = s /m , the COV, and

0 = mR /m L  can be called a global sa fe ty  fac tor.



For 0 = 1 obviously 0 = 0. As 0 becomes large the num era to r  in E qua tion  

6.19 is dom ina ted  by 0 and  the denom ina to r  by V r 0. Hence

< « ■ * »

The R in the contex t of de fec t  assessment represents  ca lcu la ted  c r i t ica l  defec t

size, a c r j t , w hich  is a fu n c t io n  of m ateria l  toughness and  stress level. Since the 

COV of a c r i t is at least as large as the COV of toughness fo r  w hich a value

of 50% has been ind ica ted  then  it must be expected th a t  (3 < 2.0. This  is true  

fo r  any  a rb i t r a ry  large sa fe ty  fac to r  and  thus fo r  any  ac tua l  d e fec t  size 

grea ter  th an  zero. P e rfo rm ing  a s im ilar ca lcu la tion  fo r  s ta tic  collapse of 

columns, say, w here the largest COV on the resistance side was fo r  m odelling 

u n c e r ta in ty  and  approx im ate ly  15% then fo r  any  column, regardless o f  sa fe ty  

fac to r,  (3 < 6.7. The Mean Value FOSM m ethod underestim ates  the exact sa fe ty  

indices by approx im ate ly  0.5. Nonetheless the poin t  is clear th a t  there  is a

lim iting  upper  bound to re l iab ili ty  w hich fo r  f ra c tu re  is m uch smaller th an  fo r  

s ta tic  collapse.

Table  6.1 shows the de te rm in is t ic  m argin  betw een ac tua l  de fec t  size and

allowable d e fec t  size in two assessments may be the  same bu t the  p robab il it ies

of ac tua l  de fec t  size being grea ter  than  the c r i t ica l  de fec t  size (as param etised

by (3) can  va ry  substan tia lly . The la tter ,  of course, depends upon the  degree of 

v a r ia b i l i ty  in the  inpu t  in fo rm a tion  whilst the  fo rm er  does not.

F igures  6.1 and  6.2 show the ex ten t to w hich  safe ty  index  depends on 

stress ratio . For one-off  assessments it would be expected th a t  the re l iab i l i ty

fo r  s im ilar  de fec t  sizes reduces as the stress level increases. For m aking

defect



assessments, however, such a dependency  is not at all desirable: ideally  the 

curve w ou ld  be f la t  in d ica ting  a s im ilar degree of confidence  in assessing 

defects  r a t  h igher  stresses as at lower stresses. In o ther  w ords the assessment

p rocedm e  should compensate fo r  the  e ffec t.  The ana ly t ica l  reason is th a t  a

s ingu la ri ty  exists in E qua tion  6.4 a t  Sr = 1 w here Sr is the p lastic  collapse

ra tio  o f  ne t to f low  stress. When flow  stress is taken  as the average  of  yield

and  tensile stress (as it  is here) the s ingu la ri ty  corresponds to o / O y  «

1.15 (BS4360 G rade  500). Thus, a lthough  mean values of both a c r j t and  a § y  

E qua tion  6.9 reduce as stress is increased, near  the s ingu la ri ty  they  both 

approach  zero and  the d if fe re n c e  between them  becomes smaller. The

de te rm in is t ic  sa fe ty  m arg in  and  consequently  (3 is thus reduced.

T h e  dependence  would  be o f fse t  i f  the  m odelling fac to r ,  w ith  a mean 

value r i s in g  w ith  increasing  stress level, had  been employed. The degree to 

w hich  t h e  curve would be restored would of course depend  on the ra te  of 

increases o f  modelling u n c e r ta in ty  to stress ratio . It is un l ike ly  th a t  the  value

of L5 suggested in Section 6.5 fo r  modelling u n c e r ta in ty  a t  stresses close to 

yield w o u ld  have s ig n if ican t  impact. The ap p a re n t  decline in sa fe ty  w ith  

increasing stress must th e re fo re  be viewed as a real phenom enum , i.e. m aking  

assessments a t stresses approach ing  yield conta ins  more risk th an  fo r  lower 

stresses;?

A  second s tr ik ing  cha rac te r is t ic  of F igures 6.1 and  6.2 is the  d iss im ila r i ty  

betw een; the Design Curve (dashed curve) and  the curve  fo r  the  s tr ip  y ield

m ethod • (designated Level 2). A lthough the same general fu n c t io n  has been used 

to plot - all the curves the way a ^ c  varies w ith  stress is d i f f e r e n t  f ro m  the 

v a r ia t io n  of a g y  H ad they  been plotted on a toughness base the d is t inc t ion  

would  have  been less obvious.



L a s t ly  the steeply rising values of /3 at low stresses are  a p p a re n t  fo r  the 

s t r ip  .yield m ethod in both figures. The to lerable  defec ts  in these cases were 

v e ry  la rg e  com pared to the p late  w id th  and  unlike ly  to be to le ra ted  in any  

s tru c tu re .  In a la ter  re f in em e n t  to the  str ip  yield approach  a pena lty  applied  

to  stress in tens ity  fac to r  is imposed when the d e fec t  size is g rea te r  th an  10% 

o f  the load bearing  area. This will be seen to completely a lte r  the  shape of 

th e  /3 v e rsu s  stress curve  a t  low stresses and  cause it  to p lunge ra th e r  than  

.climb.. T h i s  emphasises a po in t  brought out in ea rl ie r  Sections th a t  the

ca lcu la ted  re l iab i l i ty  is only as good as the model w hich  it uses to ca lcu la te  

c r i t ic a l  values. L itt le  heed should  be paid  to re l iab i l i ty  values fo r  stresses 

below '0.4 (7 y shown in the figures. For h igher  stresses there  is re la tive

cons is tency  betw een the two approaches and  the /3-values are  more re levan t.

T b s  results pose a problem  fo r  ca lib ra tion  since assessments are  usually  

c a r r ie d  ?out w here the to ta l stress could be any  value up to and  beyond yield  

- ^ a g m t i id e .  G iven  this v a r ia t io n  how does one choose a d isc re te  ta rge t

re l ia b i l i ty  to represen t all stress levels?

T w o  a lte rna t ive  solutions to this problem  are exam ined  in Sections 7 and

8.

6.9 Conclusions

1 . Tflodel u n c e r ta in ty  is most usefu lly  described  by values of

a c t u a l  a p p l i e d  COD 

p r e d i c t e d  a p p l i e d  COD

IDala should be sought on this expression at d i f f e re n t  stress levels and  

u s e d  to re f ine  the model.
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2. When the c o e ff ic ien t  of va ria tion  fo r  the toughness d is t r ib u t io n  is V T the

m a x im u m  value  of  sa fe ty  index cannot be g rea ter  than  1 /V T w hatever  

t h e  size o f  de fec t  or m agnitude  of sa fe ty  fac to r.  This lim its the sa fe ty  

in d ex  fo r  f r a c tu re  to approx im ate ly  2.0.

3. Leve l II re l iab i l i ty  analysis  using the fa i lu re  fu n c t io n  de rived  provides a

-reasonable way of assessing a known defect. The advan tages  over any  

■deterministic approach  are  th a t  it can cope w ith  in d iv id u a l  estimates of 

/ th e  unce rta in t ie s  involved  in the inpu t param eters .  Users of this m ethod

■would gain  a d d it iona l  in fo rm a tion  on the re la t ive  sensitiv ity  of  the  inpu t

variables.

4. I n  assessments using e ither  existing or proposed rules there  is s ig n if ican tly  

m o re  risk  in assessing a de fec t  in a region o f  h igh  stress th an  fo r  one in 

a  low stressed region.

6.1D R eferences

L  PD 6493  : 1980, G uidance  on some m ethods fo r  the  d e r iv a tio n  of

a c c e p tab le  levels fo r  defects  in fusion w elded  joints. British  S tandards  

In s t i tu t io n ,  London, 1980.

2. D u g d a le ,  D.S. ’Y ie ld ing  in Steel Sheets C on ta in ing  Slits’, J. Mech. Phys.

•;Solids, Vol. 8, 1960, pp 100-104.

3- P la n e ,  C.A. and  Cowling, M.J., ’F u r th e r  Studies on R e liab i l i ty  Aspects of

D e f e c t  Assessment’. F ina l  Report, Vol. 3, D efect  Assessment in O ffsho re

.Structures 1985/87.

4. ’R a tiona l isa tion  o f  Safety  and Serviceability  Facto rs  in S tru c tu ra l  Codes’ -

Construc tion  Industry  Research and In fo rm a t io n  Association, London, 

CIRIA  R epo r t  63, 1977.



285

5. X e p o ra t i ,  E., ’The Assessment of S truc tu ra l  S a fe ty ’, Series in Cement and 

C oncre te  R esearch , Vol. 1, E d ited  by A. Short, R esearch  Studies Press, 

Oregon 1979.

6. G h a n g ,  J.T.L., ’Investiga tion  of the  Wu A lgorithm  fo r  C om puting  S truc tu ra l

R e l ia b i l i ty ’. E ng ineering  Experim ent Station, College of Engineering , The 

U n iv e rs i ty  of A rizona, October 1985.

7. TTdwers, O.L., Williams, S. and H arrison , J.D., ’ECSC C ollaborative

:7Elastic-Plastic F ra c tu re  Toughness Testing and  Assessment M ethods’, F inal

•Contract R eport  fo r  the  Commission of the E u ropean  Com m unities, R eport 

/N o. 3571/10M /84 The Welding Institu te , June  1984, Cam bridge.

8. © aw es, M.G., ’The CTOD Design Curve Approach: L im ita tions  and F in ite  

S iz e ’. Welding In s t i tu te  R eport  278/1985, June  1985.

9. P roposed  revisions to PD6493 Section 2 revision 4: P r iva te  com m unication . 

30. A nderson , T.L., Leggatt, R.H., Garwood, S.J., ’The Use o f  CTOD Methods

i n  F itness fo r  Purpose A nalysis’, Welding In s t i tu te  S ta f f  Paper, A pril,  1985. 

13. G arw ood , S.J., ’A C rack Tip  opening D isp lacem ent (CTOD) M ethod fo r  the

A na lys is  of  D uctile  M ateria ls’, Welding In s t i tu te  research  repo rt  no.

277 /1985, June  1985.

32. H ancock , J.W. and  Cowling, M.J., ’Role of S tate of Stress in Crack-T ip

/F a i lu re  Processes’, Metal Science, August-September, 1980, pp293-304.

13. F l in t ,  et al. ’The D eriva tion  of Safety  Fac to rs  fo r  Design o f  H ighw ay

B r id g es ’, in the  Design of Steel Bridges, ed. R ockey  and  Evans, G ranada , 

X ondon , 1981, p p l  1-36.

14. '^ a d e r s o n ,  T.L., ’E lastic-Plastic  F rac tu re  M echanics Assessments Based on 

C T O D ’. Welding In s t i tu te  Research R eport No.276/1985.

15. B en jam in , J.R. and  Cornel, C.A., ’P robability , S tatistics and  Decision fo r  

:O V il  E ngineers’, M cGraw -H ill Book Co., 1970.



• • 0 0 0 • • • • 0 0 0 0XI XI XI X! 0 0 XI 0 XI X1 X! XI 0 0 0 0ty ty Cn ty 0 0 Cn 0 Cn Cn ty ty 0 0 0 0G G G G P P G P G G G G P p p p0 0 0 0 P P 0 P 0 o 0 0 P p p pP P P p 0 0 P 0 P P P P 0 0 0 0

£; >< S >4 >4 S >4 5 >4 >4 >4 >4 >4 >4 >4

o o o o O o o Ot" O' vo VO O O in in CO 00 o o iH rH H4 H4• • • • • • • • • • • • • • . •00 00 O' O' cn cn H I—1 cn 03 t" r-' VO VO H4O' VO VO O' O' VO VO

55 5 2; >4 55 55 55 >4 5 S S >4 !G 55 S >4

o o Oo o CM CM o o CM CM VO VO H4 H4 VO VO H4 O• • • • • • • • • • • • • • •00 00 00 00 00 00 00 00 cn cn 03 03 cn cn 03 •cn cn VO VO cn <y VO VO rH iH rH rH 03

ro o O' H4 H4 iH H4 iH cn in f" 00 00 cn CM VOt" CM CM H4 VO in O cn cn H4 03 VO in H4 in cn• • • • • • • • • • • • • • •03 H rH o iH o rH o rH rH o o o o o o

O o o o o o o o 00 o CO o 00 o 00 oVO 00 VO 00 VO 00 VO 00 rH rH rH rH

O o o o o o o o O O o o o o o o03 CM in in CM CM in in CM CM in in CM CM in in

O O o oin in in in O O o o in in in in cn cn cn cncn cn cn cn

cn cn cn cn cn cn cn cn 03 03 03 03 03 03 03 cn• • • • • • • • • • • • • • • •o o . o o o o o o o o o o o o o o

wp
0p
0g
(0
p
fda

p
g
a
c•H
p
ca)p
0pp•H
PO
P

CO.-

10
0
O*H
Tf
G

•H

>1
P
0
P
0
U)

<4-1
O
G
O
(0-H
P
0
ago
o

VO
0

rH

0
EH

TJG0
0
0
0
Gx;ty
Gop

S'x; P p0p
0 
0 
P
X! „
-P-H
1 Gp.5 
0 glg
Gg•H
G•Hg
P0
0
P0g•H
P0
0
X!
P-H£
0

1
GO

>i
rH
0
>

-H
PO
0a
in
0p

P  o\o
o o  co
0 
P 0 g
•H
P o\<> 
w in 
0

tJ
G0

X!
P
•H
&
xio0opa w a
0  Po
Tf P
0  CM 

*H •
c
5  a ^

*™*H c  P 00  j j
*0 WH
S' CPH
C G 

-H P  
® 0) 0  
p  G
0 0 N N

*H
JO 0

0
PO
PO
0
P

0 H
^  P  00 0-HT3 73 p
0 0
XI
0p
0
rHop

p
0a
0
0
0pp
0

II II

Q c/3 
0 0

*  
*  *



t—I
vo

OO
CO
LU
C d

0 0

00
>

X
LU□

X  
I—  
LU

cn <£ 
‘ 0 0

I D
ZD
O
cn
ZH

cn
o
LL.

o

<cn

o
o o
2 :
LU

LUcn
I D  
Q .

L_J
<cn
L J

o

o
o

CO

o
LU>
cc
ZD m

CM O

LU

LU

O

lh
<o

o

m
o c bCM o oo CM

oo oo
CCL



( / )
Ul
LU
CC

00

i/5
>

X
LU
Q

X

LU 
L L

u i  <  
'  00

<
L J

LU
I

LU
00

cno

< £
q :

LUcr
Z>
CL

I—  
L J  
LU  
UL 
LU 
Q

LU 
L J

i2E
q :
ZD
00

ID
2 Z
Q

LU
cn

o

o
CD

O

ln  
csi o

LU

OCSJ

LU

LU LH

O

O

m
<bco o 03

o o
CEL



Where f  an d  <p are the p robab il ity  density  fu n c t in s  (pdf)  corresponding  to 

the cum m ula t ive  d is tr ibu t ion  functions  (cdf) F and  <J> respectively.

R earrang ing :

x i “ x i
* - 1 [ F ( x i *) ] , v3{<h--| [ F ( x i * ) ] }  

f ( x i * )

1 [ F  ( x  i ) ] }  

f ( X i * )
A3

Com parison  of E quation  A3 and  A2 gives

N _
f ( x i * )

A4

and

mx N = x i * '  <*>'1 [ F ( x i * ) ] s x N A5

If  E q ua tion  A1 is corrected  as shown only at the design po in t  the 

t ra n s fo rm a t io n  gives good approx im ation  in the  p rox im ity  of this po in t  i.e. in 

the region of m ajor in terest fo r  checking safe ty . The transTorm atio if  is 

equ iva len t  to f i t t in g  any  given d is tr ibu t ion  by a norm al d is t r ib u t io n  both  

hav ing  the same c d f  and  p d f  a t  the design point.

F ina lly  i f  xj is lognorm ally d is tr ibu ted  and  fo r  convenience d ropp ing  the 

i subscrip t and  * superscrip t,

1n ( x / m x )

<Unx
A6



APPENDIX A

D eriva t ion  of R ackw itz-F ies le r  tran sfo rm ations  m ^  and  s ^  fo r  non-norm al 

variables.

In theory  it is possible to replace a random  variab le  xj, h av ing  a given 

cum m iilative  d is tr ibu t ion  fu n c t io n  F (xj) by a norm al s tan d a rd ised  va riab le  uj. 

The two variab les  are  re la ted  by

F ( x j ) = <h(u j )

i . e .  u j = < h _ 1 [ F ( x i ) ]  A1

Let yj be a norm al va riab le  such tha t

ui  = ( y j - mj N) / s

where m jN and  SjN are  the mean and  s tanda rd  dev ia tion  o f  yj respectively. 

The problem  is to f in d  m jN a n d SjN f 0r yj = xj.

By a Tay lor  power series expansion of E qua tion  A1 a t  x *  and

considering linear  terms only.

l r r /  f  1 [ F ( X ;  )  ] 1  ,
[ F ( x  i  ) ]  +  [ ------------  a x i  j  X i *  ( x i  '  X i  ^

Where the no ta tion  ind ica tes  derivatives  are  ca lcu la ted  at the  design point. 

D if fe re n t ia t in g  the inverse fu n c t io n  gives



and

1 l n ( x / m Y)
f ( x )  = ----------- ^ -------------------  A 7

X(T 1 n x  °  1 nx

where ^ ln x  = ^ \ n { Y x 2 + >

m x = ^ x  ®XP (" i ^ ln x  2)’

V x = the s tan d a rd  deviation  -r m.

Substitu ting  A6 and  A7 in to  A4 and A5 and  re in troduc ing  the i subscrip t 

and  * superscrip ts  gives:

„ N *s x -  x i o i n x

N * i t * /~ \ *mx = x i - 1 n ( x j / m x ) x j

A8

A9

When i te ra t in g  to f in d  the m inim um  distance, |3, fo r  lognorm ally  

d is tr ibu ted  variab les  the S| and  mj in Equations  1.23 and  1.25 must be rep laced  

by sx N and  m x ^  using E quations  A8 and A9 respectively.



APPENDIX B

The relationship between the Weibull scale factors of a parent distribution

of toughness and  the d is tr ibu t ion  derived  from  selecting the m in im a of samples

of size N  is shown by example. The same rela tionsh ip  is shown to exist

betw een t h e  expected values of the two d istr ibu tions.

Exam ple

I f  1> follows a Weibull d is tr ibu t ion  with  shape and  scale pa ram ete rs  o; and 

(3 respec tive ly

a) f in d  E(S)

b) show tha t  the derived  d is t r ib u t io n  of the m inim a, 5 jsj, of a num ber  of

ran d o m  samples of size N from  the pa ren t  Weibull popu la t ion  is also

 ̂ Weibull.

c) f i n d  the param eters  a 1 and  (31 of the derived  d is tr ibu tion .

d ) : show th a t  the ra tio  of the expected values of the two d is tr ib u t io n s  is

N 1 / a .

Solution:

a) an y  s ta tis tica l text-book, fo r  example R efe rence  15, carries  this solution: 

E ( 5 )  = (3T (1 + - )Of

w here  T(-) is the gamma function .

b) Let F 5(5) be the paren t d is tr ibu t ion  of toughness and  let F 5 ^ ( 5 n ) b e the 

d is t r ib u t io n  derived  from  selecting the m inim a of random  samples o f  size

N,



For any toughness T

P r (5 >T) = 1 

=  1

If  N tests to de te rm ine  toughness are carr ied  out the  p robab il i ty  

th a t  .all N values are  g rea ter  than  T is [1 - F g C r) ]^  and  the p robab il i ty  

th a t  ;at least one value is less than  T is 1 - [1- F 5(T)]N.

This p robab il ity  is iden tica l  to the p robab il ity  th a t  the m in im u m  of 

N 5 values  is less than  T, i.e.

P r ( S N<T)  = I - [1 - F 5 ( T ) ] n

I f  m any tests are  ca rr ied  out in groups of N an d  the  m inim um , 

is  selected from  each group the d is tr ibu t ion  of 5jsj’s is d e f in e d  by

F 5n ( T)  = P r ( 5n <T)

Thus

N

F 5n ( T)  = 1  - [1 - F 5 ( T ) ]

I f  is Weibull it has the fo rm

F§ (T )  = 1 - e x p [ - ( - S - M  
T h e re f  ore

F 6N ( T)  = 1 - [ e x p [ - ( | — '“  ] ] N

y  Of
= 1 - c x p [ - (  — ) ]

|3 / N 1 ! CL

- P r ( 5 < T )

- F 6 ( T)



i.e. ^ 5^  is Weibull

c) F rom  b)

of1 = a

(3 1 = 0 / N 1 /oc

d ) E ( « N ) = U T ( I  + i , )or1

= — r ( i + I)
N 1 / «  a

Therefo re , using a)

l i i i —  = n > / «  
E ( 6 n )



SECTION 7

F U R T H E R  STUDIES ON RE LIA B ILITY  ASPECTS OF D E FE C T  ASSESSMENT

7.1 In troduc tion

In  order  to v e r i fy  the results  of the FOSM m ethod fo r  de fec t  assessment 

re l iab i l i ty  both  M onte-Carlo  s im ulation  and  FOSM m ethods a re  used to solve 

the same re l iab i l i ty  problem. The la t te r  is fo u n d  to have a good degree of 

accuracy  despite  the h igh ly  skewed toughness d is tr ibu tion .

The FOSM m ethod is then  used to tabu la te  sa fe ty  indices and  rela tive  

sensitiv ity  codes fo r  d i f f e r e n t  com binations of d is t r ib u t io n  charac te r is t ic s  of the 

basic variables: stress, toughness and  defect  size. T ab u la t io n  is ca rr ied  out for 

the case w hen ac tua l  d e fec t  is assumed to be the largest a llow able  defec t  

according to the s tr ip  y ield  model and  when ac tua l  d e fec t  size is assumed to 

be the largest allowable  d e fec t  according to the c u rren t  P D 64930)  design curve.

The problem  of ca lib ra t in g  defec t  assessment codes w hen there  is a strong 

dependence of assessment re l iab i l i ty  on stress was ra ised  in Section 6. I f  it can 

be assumed th a t  assessments ca rr ied  out accord ing  to the  design curve  at a 

specific  stress level have adequate , bu t  not excessive, re l iab i l i ty  then  th is  can 

be used to id e n t ify  a ta rge t  reliab ili ty . Using this ta rge t  and  the tables 

presented in this section a sa fe ty  fac to r  on Level l(2) assessments can then  be 

obtained. The process of this defec t  by defec t  ca lib ra t ion  is dem ons tra ted  by 

example.

295
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Notation

a

COD -  

E

K  ; - -"'i-h 

w  yy. 

Of y yy

/5t  -

*7 ■' -

^ n a t

°an &r: 

un

Uy

h a lf  w id th  o f  th rough  defect, he ight of su rface  de fec t  or ha lf

height o f  em bedded  defect

crack tip  opening displacem ent

Y oung’s M odulus

stress in tens ity  fac to r

w id th  of section

sensitiv ity  fac to r

target sa fe ty  index

safe ty  fac to r

cri t ica l  COD

flow  stress (= mean of yield and  tensile stress) 

m em brane stress 

net stress 

yield stress

O th e r  m o ta t io n  is d e f in ed  in the  text.
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7.2 Comparisons with Monte-Carlo Simulation

The /v a l id i ty  of advanced  Level II re l iab i l i ty  analysis when h ighly  skewed 

(non-norm al) variab les  make up the design space is exam ined  in this 

sub-section. Com parison will be made w ith  a single re l iab i l i ty  ca lcu la tion  using 

M onte-Carlo Simulation.

7.2.1 R andom  N um ber Generators

The M u lt ip lica t iv e  Congruence m ethod produces  a series of pseudo-random  

num bers u s i n g  the  fo llowing algorithm:

r n-f'l = a r n ( m o d u l o  m)

w here a a n d  m are  prim e in teger constants. U sing an in teger  "seed" i 0 the 

f i r s t  p seudo-random  num ber r 1 in the in te rv a l  [0,1] is ob ta ined  f rom

ai t )  a i o " J 1 m i ,
   ■«= j 1 + --------------------  + —  = j 1 + r 1 ( 7 . 1 )

m m m

i.e. r ,  as dlie f ra c t io n a l  pa r t  of the quo tien t  ai 0/m  and  j 1 is the  in teger  part. 

The descr ip tion  "pseudo" is used because the  se ries even tua lly  repea ts  itself. 

Prov ided  a  and  m are  correc tly  chosen the cycle is su f f ic ie n t ly  large fo r  most 

purposes (in excess of 1 0 12 cycles).

This  "method generates num bers such th a t  any  num ber in the  in te rv a l  [0,1] 

has an  /equa l  chance of occuring. In order to p roduce  random  dev ia tes  w ith  a 

s p e c i f ic /p ro b a b i l i ty  d is tr ibu t ion  it is su f f ic ie n t  to ca lcu la te  the inverse  function :

x -  T V  1 ( r ) ( 7 . 2 )
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where r is the random  num ber and F x is the cum m ula tive  d is tr ibu t ion  of x. 

(For cum m ula tive  d is tr ibu t ion  functions  w hich cannot be inverted  in closed 

fo rm  num erica l  in teg ra t ion  must be used). For the Weibull d is tr ibu t ion  the CDF 

is

Hence of series of independen t random  deviates X] may be obtained  from:

where the q  have  a rec tangu la r  d is tr ibu tion  in the  in te rva l  [0,1]. The Norm al

and  Lognorm al d is tr ibu t ions  are generally  trea ted  as special cases. Use is made

of the C en tra l  L im it  Theorum  and random  num bers  are derived  f rom  the sum

of n, (n>12) rec tangu la r ly  d is tr ibu ted  random  num bers. R andom  num bers  on the 

Glasgow U n ive rs i ty  Com puting Services ICL3988 com puter  are called f rom  a 

source p rogram  specify ing  the param eters  of  the d is tr ibu tion . This g rea tly

fac i li ta te s  the app lica tion  of Monte-Carlo Simulation.

7.2.2 M onte-Carlo  Sim ulation fo r  D efect Assessment

In a single t r ia l  random  values of stress, de fec t  size and  toughness are

genera ted  by calling  the re levan t l ib ra ry  sub -rou tine  w ith  the ap p ro p r ia te

d is tr ibu t ion  param ters . F a i lu re  is assumed to have  occured fo r  the t r ia l  i f  M<0

w here

e x p [  - ( | - ) a ] ( 7 . 3 )

whence

( 7 . 4 )

Xi = <8[ ( 7 . 5 )

M = a c r j t ( s t r e s s  , t o u g h n e s s ) d e f e c t  s i z e ( 7 . 6 )
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i.e. a c r j t is eva lua ted  as the solution to E quation  6.4 using the random  values 

of stress a n d  :toughness. The fa i lu re  p robab il ity  is the ra t io  of the  num ber  of 

fa i lu re s  to ; the  num ber of trials , N, when N is large. Table 7.1 presents the

f i r s t  20 ran d o m  values o f  stress, defec t  size and toughness and  the

corresponding  'values of M. Tab le  7.2 presents the  values of f a i lu re  p robab il ity ,

the  num bers  of  fa i lu res , and  safe ty  index, fo r  various values of N up to 

300,000. T ab le  7.3 presents the  inpu t and  ou tpu t  in fo rm a t io n  w hen  the 

advanced  l ie v e l  II m ethod is used to solve the same problem. T he  OCP (central 

processor) t im e s  f rom  w hich cost is ca lcu la ted  are given fo r  each ca lcu la tion .

7.3 Sensit iv ity  Factors

The m e th o d  of de te rm in ing  safe ty  indices used in the  prev ious Section is 

an A dvanced  X evel II p rocedure  and  is fu lly  docum ented  in R e fe ren ces  3 and

4 as well a s  -elsewhere in this thesis. V ariab les  are  not all equa lly  in f lu e n t ia l

on safety . A  one s tan d a rd  dev ia tion  sh if t  in one variab le  will, in  genera l, have 

a d i f f e r e n t ’ in f luence  on the sa fe ty  m argin  th an  the same s h if t  in another.

K now ledge o f  sensitiv ities  is thus essential to the design code d r a f t e r  w hen 

dec id ing  w hich variab les  should be represented  in the assessment equa tions  by 

th e ir  cha rac te r is t ic  (lower bound) value. This same knowledge is also use fu l  to 

designers w h o ,  conscious of the  need to a llocate resources p ru d en tly ,  m ay  need 

 to decide  mi w h ic h  assessment va riab le  to concen tra te  the most resources.

The ^relative sensitiv ity  o f  any  variab le  is governed by the  fo rm  o f  the 

f a i lu re  func t ion , (see Section 6.7) as well as its degree of u n c e r ta in ty  re la tive  

to o ther  variables; it is generally  not obvious from  cursary  ex a m in a t io n  of the 

fa i lu re  fu n c t io n  and  is only revealed  by the type of analysis r e f e r r e d  to here.

The p rim e in te res t  in sensitiv ities  is their  o rder  r a th e r  than  in th e ir  absolute

value.
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7.4 Failure Function

The fa i lu re  fu n c t io n  adopted  to de te rm ine  the fa i lu re  p ro b ab i l i ty  of a 

de fec t  assessed as being safe  is

M = a c r i t ( x 1 s x 3 ) - a t o i ( x 2 ) ( 7 . 7 )

whe  r e  x 1 = s t r e s s

x 2 = d e f e c t  s i z e

x 3 = COD t o u g h n e s s .

a c r i t  = c r i t i c a l  d e f e c t  s i z e

a t o l  = t o l e r a b l e  d e f e c t  s i z e

F a i lu re  is assumed to occur when M becomes negative.

The collapse m odifed  s tr ip  yield model(^) was used to d e f in e  the  c r i t ica l  

defec t. This  requ ires  the  solution of

- 8 -------j %  .  . '  ■ O ( 7 . 8 )
7 T  l n  s e c  (2  r )

w here  Sr is the ra tio  of net to f low  stress and  <5r is the ra t io  o f  app lied  

to c r i t ica l  COD. Both are func t ions  of d e fec t  size and  an i te ra t iv e  so lu tion  is 

requ ired .

For a th rough  crack  in pure  tension

0 n °m
S r = —  = ----------------------------------- ( 7 . 9 )

(T f  ( 1  - —  ) ( 7 f
W



5 r -  5i/ 5ma t 

5 i  = K V t f y E

=  IYI ^ “TT 3. /  O’ y  E

( 7 . 1 0 )

( 7 . 1 1 )

For o ther  de fec t  geometries and  loading types a p p ro p r ia te  net stresses, a n , 

and  correc tion  fac to rs  to the  stress in tensity  factors , K, were used.

Tolerable  defec ts  sizes were calculated

a) using the str ip  y ield  model (Equation  7.8) w ith  mean toughness and  with 

defec t  size fac to red  by three  choices of sa fe ty  fac to r,

b) fo r  the ta rge t  re l iab i l i ty  s tudy from  the PD6493 design c u r v e d )  assuming 

a toughness equ iva len t  to the m inim um  of th ree  COD tests and  no fac to r  

on de fec t  size.

The to lerable  de fec t  pa ram ete r  in PD6493 was converted  using F igures  12 

and  13 of th a t  d o cu m en t( l )  to ob tain  defec t  heights fo r  su rface  and  em bedded 

cracks.

7.5 Results

The d is t r ib u t io n  charac te r is t ics  considered fo r  the basic variab les  are 

presented  in Table  7.4. Table  7.5 defines the d e fec t  geom etry an d  load ing  types.

The p a tte rn  of chang ing  sensitivities and  sa fe ty  indices w ith  d i f f e r e n t  

means and  COVs of the basic variables is complex and  does not lend  itse lf  to 

two-dim ensional g raph ica l  representa tion . A means of p resen ta tion  w hich  is



concise yet does not sacr if ice  m uch de ta il  has th e re fo re  been adopted . For any 

com bination  of m ean and  COV of the design variab les  a code has been used 

ind ica ting  the o rder  of sensitivities. Where any  p a r t ic u la r  va riab le  is 

p redom inan tly  in f lu e n tia l  this has also been ind ica ted . The sensit iv ity  codes are

given in  Table  7.6.

Tw o groups of results  a re  presented. The f irs t ,  Tables 7.7 to 7.30, give

the s a fe ty  index  and  sensit iv ity  codes fo r  every  com bina tion  of the  design 

variab le  d is tr ib u t io n  charac te r is t ic s  using the s tr ip  y ield  m ethod to d e f in e  the 

to lerable  defec t  size. The  second group, Tables 7.31 to 7.36 give sa fe ty  index 

only Tor the same com binations  of d is tr ibu t ion  charac te r is t ic s  bu t  w ith  to lerable  

defea t  size d e f in ed  by the PD6493 design curve  (assuming a toughness 

equ iva len t to the m in im um  of three  COD tests). This is consistent w ith  past

usage lof PD6493 and  th e re fo re  these results prov ide  a d a tu m  sa fe ty  level.

T h e  results can be used to id en t ify  an  a p p ro p r ia te  sa fe ty  fa c to r  fo r  use 

w ith  The s tr ip  yield m ethod or to de term ine  the o rder  o f  sensitiv ities, or both. 

The tw o  uses are now described  in more detail.

7.5.1 To D eterm ine  Safety  Factors  fo r  the S trip  Y ield  M ethod on a D efect  by

D efect Basis

In  the m ain  study , Tables 7.7 to 7.30, th ree  sa fe ty  indices are  presen ted  - 

one f o r  each value o f  sa fe ty  factor. Note th a t  the  sa fe ty  fa c to r  is app lied  to 

the d e fec t  size assessed assum ing mean toughness. When the m in im um  of N 

COD Tests is to be used the sa fe ty  fac tors  must be m ade to com pensate  by 

d iv id ing  each by N i.  The sa fe ty  fac to r  should be chosen such th a t  the sa fe ty  

index  m a tc h e s  the a p p ro p r ia te  value in the tables of ta rge t  reliab ili t ies .



Choice of target reliability

It was shown In  Section 6 that for through thickness defects in tension

assessed using the CD D s design curve the re l iab i l i ty  drops steeply and  steadily  

f rom  stresses of  0 3 try -to yield. The same problem  is no ticeable  bu t  not as

p ronounced  fo r  oth&r de fec t  types. This complicates the choice o f  targe t

re l iab i l i ty  since one miist f i r s t  ascerta in  an ap p ro p r ia te  stress level an d  then  

trans la te  th is  to a  T a rg e t  sa fe ty  index  using Tables 7.31 to 7.36. The objec t of

in d e n t ify in g  a targe t  're l iab ili ty  is to de te rm ine  a re l iab i li ty  acknow ledged  

th rough  past e x p e r ie n e e ia s  being adequate . The  bounds on possible choices may 

be id e n t i f ie d  as follows:

U pper  bound  s

R ecen t  w ork  a t  the  Welding I n s t i tu t e ^ )  suggests th a t  in A533B steel at 

least the  COD design ieurve used \yith mean toughness is overconserva tive  at 

stresses below 90% o f  feyield and  unsafe  at h igher  stresses. These conclusions 

arise f ro m  results  oU  seven centre  cracked  an d  semi-ellip tical su rface  no tched  

tension panels in I I  0mm thick m ateria l  a t  upper  shelf  tem pera tu res . No 

com parable  resu lt  is  a v a i la b le  fo r  cracks in pure  bending. For cracks in tension 

the smallest p rac ticab le  sa fe ty  m argin  is considered  to be th a t  ob ta in ed  using 

the COD design ;cxcrve; w ith  a m in im um -of- th ree  toughness in p u t  a t  80% of 

yield.

Low er bound  :

I f  the stress level used to obtain  the ta rge t  re l iab i l i ty  is equal to th a t  at 

w hich  the de fec t  Is  .being assessed both the COD design curve  and  the  s tr ip



yield m e th o d  will lead to the same to lerable  defec t.  The lower bound of stress 

(corresponding  to the  upper bound of re l iab i li ty )  is thus th a t  to w hich  the 

de fec t  is subjec t.

T h e  ^stress levels ind ica ted  in Tables 7.31 to 7.36 (the ta rge t  re l iab i l i ty  

tables) a r e .  80%, 60% and  40% of yield. The f in a l  choice will va ry  w ith  the 

a p p lica t io n  and  be ob ta ined  by considering the m axim um  stress level a t  w hich  

p a s t  n s e  o f  the  COD design curve has proved  sa tisfac to ry .

As th e  exam ple below illustrates, any  choice g rea ter  than  the stress at 

w h ich  t h e : d e f e c t  is being assessed will resu lt  in an increase in to le rab le  de fec t  

size (o f  The s tr ip  y ield  m ethod over the COD design curve  pred ic tions)  yet 

m a in ta in  s a f e t y  at a level know n to be adequate .

T o  d e te rm in e  the re la tive  sensitivities

T h e  iorder of sensitiv ities  of the three  basic variables; stress, de fec t  size 

a n d  f r a c tu r e  toughness can be obtained  f rom  the code in the  a p p ro p r ia te  

tabic .

T o  ;use the tables knowledge of stress COV, app rox im ate  stress level, 

a p p ro x im a te  f ra c tu re  toughness and  defec t  size s ta n d a rd  dev ia t ion  is requ ired .  

Choice bf:: stress COY and  defec t  size s ta n d a rd  dev ia t ion  should be c on firm ed  

b y  consu  ava ilab le  l i te ra tu re . Some general gu idance  on stress COV m ay be 

f o u n d  i n  R e fe ren ce  3 w hilst R eference  7 gives COV in fo rm a t io n  re lev an t  to 

o f fsh o re  T truc tu re s .  C onsidera tion  should be g iven to the type o f  en v iro n m en t 

a s  w ell  a s  the  detec tion  m ethod when choosing the de fec t  s ta n d a rd  dev ia tion .
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Both uses are  i l lu s t r a te d  by the fo llowing example:

7.5.2 Exam ple

Assume a s i tua tion  w ith  h igh  uncerta in t ie s  in stress an d  detec tion  

accu racy  i.e. stress GO¥=40%, d e fec t  size s tanda rd  dev ia t ion  = 10mm. Also

assume a h igh toughness m ate ria l  (Sm at -  0.257). For a th ro u g h  crack  in 

u n ifo rm  tension f i n d - t h e  sa fe ty  indices w hen the to lerable  de fec t  is de te rm ined  

using the approach  w i t h  a single sa fe ty  fac to r  or de fec t  size of  y  = 1.75, 2.5 

and  4.0. What is t h e  m o s t  sensitive  variable?  Assuming a ta rg e t  re l iab i l i ty  

corresponding  to t h a t v  ob ta ined  using the COD Design C urve  a t  a / a y  = 0.8 

f in d  a su itab le  safety':„fae tor on assessments using the s tr ip  y ield  m ethod.

Assume a / o y  — a) 0.4, b) 0.6, c) 0.8.

G iven  the values e f  the  to lerable  de fec t  size using the  Design Curve, 

a Dc(TOL)> and  the  ^critical de fec t  using the s tr ip  yield m ethod  a<$y(CRIT) 

complete the fo l lo w in g ; table:

a / i T y  aj}c(TX3E) a s y ( C R I T )  S e n s i t i v e  y  a L 2 (T O ^ )

V a r  i a b  1 e s

 0 .4

0 . 6  

O.  8

70.. 7  143 . 1

3G~3 7 3 . 9

19 ..3  3 7 . 3

w here  agy (T O L ) is t h e  de fec t  size using the s tr ip  y ield  m ethod  a n d  fac to re d  

by y.



Solution

Defect is Type 1 (see Table 7.5)

a) o / o  y = 0.4

F rom  Table  7.7:

7  = 1.75 2.5 4.0

0 = 0.8 1.2 1.7

The sensit iv ity  code is 4 fo r  7 = 1.75 and  2 fo r  o ther sa fe ty  fac to rs  (Table 

3) ind ica ting  tha t  stress and  toughness are approx im ate ly  equa lly  sensitive.

F rom  Table  7.31 a t  o / O y  = 0.8, 0 y  = 0.5.

Since 7 = 1.75 gives a re l iab i l i ty  g rea ter  th an  0=0.5 it m ay be considered  

th a t  this is adequate . (E x trapo la tion  is not recom m ended since the 0 vs. 7 

re la tionsh ip  is non-linear. In te rpo la tion  betw een the ta b u la te d  values 

however will not lead to s ign if ican t  errors).

b) o / O y  -  0.6

From  Table  7.7

7  = 1.75 2.5 4.0

0 = 0.5 0.9 1.3



The sensitivity code is 4 therefore (Table 7.6) stress is most influential.

The target safety index is achieved with 7=1.75.

c) a / a  y = 0.8

From Table 7.7

7 = 1.75 2.5 4.0

0 = 0.4 0.7 0.9

The sensitivity code 7 indicates that stress is dominantly influential.

A safety factor between 1.75 and 2.5 is necessary to achieve a target 

safety index of 0.5. By interpolation y  -  2.0.

a / a  y apcCTOL) agyCCRIT) S e n s i t i v e  y  agyCTOL)

Va r i ab 1 e s

0.4 70.7

0.6 30.3

O, 8 1 9 . 3

N.B. The defect assessed using the strip yield method with a toughness

obtained from the minimum of three COD tests would, on average, be the

value in column 3 divided by /3 . The safety factor would then need to be

factored by the same amount. The value of tolerable defect size in the final

column would thus remain unchanged.

143 . 1  a and  6 1 . 7 5  8 1 . 8
7 3 . 9  a 1 . 7 5  4 2 . 2
3 7 . 3  a ( >0 . 9) _____ 2 . 0 0  1 8 . 6



7.6 Discussion

The validity of the FOSM method is clearly verified from examination of 

the safety indices in Tables 7.2 and 7.3. The Monte-Carlo solution after 300,000 

trials agrees with the FOSM solution to one decimal place. Table 7.1 has been 

included because it provides a visual verification that the modelling of

randomness is reasonable. This is especially useful in the case of toughness.

Often the results of repeated COD tests appear so scattered as to be unyielding 

to any probabilistic description. The 20 random values shown range from 0.303 

down to 0.032. The degree of scatter is realistic but to be more representative 

of actual data values as low as 0.001 might also be expected.

The values of safety margin M are not in millimetre units as might be

supposed from Equation 7.7, they are, rather, non-dimensional. None of the 20 

values is negative: at the failure rate predicted an average of one negative

value in the first 156 trials would be expected. Note that the lowest toughness 

corresponds to the lowest safety margin although in this trial both stress and 

defect size are well on the unsafe side of the mean. The largest toughness 

does not correspond to the greatest safety margin. From these results it is clear 

that there is no direct way of determining the relative sensitivity of each 

variable to the overall result.

The FOSM method on the other hand gives a direct value, the sensitivity

factor as shown in Table 7.3. The factors are such that their squares sum to

unity. Toughness is seen to be the most sensitive in this instance. The negative

simply distinguishes between loading and resistance variables (see Section 1 for 

definitions) and does not affect the order of ranking. Defect size is least



sensitive. The method also provides a design point - the point on the failure 

surface with the highest joint probability density - and can be taken to be the 

most likely combination of values of the variables at failure. Note that the 

design point for toughness, 0.019, is well below the expected value of the 

minimum of three COD tests = 0.125/31 /  2 . i o i or 0.074 (see Appendix B of 

Section 6). The central partial safety factor in Table 7.3 is the ratio of design 

point to mean. These would be the actual code partial factors applied to mean 

values of the basic variables if the target value of safety index was 2.48 and 

if the statistical parameters assumed for stress, defect size and toughness were 

representative of all defect assessments. Since this is clearly not the case 

optimisation has to be entered into to determine optimal values of partial 

factors to suit the range of assessment parameters. This is described in Section 

8 .

Comparison of processing times (directly related to cost) in Tables 7.2 and 

7.3 show the Monte-Carlo method to be 70 times more expensive. For one-off 

assessments and where random number generators are available in a system the

method may nevertheless be preferable. The transparent logic of the method 

does make it attractive but this has to be balanced against the lack of 

information on sensitivity.

Where there is no access to software Tables 7.7 to 7.36 will serve to give

information on safety indices and sensitivities for discrete values of the input

variables. The following summarises the general trends in safety indices, |3, and 

sensitivities observed in the Tables.

(3 decreases with increasing stress COV and increasing defect size

standard deviation.



0 decreases as mean stress increases. The change in 0 with

increasing mean toughness is apparent but insignificant compared to 

the rate for stress.

(3 naturally increases with safety factor.

the type of defect (geometry and loading) affects (3 but not such 

that any one type has consistantly higher 0’s than any other, e.g. 

semi-circular defects in tension (Table 7.11) with stress COV = 40%, 

stress level = 0.9ay and defect standard deviation = 10mm has the 

lowest (3 of all types. When stress COV = 0.1%, stress level = 0.4ay

and defect standard deviation = 2mm the safety index for this type

is relatively large. It is similarly large for stress COV = 30%, stress 

level = 0.6ay and defect size standard deviation = 5mm. 

the large 0 values for types 4, 6 and 8 defects have little meaning

other than "very safe".

at lower stresses toughness is usually most sensitive: stress becomes

more sensitive as stress level and/or stress COV increase. For stress

> 0.8ay stress is usually dominantly sensitive.

defect size is most sensitive only for the isolated cases of surface

and embedded defects in bending where stress level and stress COV

are low. Since these arc the cases corresponding to large 0 ’s it can

be concluded that variability in estimates of defect size have little

~  affect on safety. This would not necessarily be true for defect size

standard deviations greater than 10mm.

This last trend leaves open to question how to decide on a defect size

standard deviation for any particular NDT method. A simple estimate can be 

made by trying to answer the question: within what range would the NDT



method be accurate, say, 95% of the time? If, for example, there is confidence

that the NDT method is accurate to within ±7mm 95% of the time then a 

reasonable estimate of the defect size standard deviation would be 7.0/1.64 =

4.3mm. (1.64 being the standard normal deviate at a 95% probability level, i.e.

<h(1.64) = 0.95). If manufacturers’ claims for NDT accuracy were to be accepted 

allowance should be made for the deleterious effects on accuracy of marine

fouling and operator conditions. Note that a defect size standard deviation of 

10mm corresponds to an accuracy of within ± 16.4mm 95% of the time -

considered to be achieveable by most NDT methods used offshore.

The example given illustrates one method by which an assessment

procedure based on the strip yield model could be calibrated to a desired

safety level. It is a defect by defect approach and has several drawbacks not 

least of which is the lack of a clear choice of target reliability. It does have 

the advantage however that the order of sensitivities are indicated. In the 

method of calibration by optimisation, to be described in Section 8, sensitivities 

are not revealed.

7.7 Conclusions

1. The FOSM method of reliability analysis applied to a defect assessment

problem with highly skewed toughness distribution gives a value of safety

index with an accuracy approaching that of an exact method. Unlike the

exact method it also provide valuable information on relative sensitivities.

2. In general toughness is the most sensitive variable when the level of

stress is low. It is dominantly sensitive when, in addition, the COV in

stress is low.



Stress is generally the most sensitive variable when the stress level is high 

(>0.8ay). It is dominantly sensitive when, in addition, the COV in stress 

is large.

For defect size standard deviations up to 10mm defect size is rarely the 

most sensitive variable.

Provided a clear choice of target reliability, based on passed experience 

with the PD6493 design curve, can be made, a defect assessment procedure 

based on the strip yield model can be calibrated on a defect by defect 

basis using the tabulated results herein.
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Va r i a b 1e Me an COV% D i s t r i b u t i o n

S t r e s s  o / a y 0 . 4 , 0 . 6 , 0 . 8  0 . 1 , 2 0 , 3 0 , 4 0 Norma 1

D e f e c t  s i z e  (mm) a t 0 l 2 , 5 , 1 0 * No rm a 1

T o u g h n e s s  (mm) 0 . 0 5 , 0 . 1 5 , 0 . 2 5 7  5 2 . 3 We i bu 1 1

( s h a p e  = 2 . 0 )

* s t a n d a r d  d e v i a t i o n .

Table 7.4 Distribution Characteristics



T ype De f  e c t A s p e c t

Ra t i o ( a / 2 c )

L o a d i n g

1 T - T

2 T - B

3 S 0 .  10 T

4 S 0 .  10 B

5 E 0 .  10 T

6 E 0 .  10 B

7 S 0 . 5 T

8 S 0 . 5 B

Defects: T - through thickness Loading: T - uniform tension

S - surface B - pure bending

E - embedded

Table 7.5 Defect Types



CODE Mo s t Le a s t

S e n s i t i v e  S e n s i t i v e

1 a a 8

2 8 a a

3 a 5 a

4 <7 8 a

5 5 a a

6 a a 8

7 < ^ > 0 .9

8 a a > 0 .9

9 > 0 . 9

o - s t r e s s ,  a - s i ( d e t e c t i o n ) ,  8 - t o u g h n e s s

Table 7.6 Sensitivity Codes



Notation and Values Used in Tables 7.7 - 7.36

COYS Coefficient of variation for stress

D1 Toughness (COD) in mm = 0.257

D2 Toughness (COD) in mm = 0.150

D3 Toughness (COD) in mm = 0.050

G1 Value of safety factor = 1.75

G2 Value of safety factor = 2.50

G3 Value of safety factor = 4.00

SDA1 Standard deviation on defect size = 2mm

SDA2 Standard deviation on defect size = 5mm

SDA3 Standard deviation on defect size = 10mm

S/SY Ratio of bending or membrane stress to yield stress.



c o v s S DA 1 SDA2 S DA 3

3 / S T G1 G2 G3 G1 62 6 3 G 1 G 2 G3

0 . 1 1 . 2 1 . 6 2 . 1 1 . 2 1 . 6 2 . 1 1 . 2 1 . 6 2 . 1

9 9 9 9 9 9 9 9 9
0 . 1 JD. j6 1 . 0 1 . 4 1 . 9 1 . 0 1 . 4 1 . 9 0 - 9 1 . 4 1 . 9

9 9 9 9 9 9 9 9 9
0 . 1 D . 3 0 . 9 1 . 4 1 . 9 0 . 9 1 . 4 1 . 9 0 - 9 1 . 3 1 . 8

9 9 9 9 9 9 9 9 9
2 0 - D D . 4 1 . 1 1 . 5 2 . 0 1 .1 1 . 5 2 . 0 1 . 1 1 . 5 2 . 0

2 9 9 2 9 9 2 9 9
2 0 - D D « 6 0 . 8 1 . 2 1 . 7 0 . 8 1 . 2 1 . 7 0 . 8 1 . 2 1 . 7

2 2 9 2 2 9 2 2 9
20-13 B . B 0 . 7 1 . 1 1 . 6 0 . 7 1 .1 1 . 6 0 . 7 1 . 1 1 . 6

4 2 2 4 2 2 4 2 2
3 0 . D D. -4 0 . 9 1 . 4 1 - 8 0 . 9 1 . 4 1 . 8 0 . 9 1 . 4 1 . 8

2 2 2 2 2 2 2 2 2
3 0 .  D 0 —6 0 . 7 1 . 1 1 . 6 0 . 7 1 .1 1 . 6 0 . 7 1 . 1 1 . 5

4 2 2 4 2 2 4 2 2
3 0 . B i D- B 0 . 5 0 . 9 1 . 2 0 . 5 0 . 9 1 . 2 0 - 5 0 . 8 1 . 2

4 4 7 4 4 7 4 4 7
4 0 - 0 D..*4 0 . 8 1 . 2 1 . 7 0 . 8 1 . 2 1 . 7 0 . 8 1 . 2 1 . 7

--------- ------------- ------ 4 -------2 2 4 2 2 ------ 4 2 ------ 2
4 0 . D 0 - 6 0 . 5 0 . 9 1 . 4 0 . 5 0 . 9 1 . 4 0 . 5 0 . 9 1 . 3

4 4 4 4 4 4 4 4 4
4 0 . Q B „ 8 0 . 4 0 . 7 0 . 9 0 . 4 0 . 7 0 . 9 0 . 4 0 . 7 0 . 9

7 7 7 7 7 7 7 7 7

BETA ^WkLUlES & SENSITIVITY CODES FOR TYPE 1 DEFECTS*
TOUGHNESS (CT0D)=0-257 MM

Table 7.7



c o v s S DA 1 S DA2 SDA3

S / S Y G1 G2 G3 G1 G2 6 3 G1 6 2 6 3

0 . 1 Q. A 1 . 1 1 . 5 2 . 0 1 . 1 1 . 5 2 . 0 1 . 1 1 . 5 2 . 0

9 9 9 9 9 9 9 9 9
0 . 1 0 . 6 0 . 9 1 . 3 1 . 8 0 . 9 1 . 3 1 . 8 0 . 9 1 . 3 1 . 8

9 9 9 9 9 9 9 9 9
0 . 1 0 . 8 0 . 8 1 . 3 1 . 8 0 . 8 1 . 3 1 . 8 0 . 8 1 . 3 1 . 8

9 9 9 9 9 9 9 9 9
2 0 . 0 O. A 1 - 0 1 -A 1 . 9 1 . 0 1 -A 1 . 9 1 . 0 1 .  A 1 - 9

2 9 9 2 9 9 2 9 9
2 0 . 0 0 . 6 0 . 8 1 . 2 1 . 7 0 . 8 1 . 2 1 . 7 0 . 7 1 . 2 1 . 7

2 2 9 2 2 9 2 2 9
2 0 - 0 0 . 8 0 . 7 1 . 1 1 . 6 0 . 7 1 .1 1 . 6 0 . 7 1 . 1 1 . 6

2 2 9 2 2 9 2 2 2
3 0 . 0 O . A 0 . 9 1 . 3 1 . 8 0 . 9 1 . 3 1 . 8 0 . 9 1 . 3 1 . 8

2 2 2 2 2 2 2 2 2
3 0 . 0 0 . 6 0 . 7 1 . 1 1 . 6 0 . 6 1 .1 1 . 6 0 . 6 1 . 1 1 . 5

2 2 2 2 2 2 2 2 2
3 0 . 0 0 . 8 0 . 6 1 . 0 1 . 5 0 . 6 1 . 0 1 . 5 0 . 6 1 . 0 1 . 5

2 2 2 2 2 2 A 2 2
AO . 0 O . A 0 . 8 1 . 2 1 . 6 0 . 8 1 . 2 1 . 6 0 . 8 1 . 2 1 . 6

A 2 2 A 2 2 A 2 2
AO.O 0 . 6 0 . 6 0 . 9 1 .  A 0 . 6 0 . 9 1 .  A 0 . 6 0 . 9 1 . A

A A 2 4 A 2 A A 2
AO.O 0 . 8 0 . 5 0 . 9 1 . 3 0 . 5 0 . 9 1 . 3 0 - 5 0 . 9 1 . 3

A 4 2 A A 2 A A 2

B E T A  V A L U E S  & S E N S I T I V I T Y  C O D E S  FOR T Y P E  2 D E F E C T S ,
T O U G H N E S S  ( C T 0 D ) = 0 . 2 5 7  KM

Tahle 7.8



c o v s S DA 1 S DA2 SD A3

S / S  Y G1 G2 G3 G1 62 6 3 G1 62 G3

0 . 1 0 - 4 1 . 6 2 . 1 2 . 6 1 . 6 2 .1 2 . 6 1 - 6 2 . 1 2 . 6

9 9 9 9 9 9 9 9 9
0 . 1 0 . 6 1 . 3 1 . 8 2 . 3 1 . 3 1 . 8 2 . 2 1 . 2 1.7 2 . 2

9 9 9 9 9 9 9 9 9
0 . 1 0 . 8 1 . 2 1 . 6 2 . 1 1 .1 1 . 6 2 . 1 1 - 0 1 . 5 2 . 0

9 9 9 9 9 9 5 9 9
2 0 . 0 0 . 4 1 . 5 2 . 0 2 . 5 1 . 5 2 . 0 2 . 5 1 . 4 2 . 0 2 . 4

9 9 9 2 9 9 2 9 9
2 0 . 0 0 . 6 1 . 1 1 . 6 2 - 1 1 . 1 1 . 6 2 . 1 1 . 1 1.6 2 . 1

2 2 9 2 2 9 2 2 9
2 0 . 0 0 . 8 0 . 8 1 . 3 1 . 8 0 . 8 1 . 3 1 . 8 0 . 7 1 . 2 1.7

A A 7 A A A A 4 A
3 0 . 0 0 . 4 1 - 3 1 . 9 2 . 3 1 -3 1 . 9 2.3 1 -3 1.8 2.-3

2 2 9 2 2 9 2 2 9
3 0 . 0 0 . 6 0 . 9 1 .A 1 . 9 0 . 9 1 .A 1 . 9 0 . 9 1 . 4 1 . 9

A 2 2 A 2 2 A 2 2
3 0 . 0 0 . 8 0 . 6 0 . 9 1 . 2 0.6 0 . 9 1.2 0 . 6 0 . 9 1.2

7 7 7 7 7 7 1 7 7

** o * o O. A 1 . 2 1.7 2 . 2 1 . 2 1 .7 2.2 1 -1 1 . 7 2.2
A 2 2 A 2 2 A 2 2

AO.O 0 . 6 0 . 8 1 . 2 1.7 0.8 1 . 2 1.7 0 . 7 1.2 1.6
A A A A A A 4 4 4

AO.O 0 . 8 0.5 0.7 0 . 9 0.5 0 .7 0.9 0 - 5 0 . 7 0.9
7 7 7 7 7 7 7 7 7

B E T A V A L U E S  8 S E N S I T I V I T Y  C O D E S  FOR T Y P E  3  D E F E C T S ,
T O U G H N E S S  < C T 0 D ) = 0 . 2 5 7  MH

Table 7.9



c o v s S DA 1 SDA2 SDA3

S / S Y G1 G2 G3 G1 G2 G3 G1 G 2 G3

0 . 1 O. A 21 . 9 4 3 . 7 8 7 . 4 8 . 8 1 7 . 5 3 5 . 0 4 . 4 8 . 8 1 7 . 5

8 8 8 8 8 8 8 8 8
0 . 1 0 . 6 1 . 9 2 . 2 2 . 5 1 . 9 2 . 2 2 . 4 1 . 9 2 . 1 2 . 4

9 9 9 9 9 9 9 9 9
0 . 1 0 . 8 1 . 4 1 . 8 2 . 1 1 . 4 1 . 8 2 . 1 1 . 4 1 . 7 2 . 1

9 9 9 9 9 9 9 9 9
2 0 . 0 O. A 2 . 4 2 . 6 2 . 8 2 . 4 2 . 6 2 . 8 2 . 4 2 . 6 2 . 8

9 9 9 9 9 9 9 9 9
2 0 . 0 0 . 6 1 . 8 2 . 0 2 . 3 1 . 8 2 . 0 2 . 3 1 . 7 2 . 0 2 . 3

9 9 9 2 9 9 2 9 9
2 0 . 0 0 . 8 1 . 2 1 . 6 2 . 0 1 . 2 1 . 6 2 . 0 1 . 2 1 . 5 1 . 9

2 2 9 2 2 9 2 2 9
3 0 . 0 0 . 4 2 - 3 2 . 5 2 . 7 2 . 3 2 . 5 2 . 7 2 . 3 2 . 5 2 - 7

9 9 9 2 9 9 2 9 9
3 0 - 0 0 . 6 1 . 6 1 . 9 2 . 2 1 . 6 1 . 9 2 . 2 1 . 5 1 . 9 2 . 2

2 2 9 2 2 9 2 2 2
3 0 . 0 0 . 8 1 . 0 1 . 4 1 . 8 1 . 0 1 . 4 1 . 8 1 . 0 1 . 4 1 . 8

A 2 2 4 2 2 4 2 2
AO.O 0 . 4 2 . 1 2 . 4 2 . 6 2 . 1 2 . 4 2 . 6 2 . 1 2 . 4 2 . 6

2 2 9 2 2 9 2 2 9
AO.O 0 . 6 1 . 3 1 . 7 2 . 1 1 . 3 1 . 7 2 . 1 1 . 3 1 . 7 2 - 0

A 2 2 4 2 2 4 2 2o«o*4- 0 . 8 0 . 8 1 . 2 1 . 6 0 . 8 1 . 2 1 . 6 0 . 8 1.1 1 . 6

7 4 4 7 4 4 4 4 4

B E T A  V A L U E S  & S E N S I T I V I T Y  C O D E S  FOR T Y P E  A D E F E C T  S ,
T O U G H N E S S  ( C T O D ) = 0 . 2 5 7  MM

Table  7 . 1 0



c o v s SDA1 SDA2 S D A 3

S / S Y G1 62 G3 G1 G2 G3 G1 6 2 G3

0 . 1 0 . 4 2 . 2 2 . 6 3 . 0 2 . 1 2 . 6 3 . 0 2 . 0 2 . 5 2 . 9

9 9 9 9 9 9 9 9 9
0 . 1 0 . 6 1 . 8 2 . 2 2 . 6 1 . 7 2 . 2 2 . 6 1 . 5 2 . 0 2 . 5

9 9 9 9 9 9 5 9 9
0 . 1 0 . 8 1 . 6 2 . 0 2 . 5 1 . 4 1 . 9 2 - 4 1 . 1 1 . 7 2 . 2

9 9 9 5 9 9 3 5 9
2 0 . 0 0 . 4 2 . 0 2 . 5 2 . 9 2 . 0 2 . 4 2 . 9 1 . 8 2 . 4 2 . 8

9 9 9 2 9 9 5 9 9
2 0 . 0 0 . 6 1 . 5 2 . 0 2 . 5 1 . 4 2 . 0 2 . 5 1 . 2 1 . 8 2 . 4

2 9 9 2 2 9 6 2 2
2 0 . 0 0 - 8 0 . 9 1 . 4 1 . 7 0 . 9 1 . 3 1 . 7 0 . 7 1 . 2 1 . 6

7 7 7 7 7 7 1 1 7
3 0 . 0 0 . 4 1 . 8 2 . 3 2 . 8 1 . 8 2 . 3 2 . 8 1 . 7 2 . 2 2 . 7

2 2 9 2 2 9 4 2 9
3 0 . 0 0 . 6 1 . 2 1 . 8 2 . 3 1 . 1 1 . 7 2 - 3 1 . 0 1 . 6 2 . 2

' 7 4 7 4 4 7 1 1 2
3 0 . 0 0 . 8 0 . 6 0 . 9 1 . 1 0 . 6 0 . 9 1 . 1 0 . 6 0 . 8 1 . 1

7 7 7 7 7 7 7 7 7o
•o

0 . 4 1 . 6 2 . 2 2 . 6 1 . 6 2 . 1 2 . 6 1 . 4 2 . 1 2 - 6

4 2 2 4 2 2 1 2 2
4 0 . 0 0 . 6 0 . 9 1 . 4 1 . 7 0 . 9 1 . 3 1 . 7 0 . 8 1 . 3 1 . 7

7 7 7 7 7 7 1 7 7
4 0 . 0 0 . 8 0 . 5 0 . 7 0 . 8 0 . 5 0 . 7 0 . 8 0 . 4 0 . 7 0 . 8

7 7 7 7 7 7 7 7 7

B E T A  V A L U E S  & S E N S I T I V I T Y  C O D E S  FOR T Y P E  5 D E F E C T S ,
T O U G H N E S S  ( C T 0 D ) = 0 . 2 5 7  MM

T able  7 . 1 1



COVS S DA 1 S D A2 SD A 3

S / S  Y 61 62 63 G1 62 G3 61 G 2 G3

0 . 1 0 . 4 1 4 . 7 2 9 . 3 5 8 . 6 5 . 9 11 . 7 2 3 . 5 2 . 9 5 . 9 1 1 . 7

8 8 8 8 8 8 8 8 8
0 . 1 0 . 6 2 . 2 2 . 5 2 . 8 2 . 2 2 . 5 2 . 8 2 . 1 2 . 4 2 . 8

9 9 9 9 9 9 8 9 9
0 . 1 0 . 8 1 . 9 2 . 2 2 . 6 1 . 8 2 . 2 2 . 6 1 . 5 2 . 1 2 . 5

9 9 9 9 9 9 8 9 9
2 0 . 0 0 . 4 2 . 5 2 . 8 3 . 1 2 . 5 2 . 8 3 . 1 2 . 2 2 - 7 3 . 1

9 9 9 9 9 9 9 6 9
2 0 . 0 0 . 6 2 . 0 2 . 4 2 . 7 2 . 0 2 . 3 2 . 7 1 . 6 2 . 3 2 . 7

9 9 9 2 9 9 6 2 9
2 0 . 0 0 . 8 1 . 6 2 . 0 2 . 5 1 . 5 2 . 0 2 . 4 1 . 2 1 . 9 2 . 3

2 9 9 2 2 9 6 2 2
3 0 . 0 0 . 4 2 . 3 2 . 7 3 . 0 2 . 5 2 . 7 3 . 0 1 . 9 2 . 6 3 . 0

2 9 9 1 9 9 1 9 9
3 0 . 0 0 . 6 1 - 8 2 . 2 2 . 6 1 . 7 2 . 2 2 . 6 1 . 4 2 . 1 2 . 5

2 2 9 1 2 9 1 2 2
3 0 . 0 0 . 8 1 - 3 1 . 8 2 . 3 1 . 2 1 . 8 2 . 3 1 . 0 1 . 6 2 . 2

7 2 2 1 4 2 1 1 2o«
osr 0 . 4 2 . 1 2 . 5 2 . 9 2 . 0 2 . 5 2 . 9 1 . 6 2 . 5 2 . 9

------------ 2 2 9 1 2 9 1 2 9o•o

0 . 6 1 . 5 2 . 0 2 . 5 1 . 4 2 . 0 2 . 5 1 . 2 1 . 9 2 . 4

7 2 2 7 2 2 1 1 2
AO.O 0 . 8 1 . 0 1 - 5 2 . 0 0 . 9 1 . 4 2 . 0 0 . 8 1 - 3 1 . 8

7 7 7 7 7 7 1 1 7

B E T A  V A L U E S  & S E N S I T I V I T Y  C O D E S  FOR T YP E  6 D E F E C T S ,
T O U G H N E S S  ( C T 0 D ) = 0 - 2 5 7  MM

T able  7 . 1 2



c o v s SDA1 S DA2 S DA 3

S / S Y G1 G2 G3 G1 G2 G3 G1 6 2

0 . 1 0 . 4 2 . 3 2 . 7 3 - 0 2 . 3 2 . 7 3 . 0 2 . 3 2 . 6

9 9 9 9 9 9 9 9
0 . 1 0 . 6 1 . 8 2 . 2 2 . 6 1 . 8 2 . 2 2 . 6 1 . 8 2 . 2

9 9 9 9 9 9 9 9
0 . 1 0 . 8 1 . 6 2 . 0 2 . 4 1 . 6 2 . 0 2 . 4 1 . 5 1 . 9

9 9 9 9 9 9 9 9
2 0 . 0 0 . 4 2 . 2 2 . 5 2 . 9 2 . 2 2 . 5 2 . 9 2 . 1 2 . 5

9 9 9 9 9 9 9 9
2 0 . 0 0 . 6 1 . 6 2 . 0 2 . 5 1 . 6 2 . 0 2 - 5 1 . 5 2 . 0

2 9 9 2 9 9 2 2
2 0 . 0 0 . 8 0 . 9 1 . 3 1 . 7 0 . 9 1 . 3 1 . 7 0 - 9 1 . 3

7 7 7 7 7 7 7 7
3 0 . 0 0 . 4 2 . 0 2 . 4 2 . 8 2 . 0 2 . 4 2 . 8 2 . 0 2 . 4

2 9 9 2 9 9 2 2
3 0 . 0 0 . 6 1 . 2 1 . 8 2 . 3 1 . 2 1 . 8 2 . 3 1 . 2 1 . 7

7 7 7 7 7 7 7 7
3 0 . 0 0 . 8 0 . 6 0 . 9 1 . 1 0 . 6 0 . 9 1 . 1 0 . 6 0 . 9

7 7 7 7 7 7 7 7
4 0 . 0 0 . 4 1 . 8 2 . 3 2 . 7 1 . 8 2 . 2 2 . 7 1 . 7 2 . 2
--------- --------—

4 2 2 4 —  2
2 4 2

4 0 . 0 0 . 6 0 . 9 1 . 3 1 . 7 0 . 9 1 . 3 1 . 7 0 . 9 1 . 3

7 7 7 7 7 7 7 7
4 0 . 0 0 . 8 0 . 5 0 . 7 0 . 8 0 . 5 0 . 7 0 . 8 0 . 5 0 - 7

7 7 7 7 7 7 7 7

3 - 0

2 .

2 .

2 .

2 .

1 .

2 .

1 .

2 .

1 .

0 .

B E T A  V A L U E S  & S E N S I T I V I T Y  C O D E S  FOR T Y P E  7  D E F E C T S ,
T O U G H N E S S  ( C T 0 D ) = 0 - 2 5 7  MM

Table  7 . 1 3
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c o v s S DA 1 SDA2 S D A 3

S / S Y G1 G2 G3 61 G2 63 G1 6 2 G3

0 . 1 O . A 21 . 9 A3 . 7 8 7 . A 8 . 8 1 7 . 5 3 5 - 0 A . A 8 . 8 1 7 . 5

8 8 8 8 8 8 8 8 8
0 . 1 0 - 6 2 . 3 2 . 5 2 . 8 2 . 2 2 . 5 2 . 8 2 . 2 2 . 5 2 . 8

9 9 9 9 9 9 9 9 9
0 . 1 0 . 8 1 . 9 2 . 2 2 . 6 1 . 9 2 . 2 2 . 6 1 . 8 2 . 2 2 . 5

9 9 9 9 9 9 9 9 9
2 0 . 0 O. A 2 . 6 2 . 9 3 . 2 2 . 6 2 . 9 3 - 2 2 .A 2 . 9 3 . 2

9 9 9 9 9 9 9 9 9
2 0 . 0 0 . 6 2 . 1 2 . A 2 . 7 2 . 1 2 .A 2 . 7 2 . 0 2 .  A 2 . 7

9 9 9 9 9 9 2 9 9
2 0 . 0 : 0 . 8 1 . 6 2 . 0 2 . A 1 . 6 2 . 0 2 . A 1 . 5 2 . 0 2 . A

2 9 9 2 9 9 A 2 9
3 0 . 0 O. A 2 . 5 2 . 8 3 - 1 2 . 5 2 . 8 3 . 1 2 . 5 2 . 8 3 . 1

9 9 9 9 9 9 2 9 9
3 0 . 0 0 . 6 1 . 9 2 . 3 2 . 6 1 . 9 2 . 3 2 . 6 1 . 8 2 . 2 2 . 6

2 2 9 2 2 9 1 2 9
3 0 . 0 0 . 8 1 . 3 1 . 8 2 . 3 1 . 3 1 . 8 2 . 3 1 . 2 1 . 8 2 - 2

7 2 2 7 2 2 1 A 2
AO.O O. A 2 . A 2 . 7 3 . 0 2 . 3 2 . 7 3 . 0 2 . 3 2 . 6 3 - 0

2 2 9 2 2 9 1 2 9
AO.O 0 . 6 1 . 6 2 . 1 2 . 5 1 . 6 2 .1 2 . 5 1 . A 2 . 0 2 . 5

7 2 2 7 2 2 1 2 2
AO.O 0 . 8 1 . 0 1 . 5 2 . 0 1 . 0 1 . 5 2 . 0 0 - 9 1 .  A 2 . 0

7 7 7 7 7 7 7 7 7

BETA VALUES 8 S E N S I T I V I T Y CODES FOR TYPE 8 D E F E C T S,
TOUGHNESS ( CTOD)  = 0 . 2 5 7  m 

T a b l e  7 . 1 4



XBVS S DA1 S DA2 S D A 3

S / S Y G1 G2 G3 G1 G2 G3 61 G 2 6 3

0. . 1 0 . 4 0 . 9 1 . 4 1 . 9 0 . 9 1 . 4 1 . 9 0 . 9 1 . 4 1 - 9

9 0 9 9 9 9 9 9 9
1 0 . 6 0 . 9 1 . 3 1 . 8 0 . 9 1 -3 1 . 8 0 . 8 1 . 3 1 . 8

9 9 9 9 9 9 9 9 9
&. ' ! 0 . 8 0 . 9 1 . 3 1 . 8 0 . 8 1 . 3 1 . 8 0 . 7 1 . 2 1 . 7

9 9 9 9 9 9 5 9 9
■2I3*D 0 . 4 0 . 8 1 . 2 1 . 7 0 . 8 1 . 2 1 . 7 Q . S 1 . 2 1 - 7

2 9 9 2 9 9 2 2 9
^2XL.D 0 . 6 0 . 7 1 . 2 1 . 6 G . 7 1 .1 1 . 6 0 . 7 1 . 1 1 . 6

2 2 9 2 2 9 2 2 2
0 . 8 0 . 7 1 . 1 1 . 5 0 . 6 1 . 0 1 . 5 0 . 6 1 . 0 1 . 5

2 2 2 2 nc 2 2 2 2
0 . 4 0 . 7 1 . 1 1 . 6 0 . 7 1 . 1 1 . 6 0 . 7 1 . 1 1 . 6

2 2 2 2 2 2 2 2 2
3 D « D 0 . 6 0 . 6 1 . 0 1 . 5 0 . 6 1 . 0 1 . 5 0 . 6 1 . 0 1 . 5

4 2 2 4 2 2 4 2 2
3D» D 0 . 8 0 . 5 i  0 . 8 1 . 2 0 . 5 0 . 8 1 . 2 0 . 5 0 . 8 1 . 2

4 4 7 4 4 7 4 4 4
4B. . D 0 . 4 0 . 6 1 . 0 1 . 5 0 . 6 1 . 0 1 . 5 0 . 6 1 . 0 1 . 5

4 4 2 4 4 2 4 4 2
4D. .D 0 . 6 0 . 5 0 . 9 1 . 3 0 . 5 0 . 9 1 - 3 0 . 5 0 . 8 1 . 3

4 4 4 4 4 4 4 4 4
4 B , . 0 0 . 8 0 . 4 0 . 7 0 . 9 0 . 4 0 . 7 0 . 9 0 . 4 0 . 6 0 . 9

7 7 7 4 7 7 4 4 7

'BFT.A VALUES & SENSITIVITY CODES FOR TYPE 1 DEFECTS,
TOUGHNESS (CTOD)=0.150 MM

Tabic  7 . 1 5



c o v s S DA 1 SDA2 S DA 3

S / S Y 61 G2 G3 G1 G2 G3 G 1 G 2

0 . 1 0 - 4 0 . 9 1 . 3 1 . 8 0 . 9 1 . 3 1 . 8 0 . 9 1 . 3

9 9 9 9 9 9 9 9
0 . 1 0 . 6 0 . 8 1 . 3 1 . 8 0 . 8 1 . 3 1 . 8 0 . 8 1 . 2

9 9 9 9 9 9 9 9
0 . 1 0 . 8 0 . 8 1 . 3 1 . 8 0 . 8 1 -2 1 . 7 0 . 7 1 . 2

9 9 9 9 9 9 9 9
2 0 . 0 0 . 4 0 . 8 1 . 2 1 . 7 0 . 8 1 . 2 1 . 7 0 . 8 1 . 2

2 9 9 2 9 9 2 9
2 0 . 0 0 . 6 0 . 7 1 . 1 1 . 6 0 . 7 1 .1 1 . 6 0 - 7 1 . 1

2 2 9 2 2 9 2 2
2 0 . 0 0 . 8 0 . 7 1 .1 1 . 6 0 . 7 1 .1 1 . 6 0 . 6 1 . 1

2 2 9 2 2 9 2 2
3 0 . 0 O . A 0 . 7 1 . 1 1 . 6 0 . 7 1 .1 1 . 6 0 . 7 1 . 1

2 2 2 2 2 ' 2 2 2
3 0 . 0 0 - 6 0 . 6 1 . 0 1 . 5 0 . 6 1 . 0 1 . 5 0 . 6 1 . 0

2 2 2 2 2 2 2 2
3 0 . 0 0 . 8 0 . 6 1 . 0 1 . 5 0 . 6 1 . 0 1 . 5 0 . 6 0 . 9

2 2 2 2 2 2 4 2
AO.O O . A 0 . 6 1 . 0 1 . 4 0 . 6 1 . 0 1 . 4 0 - 6 1 . 0

4 2 2 4 2 2 A 2

-r- o » o 0 - 6 0 . 5 0 . 9 1 . 4 0 . 5 0 . 9 1 . 4 0 . 5 0 . 9

4 4 2 4 4 2 4 4
AO.O 0 . 8 0 . 5 0 . 9 1.3 0 . 5 0 . 8 1 . 3 0 . 5 0 . 8

4 4 2 4 4 2 4 4

BETA VALUES 8 S E N S I T I V I T Y CODES FOR TYPE 2 DEFECTS
TOUGHNESS; < CTO D ) = 0 . 1 5 0 MM

1 - 8  

1 . 

1 .  

1 . 

1 . 

1 . 

1 . 

1 .  

1 .

1 .

2
1 . 4

2
1 . 3

T a ble  7 . 1 6
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COVS S DA 1 SDA2 SDA3

S / S Y G1 G2 G3 G1 G2 G3 G1 G 2 6 3

0 . 1 0 . 4 1 . 4 1 . 9 2 . 3 1 . 4 1 . 8 2 . 3 1 . 3 1 . 8 2 . 3

9 9 9 9 9 9 9 9 9
0 . 1 0 . 6 1 . 1 1 . 6 2 . 0 1 . 1 1 . 6 2 . 0 1 . 0 1 . 5 2 . 0

9 9 9 9 9 9 9 9 9
0 . 1

00*o

1 . 0 1 . 4 1 . 9 0 . 9 1 . 4 1 . 9 0 . 8 1 . 2 1 . 7

9 9 9 9 9 9 5 5 9
2 0 . 0 0 . 4 1 . 2 1 . 7 2 . 2 1 . 2 1 . 7 2 . 2 1 . 2 1 . 7 2 . 2

2 9 9 2 9 9 2 9 9
2 0 . 0 0 . 6 0 . 9 1 . 4 1 . 9 0 . 9 1 . 4 1 . 9 0 . 9 1 . 3 1 . 8

2 2 9 2 2 9 2 2 2
2 0 . 0 0 . 8 0 . 7 1 . 2 1 . 6 0 . 7 1 .1 1 . 6 0 . 6 1 . 0 1 . 5

4 2 2 4 2 2 4 2 2
3 0 . 0 0 . 4 1 . 1 1 . 6 2 . 1 1 . 1 1 . 6 2 . 1 1 . 0 1 . 6 2 . 1

2 2 2 2 2 2 2 2 2
3 0 . 0 0 . 6 0 . 8 1 . 2 1 . 7 0 . 8 1 . 2 1 . 7 0 . 7 1 . 2 1 . 7

4 2 2 4 2 2 4 2 2
3 0 . 0

00to

0 . 6 0 . 9 1 . 2 0 . 5 0 . 9 1 . 2 0 . 5 0 . 8 1 . 2

4 7 7 4 4 7 1 4 7
AO.O o « 1 . 0 1 . 4 1 . 9 0 . 9 1 . 4 1 . 9 0 . 9 1 . 4 1 . 9

----------- 4 2 2 4 2 2 4 2 2
4 0 . 0 0 . 6 0 . 7 1 . 0 1 . 5 0 . 7 1 . 0 1 . 5 0 . 6 1 . 0 1 . 5

4 4 4 4 4 4 4 4 4
4 0 . 0 0 . 8 0 . 4 0 . 7 0 . 9 0 . 4 0 . 7 0 . 9 0 - 4 0 . 7 0 . 9

7 7 7 7 7 7 1 7 7

B E T A  V A L U E S  & S E N S I T I V I T Y  C O D E S  FOR T Y P E  3  D E F E C T S ,
T O U G H N E S S  ( C T 0 D ) = 0 . 1 5 Q  MM

T a b le  7 . 1 7



COVS S D A1  S D A 2  S DA3

S / S Y  61 62 6 3  61 G2 G3 61 6 2  G3

0 . 1 0 . 4 21 . 9 4 3 . 7 8 7 . 4 8 . 8 1 7 . 5 3 5 . 0 4 . 4 8 . 8

8 8 8 8 8 8 8 8
0 . 1 0 . 6 1 . 4 1 . 7 2 . 0 1 . 4 1 . 7 2 . 0 1 . 4 1 . 7

9 9 9 9 9 9 9 9
0 . 1 0 . 8 1 . 0 1 - 3 1 . 7 0 . 9 1 . 3 1 . 7 0 - 9 1 . 3

9 9 9 9 9 9 9 9
2 0 . 0 0 . 4 2 . 0 2 . 2 2 . 5 2 . 0 2 . 2 2 . 5 2 . 0 2 . 2

9 9 9 9 9 9 9 9
2 0 . 0 0 . 6 1 - 2 1 . 5 1 . 9 1 . 2 1 . 5 1 . 9 1 . 2 1 . 5

2 9 9 2 9 9 2 2
2 0 . 0 0 . 8 0 . 8 1 . 1 1 . 6 0 . 8 1 .1 1 . 6 0 . 7 1 . 1

2 2 9 2 2 2 2 2
3 0 . 0 0 . 4 1 . 9 2 . 1 2 - 3 1 . 9 2 .1 2 . 3 1 . 8 2 . 1

2 9 9 2 9 9 2 2
3 0 . 0 0 . 6 1 . 1 1 . 4 1 . 8 1 . 1 1 . 4 1 . 8 1 . 1 1 . 4

2 2 2 2 2 2 2 2
3 0 . 0 0 . 8 0 . 6 1 . 0 1 - 4 0 . 6 1 . 0 1 . 4 0 . 6 1 . 0

4 2 2 4 2 2 4 2
4 0 . 0 0 . 4 1 . 7 1 . 9 2 . 2 1 . 7 1 . 9 2 . 2 1 . 7 1 . 9

2 2 2 2 2 2 2 2
4 0 . 0 0 . 6 0 . 9 1 . 2 1 . 6 0 . 9 1 . 2 1 . 6 0 . 9 1 . 2

4 4 2 4 4 2 4 4

£*• 0 1 o 0 . 8 0 - 5 0 - 8 1 . 2 0 . 5 0 . 8 1 . 2 0 . 5 0 . 8

4 4 4 4 4 4 4 4

8
2 . 0

9
1 . 7

2 .

1 .

1 .

2 .

1 .

2
1 . 4

2
2 . 2

2
1 .6

2
1 . 2

B E T A  V A L U E S  8 S E N S I T I V I T Y  C O D E S  FOR T Y P E  4 D E F E C T S ,
T O U G H N E S S  ( C T 0 D ) = 0 . 1 5 0  MM

Table  7 . 1 8
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o 
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c o v s SDA1 SDA2 S D A3

S / S Y G1 G2 G3 G1 G2 G3 G 1 G 2 G 3

0 . 1 O. A 1 . 8 2 . 2 2 . 7 1 . 7 2 . 2 2 . 6 1 . 6 2 . 1 2 . 6

9 9 9 9 9 9 5 9 9
0 . 1 0 . 6 1 . 4 1 . 9 2 . 3 1 . 3 1 . 8 2 . 3 1 . 1 1 . 7 2 . 2

9 9 9 9 9 9 5 9 9
0 . 1 0 . 8 1 . 2 1 . 7 2 . 2 1 . 1 1 . 6 2 . 1 0 . 8 1 . 3 1 . 9

9 9 9 5 9 9 3 5 5
2 0 . 0 O. A 1 - 6 2 . 1 2 . 5 1 . 6 2 . 1 2 . 5 1 . 4 2 . 0 2 . 5

9 9 9 2 9 9 5 2 9
2 0 . 0 0 . 6 1 . 2 1 . 7 2 . 2 1 . 1 1 . 6 2 . 1 1 . 0 1 . 5 2 . 0

2 2 9 2 2 9 5 2 2
2 0 . 0 0 . 8 0 . 9 1 . 3 1 . 7 0. -8 1 . 2 1 . 7 0 . 6 1 . 1 1 . 6

4 4 7 4 4 7 6 1 1
3 0 . 0 0 . 4 1 . 4 2 . 0 2 . 4 1 . 4 1 . 9 2 . 4 1 . 3 1 . 9 2 . 4

2 2 9 2 2 9 2 2 2
3 0 . 0 0 . 6 1 . 0 1 . 5 2 . 0 0 . 9 1 -4 2 . 0 0 . 8 1 . 3 1 - 9

4 2 2 4 4 2 1 4 2
3 0 . 0 0 . 8 0 . 6 0 . 9 1 . 2 0 . 6 0 . 9 1 . 2 0 . 5 0 . 8 1 . 1

7 7 7 1 7 7 1 1 7
AO.O O. A 1 . 3 1 . 8 2 . 3 1 . 2 1 . 8 2 . 3 1 -1 1 . 7 2 . 2

4 2 2 4 2 2 4 2 2
AO.O 0 . 6 0 . 8 1 . 2 1 . 7 0 . 8 1 . 2 1 . 7 0 . 7 1 . 1 1 . 6

4 4 7 4 4 7 1 4 4
AO.O 0 . 8 0 . 5 0 . 7 0 . 9 0 . 5 0 . 7 0 . 9 0 . 4 0 . 7 0 . 9

7 7 7 7 7 7 1 7 7

B E T A  V A L U E S  8 S E N S I T I V I T Y  C O D E S  FOR T Y P E  5 D E F E C T S ,
T O U G H N E S S  ( CTO D)  = 0 . 1  5 0  MM

Tahle 7 .19



c o v s S DA 1 S D A 2 S DA 3

S / S Y G1 G2 G3

0 . 1 0 . 4 2 . 2 2 . 5 2 . 8

9 9 9
0 . 1 0 - 6 1 . 7 2 . 1 2 . 5

9 9 9
0 . 1 0 . 8 1 . 4 1 . 8 2 . 2

9 9 9
2 0 . 0 0 . 4 2 . 1 2 . 4 2 . 7

9 9 9
2 0 . 0 0 . 6 1 . 5 1 . 9 2 . 4

2 9 9
2 0 . 0 0 . 8 1 . 2 1 . 6 2 . 1

2 2 9
3 0 . 0 0 . 4 1 . 9 2 . 3 2 . 6

2 9 9
3 0 . 0 0 . 6 1 . 4 1 . 8 2 . 2

2 2 9
3 0 . 0 0 . 8 1 . 0 1 . 4 1 . 9

4 2 2
4 0 . 0 0 . 4 1 . 7 2 . 1 2 . 5

2 2 2oiosT 0 . 6 1 . 1 1 . 6 2 . 1

4 2 2
4 0 . 0 0 . 8 0 . 8 1 . 2 1 . 7

7 4 4

G1 G2 G3 G 1 G 2 G3

2 . 2 2 . 5 2 . 8 2 . 1 2 . 5 2 . 8

9
1 . 7

9 
2 .1

9
2 . 5

9 
1 . 6

9
2 . 0

9
2 . 4

9
1 . 3

9 
1 . 8

9
2 . 2

9 
1 . 1

9
1 . 6

9
2 . 1

9
2 . 1

9
2 . 4

9
2 . 7

5
2 . 0

9
2 . 4

9
2 . 7

9
1 . 5

9
1 . 9

9
2 . 3

2
1 . 4

9
1 . 8

9
2 . 3

2 
1 . 1

9 
1 . 6

9
2 . 1

2
0 . 9

2
1 . 4

9
1 . 9

2
1 . 9

2
2 . 3

9
2 . 6

6 
1 . 8

2
2 . 2

2
2 . 6

2
1 . 3

9 
1 . 8

9
2 . 2

2 
1 . 2

2
1 . 7

9
2 - 2

O'io 2
1 . 4

2
1 . 9

1
0 . 8

2
1 - 3

2
1 . 8

4
1 . 7

2
2 . 1

2
2 . 5

1
1 . 5

4
2 . 1

2
2 . 5

4 2 2 1 2 2
1 . 1 1 . 6 2 . 1 1 . 0 1 . 5 2 . 0

4 2 2 1 4 2
0 . 8 1 . 2 1 . 7 0 - 7 1 . 1 1 . 6

4 4 4 1 1 4

B E T A  V A L U E S  & S E N S I T I V I T Y  C O D E S  FOR T Y P E  6  D E F E C T S ,
T O U G H N E S S  < C T O D ) = 0 . 1 5 G  MM
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c o v s SDA1 SDA2 S D A3

S / S Y G1 G2 G3 G1 G2 G3 G1 G 2 G 3

0 . 1 O . A 1 . 9 2 . 3 2 . 7 1 . 9 2 . 3 2 . 7 1 . 9 2 . 3 2 . 6

9 9 9 9 9 9 9 9 9
0 . 1 0 . 6 1 .A 1 . 8 2 . 3 1 .A 1 . 8 2 . 3 1 .A 1 . 8 2 . 3

9 9 9 9 9 9 9 9 9
0 . 1 0 . 8 1 . 2 1 . 7 2 . 1 1 . 2 1 . 6 2 . 1 1 . 1 1 . 6 2 . 0

9 9 9 9 9 9 5 9 9
2 0 . 0 O. A 1 . 7 2 . 1 2 . 5 1 . 7 2 . 1 2 . 5 1 . 7 2 . 1 2 . 5

9 9 9 9 9 9 2 9 9
2 0 . 0 0 . 6 1 . 2 1 . 7 2 . 1 1 . 2 1 . 7 2 . 1 1 . 1 1 . 6 2 . 1

2 2 9 2 2 9 2 2 9
2 0 . 0 0 . 8 0 . 8 1 . 3 1 . 7 0 . 8 1 . 3 1 . 7 0 . 8 1 . 2 1 . 7

A A 7 A A 7 A A 7
3 0 . 0 O. A 1 . 6 2 . 0 2 . A 1 . 6 2 . 0 2 . A 1 - 5 2 . 0 2 . 4

2 2 9 2 2 9 2 2 9
3 0 . 0 0 . 6 1 . 0 1 - 5 1 . 9 1 . 0 1 .A 1 . 9 0 . 9 1 . 4 1 . 9

A 2 2 A A 2 A A 2
3 0 . 0 0 . 8 0 . 6 0 . 9 1 . 1 0 . 6 0 . 9 1 . 1 0 . 6 0 . 9 1 . 1

7 7 7 7 7 7 7 7 7
AO.O O. A 1 . A 1 . 8 2 . 3 1 -A 1 . 8 2 . 3 1 . 3 1 . 8 2 . 3

4 2 2 4 2 2 4 2 2
AO. O 0 . 6 0 . 8 1 . 2 1 . 7 0 . 8 1 . 2 1 . 7 0 . 8 1 . 2 1 . 6

7 4 7 7 4 7 4 4 7

o • o

OO•
o

0 . 5 0 . 7 0 . 9 0 . 5 0 . 7 0 . 9 O . A 0 . 7 0 . 9

7 7 7 7 7 7 7 7 7

B E T A  V A L U E S  & S E N S I T I V I T Y  C O D E S  FOR T YP E  7  D E F E C T S ,
T O U G H N E S S  ( C T O D ) = 0 . 1 5 0  M*

Table  7 . 2 1



COVS SDA1 S D A 2 S D A 3
S / SY G1 G2 G3 G1 G2 63 G1 G 2 G3

0.1 0 . 4 21 .9 43.7 8 7 . 4 8.8 1 7 .5 35.0 4 . 4 8 . 8 17-5
8 8 8 8 8 8 8 8 8

0.1 0 . 6 1.8 2.1 2.5 1 .8 2.1 2.5 1 .7 2.1 2.4
9 9 9 9 9 9 9 9 9

0.1 0 . 8 1 .4 1.8 2.2 1 .4 1 .8 2.2 1 .3 1 . 7 2.1
9 9 9 9 9 9 9 9 9

20.0 0. 4 2-2 2.5 2.8 2 .2 2.5 2.8 2 .2 2 . 5 2.8
9 9 9 9 9 9 9 9 9

20.0 0 . 6 1.6 2.0 2.4 1 .6 2.0 2.3 1 .6 1 . 9 2.3
2 9 9 2 9 9 2 9 9

20.0 0 . 8 1 .2 1.6 2 .0 1 .2 1 .6 2.0 1 .1 1 . 5 2.0
2 2 9 2 2 9 2 2 9

3 0 . 0 0 . 4 2.1 2.4 2.7 2.1 2.4 2.7 2-1 2 . 4 2.7
2 9 9 2 9 9 2 9 9

3 0 . 0 0 . 6 1 .4 1.8 2.2 1 .4 1 .8 2.2 1 .4 1 .8 2.2
2 2 9 2 2 9 2 2 2

30.0 0 . 8 1 .0 1.4 1.9 1 .0 1 .4 1 .9 0 . 9 1 . 4 1.8
4 2 2 4 2 2 4 2 2

40.0 0 . 4 1 .9 2.3 2.6 1 .9 2 .3 2.6 1 .9 2 . 3 2.6
2 2 9 2 2 9 2 2 2

40.0 0 . 6 1 .2 1.7 2.1 1 .2 1 .7 2.1 1 .2 1.6 2.0
4 2 2 4 2 2 4 2 2

4 0 .0 o • 00 0 . 8 1.2 1.7 0.8 1 .2 1.7 0 . 8 1 .2 1.6
4 4 4 4 4 4 4 4 4

B E T A  V A L U E S  & S E N S I T I V I T Y  C O D E S  FOR T Y P E  8  D E F E C T S ,
T O U G H N E S S  ( C T O D ) = 0 . 1 5 0  MM
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covs S DA 1 S D A2 S D A 3

S / S Y G 1 G2 G3 G 1 G2 G3 G 1 G 2 G 3

0 . 1 0 . 4 0 - 8 1 - 3 1 . 8 0 . 8 1 . 3 1 . 7 0 . 8 1 . 2 1 . 7

9 9 9 9 9 9 9 9 9
0 . 1 0 . 6 0 . 8 1 . 3 1 . 7 0 . 8 1 . 2 1 . 7 0 - 6 1 . 1 1 . 6

9 9 9 9 9 9 5 5 9
0 . 1 o . s 0 . 8 1 . 2 1 . 7 0 . 6 1 . 1 1 . 6 0  . 4 0 . 8 1 . 3

9 9 9 5 5 9 3 3 5
2 0 . 0 0 . 4 0 . 7 1 . 1 1 . 6 0 . 7 1 . 1 1 . 6 0  . 7 1 . 1 1 . 6

2 2 9 2 2 9 2 2 9
2 0 . 0 0 . 6 0 . 7 1 . 1 1 . 6 C . 6 1 . 1 1 . 5 0  . 6 0 . 9 1 - 4

2 2 9 2 2 2 5 5 5
2 0 . 0 0 . 8 0 . 6 1 . 0 1 . 5 0 . 5 0 . 9 1 - 4 0 . 4 0 . 7 1 . 1

2 2 2 2 2 2 3 3 5
30.0 0.4 0 . 6 1 . 0 1 . 5 0 . 6 1 . 0 1 . 5 0 . 6 1 . 0 1.5

2 2 2 2 2 2 2 2 230 .0 0 . 6 0 . 6 1 . 0 1 . 4 0 . 6 0 . 9 1 . 4 0 . 5 0 . 8 1.3
4 2 2 4 2 2 4 2 2

30 .0 0 . 8 0 . 5 ' 0.8 1 . 2 0 . 4 0 . 8 1 . 1 0 - 4 0 . 6 1 . 0

4 4 4 4 4 4 6 1 1

o « o o • o • 0 . 9 1 . 4 0 . 5 0 . 9 1 . 4 0 . 5 0 . 9 1 - 3

4 2 4 4 2 4 4 2

o • o 0 . 6 0 . 5 0 . 8 1 . 3 0 - 5 0 . 8 1 . 2 0  . 4 0 . 7 1 . 1

* 4 4 4 4 4 4 4 4 4
AO.O 0 . 8 0.4 0 . 7 0 . 9 0 . 4 0 . 6 0 . 9 0 . 3 0 . 5 0 . 8

4 7 7 4 4 7 1 1 1

BETA V A L U E S R S t N S I T I V I T Y C OD E S FOR TYP E 1 D t F E C T S  ,
T O U G H N E S S  ( C T O D )  = 0 - 0  5 0  f W
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COVS SDA1 S DA2 S D A 3
S/SY G1 G2 G3 Gt G2 G3 G 1 G 2 G3

0.1 0 . 4 0 1 00 1.3 1.7 o * 00 1 .2 1 .7 o * 00 1 . 2 1-7
9 9 9 9 9 9 9 9 90.1 0 . 6 0.8 1.2 1.7 0.8 1 .2 1 .7 0 . 7 1 .1 1 .6
9 9 9 9 9 9 5 5 90.1 o • OO 0 . 8 1.2 1.7 0.7 1 .1 1.6 0 . 5 0 . 9 1.4
9 9 9 5 5 9 3 5 520.0 1o 0 .7 1.1 1 .6 0.7 1 .1 1 .6 0 . 7 1.1 1.6
2 9 9 2 2 9 2 2 920.0 0. 6 0.7 1.1 1.6 0.7 1 .1 1 .6 0 . 6 1 .0 1.5
2 2 9 2 2 2 5 5 520.0 0 . 8 0.7 1.1 1.6 0.6 1 .0 1 .5 o * U1 001o 1.3
2 2 9 5 2 2 3 3 53 0 . 0 o « 0 . 6 1.0 1.5 0.6 1 .0 1-5 0 . 6 1 . 0 1.5
2 2 2 2 2 2 2 2 230.0 0.6 0 . 6 1.0 1.5 0.6 1 -0 1 .4 0 .5 0 . 9 1-3
2 2 2 2 2 2 2 2 23 0 .0 o « 00 0 . 6 1 .0 1.4 0.5 0.9 1-3 0 . 4 0 . 7 1.1
2 2 2 4 2 2 6 3 540.0 0 1 0 . 5 0.9 1 .4 0.5 0 .9 1 .4 0 . 5 0 . 9 1.4
4 2 2 4 2 2 4 2 20 1 o 0 . 6 0 . 5 0.9 1.3 0.5 0.9 1-3 0 . 5 0 . 8 1.2
4 4 2 4 4 2 4 4 240.0 00*o 0 . 5 0.8 1.3 0.5 0.8 1.2 0 . 4 0 . 7 1.0
4 4 2 4 4 4 1 1 4

B E T A V A L U E S  & S E N S I T I V I T Y  C O D E S  FOR T Y P E  2 D E F E C T S ,
T O U G H N E S S  C C T 0 D ) = 0 . 0 5 0  MM

Table  7 - 24



COVS SDA1 SDA2 S D A 3
S/SY G1 G2 G3 G1 G2 G3 G 1 G 2 G3

0.1 0.4 1 .0 1 .5 1.9 1 .0 1 .4 1 .9 0 . 9 1 . 4 1-9
9 9 9 9 9 9 5 9 9

0.1 0.6 0.8 1.3 1.8 0.8 1 .2 1.7 0 . 6 1 . 0 1.5
9 9 9 9 9 9 5 5 5

0.1 0.8 0.8 1.2 1 .7 0.6 1 .0 1 .5 0 . 4 0 . 7 1.2
9 9 9 5 5 5 3 3 5

20.0 0 . 4 0.9 1.3 1.8 0.9 1 .3 1 .8 0 . 8 1 .2 1.7
2 9 9 2 2 9 2 2 2

20.0 0.6 0-7 1-1 1 .6 0.7 1 .1 1.5 0 . 6 0 . 9 1.4
2 2 9 2 2 2 5 5 5

20.0 0.8 0.6 1 .0 1.5 0.5 0.9 1 .3 0 . 4 0 . 7 1.1
2 2 2 5 2 2 3 3 3

30.0 0 . 4 0.8 1.2 1.7 0.8 1 .2 1.7 0 . 7 1.1 1.6
2 2 2 2 2 2 2 2 2

30.0 0.6 0.6 1.0 1.5 0.6 0.9 1.4 0 . 5 0 . 8 1.3
4 2 2 4 2 2 1 2 2

30.0 0.8 0.5 0.8 1-2 0.4 0.7 1.1 0 . 3 0 . 6 0.9
4 4 4 1 4 4 6 6 1

40.0 0 . 4 0.7 1.1 1.5 0.7 1 .1 1.5 0 . 6 1 .0 1.5
4 2 2 4 2 2 4 4 2

4 0 .0 0 . 6 0.5 0.8 1.3 0.5 0.8 1.2 0 . 4 0 . 7 1.1
4 4 4 4 4 4 1 4 4

40.0 0 . 8 0 . 4 0.6 0.9 0 . 4 0.6 0.9 0 - 3 0 . 5 0.8
4 7 7 1 1 7 1 1 1

B E T A V A L U E S  & S E N S I T I V I T Y  C O D E S  FOR T Y P E  3  D E F E C T S ,
T O U G H N E S S  ( C T O D ) = 0 . 0 5 0  WW
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covs SD A1 SD A2 S D A3
S/SY G1 G2 G3 G1 G2 G3 G1 62

O • 0 . 4 1 .0 1.3 1.7 1 .0 1 .3 1 .7 .1 .0 1-3
9 9 9 9 9 9 9 90.1 0.6 0.6 1 .0 1.5 0.6 1 .0 1.4 0 . 6 0 . 9
9 9 9 9 9 9 9 90.1 0. 8 0.7 1.1 1.6 0.6 1 .0 1.5 0 . 5 0 . 8
9 9 9 5 9 9 3 520.0 o ■ 0.9 1.2 1 .5 0.9 1 .2 1.5 0 . 9 1 .2
2 9 9 2 9 9 2 220.0 0.6 0.5 0.9 1 .3 0.5 0.9 1 .3 0 .5 0 . 8
2 2 9 2 2 2 2 220.0 0.8 0.6 1.0 1.4 0.5 0.9 1.4 0 . 4 0 - 7
2 2 2 2 2 2 3 530.0 0 . 4 o « 00 1 .1 1.4 0.8 1 .1 1 .4 0 . 8 1.1
2 2 2 2 2 2 2 230.0 0.6 0.4 0.8 1-2 0.4 0.8 1.2 0 . 4 0 . 7
2 2 2 4 2 2 4 23 0 .0 00•o 0 . 5 0 1 00 1.3 0 . 5 0-8 1.2 0 .4 0 . 7
4 2 2 4 2 2 6 440.0 o

i

0 .7 0.9 1.3 0. 7 0.9 1-3 0 . 7 0 . 9
4 2 2 4 2 2 4 240.0 0 . 6 0 . 4 0.7 1.1 0 . 4 0.7 1 .1 0 . 4 0 . 6
4 4 2 4 4 2 4 4o*o o * 00 0 . 4 0-7 1.2 0.4 0.7 1.1 0 - 3 0 . 6
4 4 4 4 4 4 1 1

B E T A V A L U E S  & S E N S I T I V I T Y  C O D E S  FOR T Y P E  4  D E F E C T S ,
T O U G H N E S S  ( C T 0 D ) = 0 . 0 5 0  MM

Tab le  7 . 2 6
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covs S DA 1 S DA2 S D A3
S / S  Y G1 G2 G3 G1 G2 G3 G 1 G 2

0 . 1 0.4 1 . 2 1 . 7 2 . 1 1 . 1 1 . 6 2 . 1 1 .0 1.5
9 9 9 9 9 9 5 9

0 . 1 0 . 6 1 . 0 1 . 4 1.9 0.9 1 .3 1 . 8 0 . 7 1 . 1

9 9 9 5 9 9 3 5
0 . 1 0 . 8 0.9 1.3 1 . 8 0 . 6 1 . 1 1 . 6 0 . 4 0 . 8

9 9 9 3 5 5 3 3
2 0 . 0 0-4 1 . 0 1 . 5 2 . 0 1 .0 1 .5 2 . 0 0 . 9 1 . 4

2 9 9 2 2 9 5 5
2 0 . 0 0 . 6 0 . 8 1.3 1 . 8 0.7 1 . 2 1.7 0 . 6 1. 0

2 2 9 2 2 2 3 5
2 0 . 0

OO*o 0.7 1 . 1 1 . 6 0.5 0.9 1.4 0 . 4 0 . 7
2 2 2 6 2 2 6 630 .0 1o 0.9 1.4 1.9 0.9 1 .4 1.9 0 . 8 1 . 3
2 2 2 2 2 2 2 2

3 0 .0 0 . 6 0 . 7 1 . 1 1 . 6 0 . 6 1 .0 1.5 0 . 5 0 . 9
4 2 2 4 2 2 6 1

3 0 .0 00*o 0.5 0.9 1 . 2 0.5 0 . 8 1 . 1 0 - 3 0 . 6
4 4 7 1 1 1 6 6

40.0 0 . 4 0.8 1 . 2 1.8 0 . 8 1 . 2 1.7 0 - 7 1.1
4 2 2 4 2 2 4 4

40.0 0 . 6 0.6 1.0 1.4 0.5 0.9 1.4 0 . 5 0 . 8
4 4 4 4 4 4 1 1

4 0 .0 00iO 0.4 0.7 0.9 0 .4 0.6 0.9 0 . 3 0 . 5
4 7 7 1 1 7 6 1

B E T A  V A L U E S  & S E N S I T I V I T Y  C O D E S  FOR T Y P E  5 D E F E C T  S ,
T O U G H N E S S  ( C T 0 D ) = 0 . 0 5 0  MM
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covs S DA 1 SD A2 S D A 3
S / SY G 1 G2 G3 61 G2 G3 G1 G 2

0.1 -a-io 1 .3 1 .7 2.1 1 .3 1 .7 2.1 1 .2 1.6
9 9 9 9 9 9 9 90.1 0 . 6 0 . 9 1 .4 1.9 0.9 1 .3 1 .8 0 . 8 1.2
9 9 9 9 9 9 5 50.1 0 . 8 0 . 9 1 .3 1.8 0.8 1 .2 1.7 0 . 6 1 . 0
9 9 9 5 9 9 3 520.0 0 . A 1.1 1.5 2.0 1 .1 1 .5 2.0 1 .1 1.5
2 9 9 2 9 9 2 220 .0 0 . 6 0 . 8 1.2 1.7 0.8 1 .2 1.7 0 . 7 1.1
2 2 9 2 2 9 5 520.0 0 . 8 0 . 7 1.2 1.6 0.6 1 .1 1.5 0 . 5 0 . 9
2 2 9 2 2 2 3 53 0 . 0 0.4 1 .0 1.4 1.9 1 .0 1 .4 1.9 1 .0 1 . 4
2 2 2 2 2 2 2 23 0 . 0 0 . 6 0 . 7 1.1 1 .6 0 . 7 1 .1 1 .6 0 .6 1.0
2 2 2 2 2 2 4 23 0 .0 0 . 8 0 . 6 1.0 1.5 0.6 0.9 1.4 0 . 5 0 . 8
4 2 2 4 2 2 6 6AO .0 0 . 4 0 . 9 1.3 1.7 0 . 9 1 .3 1.7 0 . 8 1.2
4 2 2 4 2 2 4 2AO.O 0 . 6 0 . 6 1.0 1.5 0 . 6 1 .0 1.4 0 . 5 0 . 9
4 4 2 4 4 2 4 440 .0 0 . 8 0 . 5 0.9 1.3 0.5 0.8 1-3 0 - 4 0 . 7
4 4 4 4 4 4 1 1

B E TA V A L U E S 8 S E N S I T I V I T Y C O D E S FOR TYPE 6 D E F E C T S ,T O U G H N E S S ( CTO D) = 0 .050 MM

1 .
9

5
1.9

9
1 . 6

5
1.3

5
1 . 8

2
1.5

2
1 . 2

2
1.7

2
1.3

2
1 . 1
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covs SDA1 SDA2 S D A 3
S / SY 61 62 G3 G1 G2 G 3 61 G 2 G3

0.1 0.4 1.1 1.6 2.0 1 .1 1 .6 2.0 1 .1 1.6 2.0
9 9 9 9 9 9 9 9 9

0.1 0 - 6 0.9 1.4 1.9 0.9 1 .3 1.8 0 - 8 1.3 1.8
9 9 9 9 9 9 5 9 9

0.1 0.8 0.9 1.3 1.8 0.8 1 .2 1.7 0.6 1.1 1.6
9 9 9 5 9 9 5 5 5

20.0 0.4 1 .0 1 .4 1.9 1 .0 1 .4 1.9 1 .0 1 . 4 1.9
2 9 9 2 9 9 2 2 9

20.0 0.6 0.8 1.2 1.7 0.7 1 .2 1.7 0 . 7 1.1 1.6
2 2 9 2 2 2 2 2 2

20.0 0.8 0.7 1-1 1 .6 0.6 1 .0 1.5 0 . 5 0 . 9 1.4
2 2 2 2 2 2 6 2 2

30.0 0. 4 0.9 1 .3 1.8 0.9 1 .3 1.8 0 . 8 1 .3 1.8
2 2 2 2 2 2 2 2 2

30 .0 0.6 0.6 1.0 1.5 0.6 1 .0 1.5 0 . 6 1 . 0 1.5
4 2 2 4 2 2 4 2 2

30.0 0-8 0.5 0.9 1.2 0.5 0.8 1 .2 0 . 4 0 . 7 1.1
4 4 7 4 4 7 1 1 4

40.0 0 . 4 0.8 1 .2 1.6 0.8 1 .2 1.6 0 . 7 1.1 1.6
4 2 2 4 2 2 4 2 2

40.0 0 . 6 0.5 0.9 1.3 0.5 0.9 1.3 0 . 5 0 . 8 1.3
4 4 4 4 4 4 4 4 4

40 .0 0. 8 0.4 0.7 0.9 0.4 0.7 0.9 0 . 4 0 . 6 0-9
7 7 7 4 7 7 1 1 7

B E T A V A L U E S & S E N S I T I V I T Y C O D E S FOR TYPE 7 D E F E C T S ,
T O U G H N E S S  < C T 0 D ) = 0 .050 MM
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COVS S DA 1 SDA2 S DA 3
S/SY G1 G2 G3 61 G2 63 G 1 G 2 G3

0.1 0. 4 1 .4 1.8 2.1 1 .4 1 .8 2.1 1 .4 1. 7 2.1
9 9 9 9 9 9 9 9 9

0.1 0 . 6 0.9 1.3 1.8 0.9 1 .3 1 .8 0 . 9 1.3 1.7
9 9 9 9 9 9 9 9 9

0.1 0.8 0.8 1.2 1.7 0.8 1 .2 1.7 0 . 7 1.1 1.6
9 9 9 9 9 9 5 5 9

20.0 0 . 4 1.3 1.6 2.0 1 .3 1 .6 2.0 1 .2 1 .6 2.0
2 9 9 2 9 9 2 9 9

20.0 0.6 0.8 1.2 1.6 0.8 1 .2 1 .6 0 . 7 1.1 1.6
2 2 9 2 2 9 2 2 2

20.0 0.8 0.7 1.1 1.6 0.6 1 .0 1.5 0 . 6 1.0 1.4
2 2 9 2 2 2 2 2 2

30 .0 0.4 1.1 1.5 1.9 1 .1 1 .5 1.9 1 .1 1 . 5 1.9
2 2 2 2 2 2 2 2 2

3 0 . 0 0.6 0.7 1.1 1.5 0.7 1 .0 1.5 0 . 6 1 . 0 1.5
2 2 2 2 2 2 2 2 23 0 . 0 0 . 8 0.6 0.9 1.4 0.5 0.9 1.4 0 . 5 0 . 8 1.3
4 2 2 4 2 2 4 2 2

40.0 0 . 4 1 .0 1.4 1.8 1 .0 1 .4 1.8 1 .0 1.3 1.8
L ____7 L 7 7 L 7 7o•o 0 . 6 0. 6 0.9

C.
1.4

-------------- *t —

0.6 0.9 1.4 0 . 6 0 . 9 1.3
4 4 2 4 4 2 4 4 240.0 0.8 0.5 0.8 1.3 0.5 0.8 1.2 0 . 4 0 . 7 1.1
4 4 4 4 4 4 4 4 4

B E T A  V A L U E S  8  S E N S I T I V I T Y  C O D E S  FOR T Y P E  8  D E F E C T S ,
T O U G H N E S S  ( C T 0 D ) = 0 . 0 5 0  MM
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covs S DA 1 SDA2 SDA3

S / S Y D 1 D 2 D3 D1 D? D 3 D 1 D 2 D3

0 . 1 0 . 4 1 . 5 1 . 5 1 . 5 1 . 5 1 . 5 1 . 4 1 . 5 1 . 5 1 . 3
0 . 1 0 . 6 1 . 4 1 . 4 1 . 3 1 . 4 1 . 3 1 . 1 1 . 3 1 . 2 0 . 8
0 . 1 0 . 8 1 . 0 1 . 1 1 . 0 1 . 0 1 . 0 0 . 7 0 . 9 0 . 8 0 . 4

2 0 . 0 0 . 4 1 . 3 1 . 4 1 . 4 1 . 3 1 . 4 1 . 3 1 . 3 1 . 3 1 . 1
2 0 . 0 0 . 6 1 . 2 1 . 2 1 . 2 1 . 2 1 . 2 1 . 0 1 . 1 1 . 1 0 . 7
2 0 . 0 0 . 8 0 . 8 0 . 9 0 . 8 0 . 8 O . S 0 . 6 0 . 7 0 . 6 0 . 4
3 0 . 0 0 - 4 1 . 2 1 . 3 1 . 3 1 . 2 1 . 2 1 . 2 1 . 2 1 . 2 1 . 1
3 0 . 0 0 . 6 1 . 0 1 . 1 1 . 1 1 . u 1 . 0 0 . 9 1 . 0 1 . 0 0 . 7
3 0 . 0 0 . 8 0 . 6 0 . 7 0 . 7 0 . 6 0 . 6 0 . 5 0 . 6 0 . 6 0 . 3
4 0 . 0 0 . 4 1 . 1 1 . 1 1 . 1 1 . 1 1 . 1 1 . 1 1 . 0 1 . 1 1 . 0
4 0 . C 0 . 6 G . 9 0 . 9 0 . 9 0  . 9 0 . 9 0 . 8 0 . 8 0 . 8 0 . 6
4 0 . 0 0 . 8 0 . 5 0 . 5 0 . 6 n  s 0 . 5 0 . 4 0 . 5 0 . 5 0 . 3

T A R G E T S A F E T Y I N D I C E S  F OR T Y P E 1 D E F E C T S

T a b l e 7 . 3 1

covs S DA 1 S D A 2 S D A 3

S / S Y D1 D2 D3 D1 D 2 D 3 D 1 D 2 D3

0 . 1 0 . 4 1 . 6 1 . 6 1 . 6 1 . 5 1 . 5 1 . 5 1 . 5 1 - 5 1 . 3
0 . 1 0 . 6 1 . 5 1 . 5 1 . 4 1 . 5 1 . 4 1 . 2 1 . 4 1 . 3 0 . 9
0 . 1 0 . 8 1 . 3 1 . 3 1 . 2 1 . 3 1 . 2 0 . 8 1 . 1 1 . 0 0 . 5

2 0 . 0 0 . 4 1 . 4 1 . 4 1 . 4 1 . 4 1 . 4 1 . 4 1 . 4 1 . 4 1 . 2
2 0 . 0 0 . 6 1 . 4 1 . 4 1 . 3 1 . 3 1 - 3 1 . 1 1 . 3 1 . 2 0 . 8
2 0 . 0 0 . 8 1 . 2 1 . 2 1 . 0 1 . 1 1 . 1 0 . 8 1 . 0 0 - 9 0 . 5
3 0 . 0 0  . 4 1 .  3 1 . 3 1 . 3 - r ~z - 1 . 3 1 . 2 1 . 3 ' 1 - 3 1 . 1
3 0 . 0 0 . 6 1 . 2 1 . 2 1 . 2 1 . 2 1 . 2 1 . 0 1 . 2 1 . 1 0 . 8
3 0 . 0 0 . 8 1 . 0 1 . U 0 . 9 1 . 0 0 . 9 0 . 7 0 . 9 0 . 8 0 . 5
4 0 . 0 0 . 4 1 . 2 1 . 2 1 . 2 1 . 2 1 . 2 1 . 1 1 . 2 1 . 2 1 . 0
4 0 . 0 0 - 6 1 . 1 1 . 1 1 . 1 1 . 1 1 . 1 0 . 9 1 . 0 1 - 0 0 . 7
4 0 . 0 0 - 8 0 . 9 0 . 9 0 - 8 0  . 9 0 . 8 G . 6 0 . 8 0 . 7 0  . 4

TARGET SAFETY I NDI CES FOR TYPE 2 DEFECTS

Table  7 . 3 2



COVS
S / S Y D1

SDA1
D2 D3 D1

SD A2
D2 D3 D 1

SDA3
D2 D3

D « 1 0.4 1.5 1.5 1 .5 1 .5 1.4 1.4 1.4 1-3 1 .2
d ;.i o :6 1. 3 1.4 1”.3 1-3 1 .3 r.o 1.1 1.1 0 . 7D»1 0 . 8 1.0 1.0 0.9 0-9 0.9 0 . 6 0 . 7 0-6 0 . 32 D » 0 0 - 4 1.4 1-3 1 .4 1 .3 1.3 1 .3 1.2 1.2 1 .12D..0 0.6 1 .1 1.2 1 .2 1 .1 1.1 0 . 9 0 . 9 1.0 0 . 62D«T0 0.8 0-7 0-8 0.7 0.6 0.7 0 . 5 0 . 5 0.5 0 .33 D « D 0 . 4 1.2 1.2 1 .3 1 .2 1.2 1.2 1.1 1.1 1 .03 D J 0 0-6 0.9 1.1 1 .0 0 .9 1.0 0 . 8 0 . 8 0.9 0 . 6

3D.. 0 0.8 0.5 0.6 0.6 0.5 0.6 0 . 5 0 . 4 0.5 0.3ia.ro 0.4 1.1 1.1 1 .1 1 .0 1-0 1 .1 1 .0 1.0 0 . 9
4£ JQ 0.6 0.8 0-9 0.9 0.7 0.9 0 . 7 0 . 7 0.7 0 . 64 D « 0 0.8 0.4 0.5 0.5 0.4 0.5 0 . 4 0 - 3 0-4 0 . 3

'TTflWlGET S A F E T Y I N D I C E S  FOR T Y P E
T a b l e

3 D E F E C T S  
7 . 3 3

m v s SDA1 SDA2 SDA3
S / S Y D 1 D2 D3 D1 D2 D3 D 1 D2 D3

0 . 4 9.5 14.9 1 .8 3 . 8 6.0 1.8 1.9 3.0 1 .6
L j \ 0.6 2.0 1.8 1 .6 2 -0 1.8 1.3 2. 3 1.7 1 .10. 8 1.7 1.5 1 .2 1 .6 1 . 4 0 . 9 1 . 5 1.2 0. 6

2 S J Q 0 . 4 2.3 2.1 1 .7 2.7 2.1 1 .7 1 .7 2.6 1 .52 B J D . 0 . 6 1.8 1.7 1 -4 1 .8 1.7 1.2 — 1-.8__ 1-6 — 1 .02 X U D 0 .8 1.5 1.4 1 .1 1 .4 1.3 0.8 1.3 1.1 0 . 60 . 4 2.2 2.0 1 .6 2.2 1 .9 1 .5 1 . 5 1.9 1 .43 D J D 0 . 6 1.7 1.6 1 .3 1 .7 1.5 1.1 1.5 1.4 0 . 93 B J d 0-8 1.3 1.2 1 .0 1 .2 1.1 0 . 8 1.1 1.0 0 . 5
4 B j 0 0.4 1.9 1.8 1 .5 1 .7 1.8 1.4 1.3 1.8 1 .34 D j D 0.6 1 .5 1.4 1 .2 1 .4 1.4 1 .0 1 . 3 1.3 0 . 8

J D 0.8 1.1 1-0 0.9 1 .0 1-0 0 . 7 0 . 9 0.9 0 . 5

m ? ? S E T  S A F E T Y  I N D I C E S  FOR T Y P E  4  D E F E C T S

T able  7 . 3 4



covs
S/SY D 1

SDA1
D2 D3 D1

SDA2
D2 D3 D 1

SBA3 
D 2 : D3

0.1 0.4 2.4 2.7 2.7 2.3 2.5 2.2 1 . 9 Z.1 1 . 70.1 0.6 2.7 2.7 2.3 2.4 2.3 1.6 1 . 9 1 - 7 1 .00.1 0.8 2.5 2.4 1 .8 2.0 1.8 1 .0 1 .2 1.1 0 - 6
2 0 .0 0 . 4 2.3 2.6 2.6 2.2 2.4 2.1 1 . 7 z.o: 1 .6
2 0 . 0 0.6 2.5 2.5 2.2 2.2 2.1 1.5 1 . 7 . 1.5: 1 .020 .0 0.8 1.7 1.9 1 .6 1 .5 1.5 1 .0 1 . 0 - 1.0 0.63 0 . 0 0.4 2.1 2.5 2.5 2.0 2.3 2-0 1 . 6 T.9 1 .5
3 0 . 0 0.6 2.3 2 . 4 2.0 2.0 1.9 1 .4 1 . 5 T  1 . 4 0.93 0 . 0 0.8 1.2 1.3 1 .4 1 .1 1 .2 0 . 9 0 . 9 Q 4 9 0 . 5
4 0 .0 0.4 2.0 2.3 2.4 1 .8 2.1 1 .9 1 . 4 T . 7 1 .4
4 0 .0 0.6 1.8 2.0 1 .9 1 .6 1.7 1.3 1 . 3 : 1.3 1 0 . 9
4 0 .0 0.8 0.9 1.0 1 .1 0.9 0.9 0 . 8 0 - 7 0.8: 0 . 5

T A R G E T S A F E T Y I N D I C E S  FOR T Y P E 5 ID E F E C T S
Table '7.35

COVS S DA 1 SDA2
S/SY D1 D2 D3 D1 D2 D3 D 1 D Z D3

0.1 0 . 4 11.1 3 . 0 2.9 4.5 2.8 2.5 2.2. 3„1 2-10.1 0.6 2.9 2.9 2.6 2.7 2.6 2.0 2 . 3 z . z 1 .4
0.1 0.8 2.8 2 . 7 2.1 2.5 2.2 1 .4 1 . 8 1 .6 0 . 9

2 0 . 0 0 . 4 2.7 2.9 2.8 3.3 2.7 2 . 4 2.0» Z..8 2 . 0
20 .0 0.6 2.8 2.8 2 . 4 2.6 2.5 1.9 2.1: 2 .0 1 .32 0 . 0 0.8 2.7 2 . 6 2.0 2.3 2.1 1.3 1.6. 1.5 0 . 9
3 0 . 0 0.4 2.6 2.8 2.7 2.8 2.6 2 .3 1.8 2 ^ 4 1 .93 0 - 0 0 .6 2.7 2.7 2 .3 2.5 2.4 1 .8 1.9* 1.9: 1 .23 0 . 0 0 . 8 2.5 2.4 1 .9 2.1 1.9 1 .3 1 . 4 1 . 4 0.8
40.0 0 . 4 2.5 2.6 2.6 2.4 2.5 2.2 1 . 6« 2 .2 1 .8
4 0 .0 0.6 2.6 2.6 2.2 2.3 2.2 1 -6 1 . 7 A . ^r 1 .240.0 0.8 2.2 2.3 1 .8 1 .8 1.7 1 .2 1 .3. t.3 0 - 8

T A R G E T  S A F E T Y  I N D I C E S  FOR T Y P E  6 D E F E C T S

Table  7 . 3 6



SECTION 8

OPTIMISATION OF PARTIAL SAFETY FACTORS AND CODE FORMAT FOR 

DEFECT ASSESSMENT

8.1 Introduction

The move from safe to critical mathematical models in defect assessment 

comes at a time when limit state methods of design are replacing permissible 

stress methods. The move has provoked the need to evaluate safety margins in 

defect assessment and to prescribe the means by which these can be 

incorporated into the assessment equations. In Section 6 the safety margin and 

reliability for defect assessment were defined. Section 7 presented a method of 

ensuring ongoing safety by factoring defect size alone. The drawback of this 

method is that it involves calculation of a d ifferent safety factor for every 

defect encountered. In the present section a code format is presented whereby

defects assessed using the assessment equations with the specified partial safety 

factors will have reliabilities close to the target value.

In order to determine a target reliability a set of assessment inputs (i.e. 

defect type, defect size, stress, toughness, etc.) was created and weighted 

according to what were considered to be typical values. The reliability of each 

member of the set was then calculated from the fa ilure function_expressing^the_

difference between critical defect size and tolerable defect size according to

the PD6493 design curved). The target reliability was taken as the average of 

these. Using the same set, and on the assumption of an initial set of partial 

factors, reliabilities were calculated using a failure function expressing the 

difference between critical defect size and tolerable defect size according to

the revised Level 2 assessment route based on the strip yield method(^). An
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optimum set of partial factors was found such that the spread of these 

reliabilities about the target was a minimum. Figures 8.1 presents a schematic 

flow chart showing the sequence of calculations.

The sensitivity of the optimised partial factors to the choice of weighting 

is investigated and found not to be excessive.

Attempts to calibrate partial factors to higher orders of reliability resulted 

in an unacceptably large scatter in failure probabilities. A means of reducing 

this and the implications for code application are discussed.

8.2 Code Format for Defect Assessment

The format presented below serves to introduce the three partial safety 

factors and indicates their positions in the assessment equations. The terms 

assessment flaw and limiting flaw are defined. When the Failure Assessment 

Diagram (FAD) is used attention is drawn to the need to calculate the fracture 

characterising parameters using the factored flaw size.

A flaw is acceptable if

*
( 8 . 1 )a < a LIM

where

a is the assessment flaw given by

*
aNDT7 a ( 8 . 2 )a



aNDT characteristic flaw dimension being either the half length of

a through thickness flaw, height of a surface flaw or half-height of an 

embedded flaw determined by non-destructive testing.

Ya is a partial factor on flaw size.

4 s •  • a •a LIM limiting flaw for the same geometry and loading conditions

as the flaw being assessed. In ductile materials a*LjM is determined by 

the interaction of LEFM and plastic collapse mechanisms and cannot be 

expressed in closed form. It is given by the value of a satisfying

f u n c t i o n  ( 5 r (tfY^ , r / Y r , a , o t h e r  f a c t o r s )  ,

S r ((tYa , a , o t h e r  f a c t o r s ) )  = 0  ( 8 . 3 )

where

5r is the ratio of applied crack-tip opening displacement to the fracture 

toughness and is a function of total remote stress a, fracture toughness r ,  

characteristic defect dimension a, and other factors depending on geometry 

and type of loading.

Ya is a partial factor on stress

Yt is a partial factor on fracture toughness

Sr is the ratio of net stress on the intact ligament to the plastic collapse 

stress. It is a function of total remote stress a, characteristic flaw size a, 

and other factors depending on geometry, type of loading and tensile

material properties.

Alternatively a flaw may be considered acceptable if the point

(Sr (aY(7 , a* , other factors) , 5r( a , r / Yr , a* , other factors))



plotted on the (x , y) plane lies within the area bounded by the x- and 

y-axes and the curve:

x
y O < x < 1 . 0 ( 8 . 4 )

8.3 Set of Typical Assessments

The aim of creating a data set was to represent the ranges of typical

values likely to be found in practice. Heed was also paid to the sensitivity of

the failure probability to variable. Hence stress, which has a marked influence

on assessment failure probability, is represented by three discrete values for the 

lower, middle and upper portions of the curve in Figure 8.2.

In contrast to bridge and offshore structure calibration studies in Sections 

2 to 4 of this thesis the set comprised different degrees of uncertainty as well 

as different mean values of the input variables. It was felt this was a better

representation of the wide range of applications for which a defect assessment 

code would be used. Random uncertainty (COV) in toughness was, however, 

taken as constant at 52% for COD toughness and 20% for K j c  toughness.

The set comprised all combinations of

o / o y : 0.1, 0.5, 0.9

stress COV: 5%, 30%

toughness values: 0.05mm, 0.125mm, 3000Nm-3/ 2

defect size standard deviations: 2mm, 5mm, 10mm 

defect geometry: through thickness, semi elliptical, semi circular

loading: pure bending, pure tension.

The total number in the set was 3 x 2 x 3 x 3 x 3 x 2  = 324.



8.4 Weighting

8.4.1 Stress

The range of possible stresses up to yield was firstly discretised as shown 

in column 1 of Table 8.1. A basic weighting, having a slight concentration in 

the middle of the range was then assumed. Considerations of the graph of

safety index vs. stress, see Figure 8.2, leads to a 3-range discretisation 

approximately modelling the low, middle and upper portions of the curve. The 

reduced ranges and their representative stress values are shown in columns 3

and 4 of Table 8.1. The final adjusted weighting was obtained by summing the 

basic weighting over reduced range and rounding.

8.4.2 Toughness

It was firstly assumed that COD toughness data would be used two-thirds

of the time and data one-third. The COD and values were assumed

to occur with a weighting shown in columns 3 and 4 of Table 8.2. The fifth

column gives the value of the product weighting e.g. .67x.l6 etc. The graph of

safety index vs. COD toughness, see Figure 8.3, rises steeply from low 

toughness to a plateau from about <5mat = 0.1 and above. Accordingly two 

values of COD toughness were selected to represent the two sections of the 

curve. The graph of safety index vs. K jc  toughness, on the other hand 

maintains a much flatter profile over the range of K jc  values considered. A

single value was thus selected to represent the entire range. The reduced ranges

and their representative values are shown in columns 6 and 7 of Table 8.2. 

The net weighting, obtained by summing the basic (product) weighting over the 

reduced range is shown in column 8. This final value was rounded in column 

9.



8.4.3 Defect Geometry and Loading Type

Surface cracks were assumed to occur more often than through thickness 

cracks in the ratio of 6:4. Table 8.3 summarises the six basic types considered 

and the assumed weighting.

8.4.4 Stress Uncertainty

Two values of stress COV, viz 5% and 30% were selected to cover the 

wide range of structures to which the revised defect assessment procedure will

be applied. The lower value corresponds to stresses determined accurately, e.g. 

by strain gauging, or when structural analysis is used to determine the effects 

of an accurately known load, e.g. dead load. The higher value corresponds to

stresses determined by structural analysis when large uncertainties exist in both 

the magnitude of the loading source e.g. waves, wind and currents as well as 

in the modelling of the transfer of the load into the structure e.g. inertia and 

drag coefficients in Morrison’s Equation.

Equal weighting has been assumed for COV.

8.4.5 Defect Sizing Uncertainty

Three values of standard deviation of the error in defect sizing were 

assumed viz. 2mm, 5mm and 10mm. Notwithstanding some well known gross 

underestimates of defect size (which can be considered as upper tail values) it 

is considered these values represent the range achievable using available NDT 

methods. Equal weighting was assumed for the three values.



8.4.6 Alternative Weightings

In order to investigate the effect of the choice of weighting on the 

optimised partial factors alternative weightings were selected by adding more 

weight at the least safe end of the variable range. The above weighting 

scheme, labelled A (normal), and the four alternative weightings labelled from 

B to E resulted in five data sets from which to calculate failure probabilities. 

The various values are summarised in Table 8.4. For any set only one of the 

alternatives B-E was used, e.g. for set B the alternative weighting for stress 

was combined with the weightings under A for all the other variables. The 

example under Table 8.4 gives the value of wj for the normal weighting.

The value of

3 2 4iSjWi = 1 . 0  (8.5)

was confirmed for each of the five sets.

8.5 Assessment Routes

Three routes defining tolerable defect size were used. The first 

corresponds to the current PD6493 design curve with inputs of mean values of 

stress and K j q  For COD toughness a value corresponding to the minimum of 

3 CTOD tests was used as input. As shown in Appendix B of Section 6 this 

corresponds to the mean value divided by 3 ' / a  where a  is the shape factor of 

the Weibull distribution. Alternatively the 23rd percentile of the Weibull 

distribution may be used.
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The second route corresponds to Level 1 in the 8th revision of PD6493(2).

collapse check. Inputs are as for the design curve.

The third route corresponds to the Level 2 route in the 8th revision of

PD6493. It embodies LEFM and plastic collapse considerations and is far less

conservative in the treatment of through thickness stress distributions. The 

equations are critical unlike those for the design curve which encorporate

variable safety factor of approximately 2.0. An amendment included in the 8th 

revision is a scaling factor on the stress intensity factor which is intended to

model the non-linear redistribution of stress across the intact ligament. It

applies when the ratio of defect area to total load bearing area including the 

defect, ar , exceeds 10%. The value of the factor is /sec (xar). Since this has a 

singularity for ar = 0.5 and cannot be evaluated for larger ratios the limiting

defect size in any assessment has to be taken as that for which ar = 0.5.

8.6 Evaluation of Partial Safety Factors

Values of 1fT and 7a were found such that the objective function

was a minimum, pfj was the failure probability (1 - <h(|3i)) of the i^ 1 member 

of the assessment set with tolerable flaw defined by the Level 2 route with 

optimum values of the partial factors. P f j  was the target value given by

It is essentially the same as the design curve but additionally requires a plastic

n
OF = 1 ^ !  wi ( l o § i o  P f i  '  l o § i o  P f t ) 2 ( 8 . 6 )

/

P f D C i ( 8 . 7 )



where PfDCi the failure probability of the i*h member when the Design 

Curve is used to define tolerable flaw size. For evaluation of target reliability, 

flaws under bending were omitted hence only half of the assessment set 

appears in the summation. The weighting was adjusted accordingly. This follows 

the recognition that flaws under bending are conservatively assessed by the 

Design Curve. Figure 8.1 presents the sequence of calculation. The method by 

which partial factors were reselected was based on conventional search by trial 

and error technique for minimisation of a function of severable variables. None 

of the short cuts used in optimisation elsewhere in this thesis could be

employed because the form of the function does not permit any amalgamation 

of the partial factors. However knowledge of the behaviour of the function in 

the region of the minimum and the fact that accuracy of partial factors to

one decimal place is sufficient for design code purposes enabled a purpose 

built minimisation scheme to be used. This commenced with initial selection of 

six values of the partial factors (two each for Ya , Yr and Ya) and step 

length T = 0.1. Three evaluations of the objective function were made:

OF1 = OF( x t - T , x 2 , . . . , x G)

OF 2 = OF( x 1 , x 2 , . . . , x g )

OF3 = OF ( x 1+ T, x 2 , . . . , x g)

The interim minimum point then became the point corresponding to the

minimum of O F ls O F 2 and O F 3. This was repeated for all six variables

whereupon a new current point was established. This process was repeated from 

x 1 until old and new current points were invariant. This method was found to 

be more successful than one where each variable is followed down "vallies" to 

its minimum before moving onto the next variable. To prevent repeated



evaluations of the same point each new point was stored with its functional

value. Before any new evaluation was made the store was searched. Further 

improvements were made in speed by curve fitting the relationship between

reliability and global factor for each member of the set. A sample of the

curves is presented in Figures 8.4 and 8.5. Each new set of values of partial

factors was then converted into a single value of global factor from which,

using the fitted polynomial coefficients, failure probability for each member 

was readily found.

Figures 8.6 to 8.10 illustrate the various stages of the optimisation 

procedure for the normal weighting. In Figures 8.6 to 8.9 the abscissae give the 

number of the combination in the data set. The set comprises 324 different

combinations of stress level, stress COV, toughness, defect standard deviation 

and ’defect type. Numbers 1 to 108 refer to stress=0.1ay, 109 to 216 to

stress=0.5(jy and 217 to 324 to stress=0.9(jy. The figures show the distribution 

of -lD g10pfi about the target value for the Design Curve (Figs. 8.6 and 8.7)

the Level 1 route (Fig. 8.8) and the Level 2 route used with optimised partial

factors (Fig. 8.9). In Figure 8.10 the ranges of -log , 0pf j are compared for

different assessment routes. This figure shows more clearly the benefits of

optimisation in greatly reducing the variability of reliabilities about the target.

'Table 8.5 gives details of the optimisation results for each of the five

differently weighted assessment sets. The first column gives the label of the set 

from A (normal) to E and indicates which particular value of the input



parameter has been emphasised by weighting. The second column presents the 

values of-

3  2  4

P IT  = j S l w i P f i DC ( 8 . 8 )

3  2  4

“ S £ i w i ( l o S i o P f i D C  - >o g 10P f T ) 2 )2 ( 8 . 9 )

and

-A lP g 10 P f i  = m i n ( - l o g , 0p f i DC ) - m a x ( - l o g 10p f  j DC) ( 8 . 1 0 )  
i i

where PfiDC the failure probability of the i th member of the set when the 

tolerable defect is determined using the Design Curve.

The third column presents the same data with the Level 2 approach used 

to determine tolerable defect sizes, i.e.

P I  = i £ l wi P f i S Y  ( 8 . 1 1 )

DF = ^LjWj  ( l og. ,  0P f i SY - l o g 10p f x ) 2 ) i  ( 8 . 1 2 )

i 0Pf  = T i n ( " 1° 8 i o P f i  SY) '  m a x ( - l ° g  P f i S Y ) ( 8 . 1 3 )
i i

wherfiv'^pfiSY Failure probability of the i*h member of the set when the

tolerable defect is determined using the Level 2 route based on the strip yield 

model.3The fourth column presents the partial factors optimised to an accuracy



of one decimal place. The notation used is as follows:

7 (7 3 0 partial factor on stress when stress COV = 30%

^ a s partial factor on stress when stress COV = 5%

7 t K partial factor on toughness when K jc  is used

^ T 8 partial factor on toughness when 5mat is used

^ a  5 partial factor on defect size when defect standard deviation is 5mm

or less

7a 1 0 partial factor on defect size when defect standard deviation is 

10mm

The second entry for each set presents the effects on pf, OF and

Alog10pfj when the values of partial factors are constrained not to be below 

1.0 .

Table 8.6 presents the results of optimisation to higher reliabilities.

8.7 Discussion

The object of providing a Code Format for defect assessment is primarily 

to indicate in a brief manner where the respective partial factors appear in

the assessment equations. The use of functional notation is an efficient way to 

minimalize the presentation. It should be understood by all users that the exact 

form of the function will be presented, for each individual case, in the main 

part of the documents. Attempts to avoid using functional notation necessarily

would involve complex algebraic expression with terms not directly relevant to

the matter at hand and would result in a loss of clarity.



The naming of two distinct quantities: assessment flaw and limiting flaw

is new to defect assessment but the parallels in ultimate strength viz. 

characteristic load and design resistance are well established. The distinction 

between the two is necessary when partial factors on flaw size are introduced. 

The modes of solution for the limiting flaw using the strip yield model affect 

the presentation of the Code Format. Consideration was given to expressing:

a *LIM = f u n c t i o n  ( a Tff , t / Yt , o t h e r  f a c t o r s )  ( 8 . 1 4 )

but since it is not possible to write down this function fully with 

appearing as the subject it was avoided.

The most redeeming feature of the strip yield model for engineers who

a re  unable to implement computer solutions is that it allows the flaw to be

assessed graphically. For this method of assessment the code format emphasises 

tha t the factored flaw size, the "assessment flaw", must be used to calculate 

the  fracture parameters 5r and Sr.

It was considered adequate to perform unconstrained minimisation of the 

object function. The additional constraint

n
. E ^ i  p f j = p fT ( 8 . 1 5 )

used  in other parts of the thesis would add undue complexity in the present 

£ase which already has 6 degrees of freedom. For symetrically distributed pfj 

the constraint is automatically satisfied. For the more probable case of 

non-symmetrically distributed pfj the constraint is satisfied approximately as 

can be seen by comparing values of p fy  and pf in Table 8.5.



Obviously the typical input values and levels of uncertainty for 

assessments will be different for each application. The range of values used is 

considered sufficient to cover values typical for offshore jackets. Since the 

ranges are large it is thought many other applications will be encompassed.

Loading has been assumed either pure tension or pure bending. Flaws 

under combined tension and bending in the Level 2 approach are dealt with 

by superposition of the effects of the individual components and no additional 

failure mechanism occurs merely as a result of the presence of two loading 

modes. Consequently it is considered that the omission of specific 

tension/bending ratios in the set cannot lead to significant deviations from the 

mean failure probability and thus cannot significantly effect the results.

Table 8 . 5  presents the optimisation results and confirms that despite large 

shift in the assumed weighting the partial safety factors remain only slightly 

affected. This is encouraging particularly for case B where stresses of 0 . 9 < j y  

were assumed to occur with a frequency of 8 0 % .  For case B the target failure 

probability is seen to increase to 0 . 4 3 3 ,  by far the largest increase out of all 

the cases considered, yet the partial factors are seen to have only slightly 

redistributed themselves (i.e. little or no overall increase).

The optimised partial factor on COD toughness, 1 T 5, has values below 1.0 

for each case considered. This stems from the fact that it has already been 

assumed in the calculation of a§y  that the minimum toughness from three 

COD tests will be used. The toughness input to a§y  differs from the toughness 

input to acrjt by a factor of 3^ = 1.73 (see Appendix B of Section 6).

Optimised partial factors less than 1.0 point to the fact that the minimum of



three is a sufficient (if not slightly excessive) lower bound value when

compared to the uncertainties in other variables. Obviously such negative values 

would be out of place in an assessment code. For case A only partial factors

were adjusted manually to obtain a reduced range of Alog, 0pfj. The price for

moving away from optimum values is an increase in the value of the objective 

function though this is still well below the value in column 2 for design 

curve assessments. The mean failure probability has also moved coincidentally

closer to the target value. This set of partial factors was the final 

recommendation for the revised defect assessment document.

In order to appreciate the values of partial safety factors it is useful to 

consider what overall, net or global safety factor is being applied. From LEFM 

considerations a crack is tolerable if:

/ S r < 1

for a through crack in tension this is

( a 7 a ) 2 7ra 7 a
  < 1
UyE 5m a t / Y T

a < a yE 1
    ( 8 . 1 6 )

o 2* 1 0 2 Ya 7 t

Thus the global factor is Ya 2 Ya 7 T. The global factor corresponding to the 

’optimised’ values in row 2 of Table 8.5 is between 1.10 and 1.32 depending 

upon the uncertainties in the input parameters. If mean rather than 

minimum-of-three toughness were to be used then the range is 1.91 to 2.3.



Considering the COD design curve incorporated a factor of 2.0 on LEFM based 

assessment at low stresses and used a toughness input which corresponded to an 

additional factor of / 3  the total global factor was 3.46. The re-evaluated global 

factor thus represents ~ a decrease in deterministic factor of safety of

approximately one third.'

The spread of reliabilities given by the value of Alog 1 0 pfj in Table 8.6

for target failure probabilities of 10"3 and 10"5 is unacceptably large for code 

use. The reasons for the spread can be seen from the safety index vs. safety

factor relationships such as those shown in Figures 8.4 and 8.5. As the safety

factor increases so the difference between minimum and maximum safety index 

increases rapidly.

One way in which greater consistency can be achieved at higher

reliabilities is to eliminate certain members of the assessment set. The

implications for code application where higher reliabilities are required is the

outlawing of assessment- inputs where accuracy cannot be guaranteed, i.e. no 

defects would be tolerated if the uncertainty in measuring stress, toughness or 

defect size is beyond specified limits. Table 8.6 accordingly presents optimised

partial factors to two higher target reliabilities, viz. 0.001 and 0.00001, for the

normal set A and a second set F in which stresses of 0.9ay, stress COVs of

30%, COD toughness (COV of 50%) and defect standard deviations of 5mm and 

10mm have all been eliminated. The weighting was adjusted accordingly so that 

E wj = 1 was maintained. The spread of reliabilities, seen by comparing values

of OF and Alog10pfj, is much reduced for the limited set F.
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8.8 Conclusions

1. In -order to achieve a consistant level of reliability similar to that

^achieved using the PD6493 Design Curve the Level 2 route based on the 

modified strip yield model should be used with estimates of stress,

toughness and defect size factored as follows:

stress fac to r = 1.2 when the stress COV is 30% or less

= 1.1 when the stress COV is 5% or less

toughness factor = 1.0 when K i q  toughness is used or when the

minimum-of-three estimate of COD toughness is

used.

defect size factor = 1.0 when the standard deviation in defect size is

less than 5mm

= 1.1 when the standard deviation in defect size 

is less than 10mm.

2. The optimised partial factors are reasonably insensitive to the choice of

::.;.viwe'igirfiiig function for values of total stress less than 0.9oy.

3. -Consistently higher reliabilities can be achieved using the safety factors in

(n'able^o.6. In order to achieve consistency at higher reliabilities certain

inssessment combinations should not be permitted (i.e. tolerable defect size

zero).

4. Little additional safety is achieved by increasing the partial factors 

b eyo n d - Ya 2 Ya 1 T _ 5 0



365

8.9 References

1. British Standards PD6493: 1980 Guidance on some methods for the

derivation of acceptable levels of defects in fusion welded joints, London,

1980.

2. PD6493 8th revision not published.

3. Plane, C.A. and Cowling, M.J., ’Reliability Study of Existing and Proposed

FXeLect Assessment Procedures’. Methodology Working Group Report No. 4,

February 1987.



Ta
bl
e 

8.1
 

St
re
ss
 

We
ig

ht
in

g

T3 c0 -H
-P
w
3

-r~>
Tf<

O•H

in
m
0
u-pw

-P43
*H
0&

0
>•H
•p
0
-P
c
0
w
0 0
U 3 O
CU iH i—1
0  0 •
PS >

Tf 0 
O 0

C

tnC•H
■p
t7>W -H 

0 0 
PQ |2

>i

Oeg

in
o

co

o
in o

a\

o
co

oeg

o
in
c\

o
co

eg eg co eg

eo in c\



Ta
bl
e 

8.2
 

To
ug
hn
es
s 

We
ig

ht
in

g

tr>
Gt 1 -h 

<u -p 
TJ ,G 
G Cn 
3  -h  o a) « £

vo
in

co
co

G
*H
•P
,Gtr>•H
0£

OOo*
o

oo
OO
VO
in com

>
-P
(0
Q) <D 
P 3Qj i—I 0 <3 
«  >

o
in
o

in<N o
o
o
CO

3
73

Cr»
G0 td

i
r—IO

OO
•I

H

IO O
o  o  
in oH ^

-P0
3 O' 73 - 
O -P 
U -GL, £

oo
O'O

O
CO
H

CM OO OO OO
O ' O ' 0* O '
o  o  o  o
r-l i—I iH (—I

00 O  CO 00 CO CO
oo vo OO OO OO OO
in vo in in in in
o  o  o  o  o  o

vo oH OO vo vo vo vo
rH r-l r—I rH VO O 

H  OO
vo vo vo vo

in o  in o  o  o  o o o o o o
oo i n O'  o  i n o  o o o o o o
o o o H H o o  in o  in o  in o

.............................................. iH oo oo co n

O 
G 
0 0 m 

30u

O '
vo

co
co

•P
as
U O

p H



Ta
bl
e 

8.3
 

De
fe
ct
 

Ge
om
et
ry
 

and
 

Lo
ad

in
g

G
-P
XiO'•H
0&

CM CM
in
rH

in in in

G
•H

rtf
OPI

PQ PQ pq

Go
•H
m
G

oIH
•H
G
G

tr>
G

Q) -H 
-P Tf 

G
€ a) 

13
0)
P
Gft

Eh PQ

P
-P
a)
eo
0
O

0
ft
Eh

Eh
Eh

Eh
Eh

rH
co

rH
CO

in
co

in
co

CM o co

*H
xi
■P

h  in 
• •

o  o

o o0  CM CM 
\  \  0 0

m 
0 
G
o o o 

0 0

xi 0 0cn o o
G 0 0o <H <wp p p
XI G G-P m in
Eh h  in
eh co co



&
G-H

P
Xi&•H
Q)
12
p
o
>
p
id
g
g
G
co

■<*
CO

Q)r—i
P
<d
EH

>1
p
G w in  in

•H iH i—I
id • •
P
P
Q) •
U p  <c CO ^
G £ CO CO
£> • •

•
Q) >
N 0

TJ
CO

•
P g  g
0 P g  g
0 CO cn in

P
0
Q

> i
P Q CO
G •

•H
id
p •
p P o
0) £  < in
0 •
G
t )

o\°
in >
in o
Q) u in
p
P
CO

cn
0

a •
> i p o  o  in
Eh s CN CM H

-p 0
0 &
0 > i
P Eh H  CN CO
0
Q

VO H
U in  h

• •

H  VO
c h  in

• •
0 •
Ul p
0 & o  in
G in  cn

P 0 O  H
& G • •
G rH
0 cd
EH >

o  o
OQ rH r-H

• •

> i
• o  o

X P  < H  CO
— £ • •

Ul
Ul 0
0 G h  in
p rH • •

p rd
CO >

CO
CO

g
go

o
in

oco

co
CO

CO
CO

o
o
o
co

o
co

cn

o\o
in

>oo
0
0
0)
p

pin

0a,
>1
Eh

g
gino

0 CO
0 vo
0 CO
G O

X i O
CP o
G •
0 o

-P
II

>i CO
CO

rH •
• X

o
ii in•
0 X
0 o
0 CN
P •
-P X
0 rH

rH
1 •

X
*. o

&» rH
G •
■ i !!
5
&> rH

£
0
£ • •

g
I—1 g
cd CN

§ II
0
G •

>». 0
rH TJ
G •
0 Tf*H P
P 0
cd
G P

•H 0o 0g P
O 0
o TJ
• •
0
rH
a
g
id
X
w



Oi— 1to rH 1—1 o O rH rH rH rH rH rH
>- • • • • • • • • • •

rH rH rH rH rH rH rH rH rH rH

in rH O o O O O i— 1 rH rH rH
to • • • • • • • • • •

UlP >- rH rH r—1 rH rH rH rH rH rH rH
O-PU <71 O r" O CO O CO O CO O
(0 <o • • « • • • • • • •
Pm H>- O rH o rH O rH O rH o rH
iH• to1— 1 -H w rH o o o rH rH o O o O

0 -P • • • • • • • • • • Ul
u P rH rH rH rH rH rH rH rH rH rH &tO GGc •rH

-P73 in rH r-1 o o rH rH rH rH rH rH X0) to • • • • • • • • • • uUl >- rH rH rH rH rH rH rH rH rH rH -H
-H a)

15o
■P cn CM CM cn cn CN CN CN CN CN CN -Pto • • • • • • • • • • Go >- rH rH rH rH rH rH rH rH rH rH a)p0)

cn<H rH C\ VO rH CN CN rH rH rH rH
& • VO cn o\ <71 • • • • -HO rH • • • • • rH rH rH rH arH 1 1 1 I 1 i 1 1 1 1
tr> in rH f'' o CM o o O o p0 cn CM CM co cn 0

-P rH • • • • • • • • • • <4H
o <
a) C/3in in cn cn o o vo Pm<D CM cn in cn cn CO cn CO CO in C/3
73 CO cn in CO t" o vo rH vo o arH o i— I o o o rH o rH o i—i

cn a) a> Pm • • • • • • • • • •
rH > O o o o o o O o O o o O• XI a)rH to Pi Go p vo rH o CM cn cn CO to- CO 0

o a) € cn rH CO vo CM rH <7* "4* rH Ulr—1 o rH CM CM rH CM CM CM rH CM CM •H
o p 1 • • • • • • • • • • PEh <H l a o O o o o o o O o O fOGerH rH rH rH rH o• • • • • urH rH rH rH rH

i i i i i in•H in in in in in •
<H i i i i i CO
Q* o 1 o 1 o 1 o 1 o 1o rH rH rH — i rH airH X X X X X rH
tr» ■s* XI

-P Q) o • • • • • to
0 73 rH VO vo VO vo vo EH
<u 0 <<H Ua) cn vo o in
73 G to- cn in vo in

CM &» EH CM 1 rH 1 CM 1 CM 1 CM 1
a) *H Pm • • • • •

• rH Ul O o O o o o
rH XI ai0 (0 Qu p rH cn cn in to-

0) n cn cn to- vo vo
rH o EH CM 1 1 CM 1 CM 1 CM 1
o p <H • • • • •
Eh <H Q* o o o o o

Ul0)Ul Ul
Q) Ul Ul •p<D Ul <D Ul >1 o >1a) — . Ul G a> -p a) -PUl a) ,G p G <H G>— ' • p TJ &> -P *H a) -H

CO ■P Q) G Q) Ul fO 73 fO
rH c rH Ul •P o -P -P -P

•H fO a) Xi 4-> Xi ai P 0) P• -P g i— i xi tn a) tr> ai
rH X p Xi tn •H £ •H p o p 0
o 0 to -H a) 0 a) to G to G
u •H £ EH xi £ rH £ rH G rH G

CD • • • • • • • » • • •• • • • • • • • •
£ < < PQ PQ U u a a w H



to
le
ra
bl
e 

fla
w 

de
fi
ne
d 

by 
Le
ve
l 

2 
Op
ti
mi
se
d 

Pa
rt
ia
l 

Fa
ct

or
s:

o
1—1 H4 COrd . 1 • 1

«H rH

LO CN CO 7 3

rd • • • •
>- 1 1 II

<o H4 vo
H • 1 1>- H CM

CN CN • • CO H4 • •(-■
>- 1 1 II

LO 4 4 90

• • • •
>- 1 1 CN H

oro vo H4t) • 1 1>- rH CN

rH in h*H CO CO . VO
<W • • voa CO H4 H VOO 1 1 1 1rH rH f" VO CO

r" cn oO • « • •
rH 0 2 1 4

cn H4 CN
in cn in coIP rH CO H4 r-O • • • •1 0 0I

CO
CO o

r>- co vo o
H o o  o

m CN o o  oa o  o o  o• • • •00 00

-p He He
(U A F A FUi

<Wa rH
■p o
CD H o
tn O o
p O o
id • •
EH o o

CN
co
I
iSo
o
o
co

Hi
Hi
<1>
G
X!
0
O
-P

in

(D•H
-P•H
i—I
X?
cC

•H
rH
CD
Ph
-pCD
trp
cd
EH
p0)
X!o
-H
a
o-p
GO•H
•P(0
in

•H
g

•H
-poo
vo

CO

0)
rH
XI(0
Eh

IP

W T3



NO

YES

STOP

OBTAIN DATA ON 

TOUGHNESS,STRESS 

AND DEFECT SIZE

CHOOSE SUITABLE 

PROBABILISTIC 

MODELS FOR EACH 

VARIABLE

DOES P= p

MINIMUM ?

SAFETY FACTORS

MODIFY PARTIAL
DETERMINE TOLERABLE DEFECT SIZES TO ASSESSMENT 

LEVEL 2 USING TRIAL PARTIAL FACTORS

CHOOSE APPROXIMATE VALUES OF PARTIAL 

SAFETY FACTORS 7

CALCULATE S =  I  W; A ( pfi ( y  ) t p f

DETERMINE FAILURE PROBABILITIES ( p
f DC

DETERMINE FAILURE PROBABILITIES p. ( 7f i —

CALCULATE P = I w f p fi ( 7

DETERMINE p

DETERMINE TOLERABLE DEFECTS TO PD 6493 

DESIGN CURVE

DEFINE SET OF ASSESSMENTS AND WEIGHTING 

FACTORS wj BASED ON FREQUENCY OF 

OCCURRENCE SUCH THAT I w j = V 0

I------------------------------------------------------------------------------------------------------------------------------- 1

F ig .  8 .1  Flow ch art  fo r  O p tim isa t io n  o f  D e fe c t  A ssessm ent P a r t i a l  S a f e t y  F actors



CD

o  oCN

CO
CN fc 
LO LO

to

CO

CO
CNO

COco
LO

«o

O 00 to
o a

Fj
g.

^2
 

SA
FE

TY
 

IN
DE

X 
vs

. 
ST

RE
SS

 
RA

TIO
 

fo
r 

LE
VE

L 
2 

R
O

U
TE

.



\

o  o  oCN
O
O
LO
CO

CO CO«o

^  °  LOLO CN

CJ

O COCN O
O
LO
CN

CN

CO LO CO -gLLJ LLj UJ S
a  cn cn ^
<  ^  ^  V

3cn

LO

o

LU O
O
LO

O
LO CO

y  LU 
‘ I—  

3  
O
cn

u
c .
o

O
O
h -
o

U)
>

X
LU
Q

(N1

_ l
LU
>
LU

o a

LU
LL
<
LO

n
CO

cn
i l l

CO
CO
LU
2
I
CD
3
O
I—



>1•P
CDfalcd
Cn I
CD

i— I CD Cn N C -H
cn

4J 
• CD 

c n  c d  > m
CD

> 1  r a  +J
■h a  o

u 0 -p o cd fa Mn

cn
cnoc
A
Cn

o
-p

QO
EHU

CO

Cn■Hfa

(uoTSU0^-sssu>[OTqq. qbnoacp) adA^ in

• A a p  - p q . s  q o a j a p

ssauqfinoq.

a o o  s s a j ^ s

D/D

CM

o OO
•  a aCM (MO

in  in  inCM CM CM T- OO 
■ ■ •

o  o o

in  in in

o  o o o
a a a a

cm i n o o  A: 
in  in  in  inCM CM CM CM
o  0 0 < r -  

■ a a a
o  o o o

o  o o  o  o o o
in  i n i n o  - i 

to 
in  m in e s

o  o o  o  o o o

>-

C O .



■ >1 p
0<prom i0

rH  (DCn N ■
C  -H 

•H 0101
•P  

• O
01 0  > m oi 

0  01 >1 03 0 
- p  q
•h  q  , q
rH o  cn
•h  a
rQ p  o
0  o  P  

•H  P
rH  O  u
0  0  rHa? m &

LO
co

■H

adAq. *

| A 9 p  * p ^ S  O  
q o a j a p  ( \ |

tn

oo o OO oo■ ■IANJ OJ • ■
a n

• ■
oo

CO o o o oo» »oooooo
to o

•
oo
oto

• s
o o
o oo ototo

• ■ooooootoo
oo o o£» oo■ •
u oto in

• ■
a nto

• 9
ISOto

inn cs inov oo• ■
oo •

o • ■
oo

• 9
oo

-qfinoq O ft
fOK)

•ssaaq-s

>~

CQ



o•H
in

-p CD
G -P
0

X 1
rd

CD
co >
CD P

•H G
-P U
•H
i—1 G
■rH cn
X •H
fd co

■rH CD
1—1 Q
d)
« Cn

G
4-1 ■H > i
0 CO rH

G G
P 0
CD -p
-P CD CO
-P Cn CD
fd P CO
u fd rd
CO •P o

co
•

CO

cn
•H
fa

oCM O CD

4-1
I-1

cnoi“l



c
0

•rH
CO
c

•P cd
P 4-1
0
X i 1
fd

(1)
U) >
cd p

•H p
-P u
•H
i—1 c
•H Cn
Xi •H CO
fd W Q)

•H a) cn
i—1 Q fd
a> a
K Cn

C Cn
•rH C

0 CO
P 'CJ

p C
Q) -P CD
-P CD X !
■P cn
fd p TS
o fd C
w -p fd

r-'
co
O'•H

•  *  
•  •

•
a

* 
, 

>
>

»
* 

•
•

•

•

i 
*-

 
...

...
...

...
I

.
...

...
...

...
 

...
.

'  . ♦  *  

. *  •  :

•
*

•

. • ' •

•  »  - *
*  •  •

+  m \

• . V  v
0 •  •

o •  m *

•

•  *  *
•

•  - ■ !
•

- V * *  ••  e  *  *

,  *

p i
CD
Cn
P
td
•p

-----------1----------------»---------------- l _ J --------------- 1----------------1---------------- 1_________ » » J ----------------1----------------1_________ r

CM

8

8

CM
CM

*4- CM
CM

maorpcn0i—l1

mm
©

<©
d

CM

Da
ta
 

No



- U
3
0

£1
03 CD

-3
Ul 3
CD 0

•H 34
4->
•H i—1
rH
•H rH

CD
03 >

•H CD
i H 33
CD
« C n

c
4-1 -H
0 Ul

3U
CD -3

+ J CD
4-1 C n
03 34
0 03

CO •3
CO0
CO

cn•H

i  *

•  •

• I

CM Om CD o
4-1aoi— i

o

Da
ta

 
No



4d
4-1 4-1
P •H
0

43
rd 01 •

4-1 Ul
V1 P u
ai 0 0

•H u 4-1
4J O
•H CN] P
■H 44
•H <-\
43 ai r-4
fd > P

■H p •H
i—1 ft 4->
Pft t p P

44
p f t

•H
0 Ul >PP P
u W
cd 4-1 •H

4-1 ai E
4 J cn •H
fd u 44o p ft

CO 4-1 0

03«03
pi•Hft

t *•

• •
»

*•

CM
CM

O o

4-1ao
r—1pi0

I—I1



s

LU
>cr
ZD
O

cd
CO
LU
Q

00
cn
-4 -
CD

Q
CL

O
CO
z
LU

CO 
I—
o
LU
LL
LU
O

CD
z
o
2
LU
CQ

LU
H
3
O
cr

LU
>
LU

Z
o
CO
z
LU

—

CD

LU
CD

> - 
I—
LU
LL
<
CO

CD
z
CO<
LUDC
O

CO
cr
o
i—

N
Sfl CL 

| 2  
*  Q  

^  (/} 

i ll  1
>  H  
LU CL 
- J  O

Z  O  
O  Z
co Q  
z  z
LU LU 
I— CD

h-
LU
CD
DC

CT)
O

00

CN

h -z:LUcrLULLLL

tOLU
Oz:
<cr
> -
i—

CD
<
LUcr

oLO
cr
£

O
o

o
I— I 
00

CT>

Ll

LO LU 
1—  Z)orr

I—z:LU
2totoLUtoto
<



SECTION 9

OVERALL CONCLUSIONS, RECOMMENDATIONS AND EXTENSIONS FOR

DEFECT ASSESSMENT RELIABILITY ON OFFSHORE STRUCTURES

1. The methods presented in Sections 6, 7 and 8 for obtaining safety factors

to use with critical defect assessment equations hinge to a large extent on 

a rational choice of target reliability. Since the bounds on reliability are

substantially lower for fracture than for static collapse (as shown in both 

Sections 7 and 8) the choice cannot be made on the basis of comparisons 

with static collapse or upon adjustments to the static collapse value 

according to failure consequences and design life. The option taken in 

Sections 7 and 8 of determining a target on the basis of comparison with 

the PD6493 design curve is rational and has been shown to be practical.

2. Operators who have access to reliability analysis software will be able to

use it with the failure function presented in Section 6 to obtain

reliabilties directly. The advantage to operators is that they would be able 

to arrange known defects in order of declining failure probability and

implement a repair program based on this. Reliability analysis of defect 

assessment methods based on hand calculation and/or graphical methods 

would provide all operators with a powerful maintenance tool.

3. For either of the methods presented the engineer is required to estimate

the degree of variability in stress and defect sizing before selecting

appropriate partial factors. For the present, such subjective judgements as 

’high’, ’medium’ and ’low’ variability would be appropriate for this
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purpose. For a fixed design wave, large uncertainties enter the prediction 

of load effects on offshore structures at each of the following stages:

. prediction of water particle kinematics

. modelling of fluid-structure interaction

. estimation of residual stresses for as-welded joints

. prediction of stress concentration effects by parametric equations.

A detail affected by any of the above may be classified as ’high’ stress 

variability and the partial safety factor according to a COV of 30% used.

A PWHT detail affected mostly by dead loads with stress concentration 

effects calculated: by finite element or similar methods may be classified 

as ’low’ stress ^uncertainty and the partial factor according to stress 

COV=5% used. ’Medium’ stress variability would describe a detail under 

predominantly dead loads but with stress concentration predicted by

parametric equations. Linear interpolation between the stress partial factors 

for CO Vs of 30% and 5% would then be used.

To facilitate greater precision in both determination of stress partial

factors and estimates of reliability it is proposed, as an extension of this 

study, to determine the contribution to stress variability made by each of 

the above-mentioned factors.

Since defect size is  rarely a sensitive variable estimates of variability

based on subjective judgements will suffice in almost every case.



Fracture, of course, is only one component of defect assessment and the 

fracture mechanics methods analysed herein ignore the potential of a 

defect to grow under fatigue loading. Consequently a study is underway 

to examine fatigue assessment methods from a reliability viewpoint.

(GLASGOW r 
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