
T73S06 (Creep Rupture) Tutorial Session 25 –  

(Uncracked) Reference Stress Solutions 

Relates to Knowledge & Skills items 2.1, 2.2, 2.3, 2.4, 2.5, 2.6 

Last Update 5/8/14 

Definition of reference stress; Warning re use of term ‘reference stress’ in other parts 

of R5; R5 definition of rupture reference stress and why it is motivated physically; 

Creep ductile v creep brittle materials and R5 definitions; Commonly required 

reference stress solutions (uncracked): potentially all those covered in IMAN#4, 

including pipe butt weld P+M; pipe branch P+M; trunnion; etc.; Inverse code and γ 

factor; Sources. 

Do not use these notes as a source in assessments: UNVERIFIED! 

 

Note that in applications to ferritic weldment zones it may also be required to include 

a redistribution factor, k. These factors are not explicitly included here and will be 

discussed in session 26. 

 

Qu.: Is there more than one type of “Reference Stress”? 

Unfortunately, yes. 

R6, R5V2/3 and R5V7 all use “reference stress”, denoted refσ , in the same sense. 

This reference stress is defined by the collapse loads. In the case of a single load, P, 

the definition is, 
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where 
y
P is the collapse load for an elastic-perfectly plastic material with yield 

strength 
y
σ . Because 

y
P  is proportional to 

y
σ , the reference stress does not depend 

upon the yield strength, despite its appearance in (1). Also, the collapse load depends 

only upon the primary loads. Secondary loads do not contribute to collapse, by 

definition. Hence, the reference stress given by (1) depends only upon the nature and 

magnitude of the primary loads and the geometry of the body. It does not depend 

upon the material. This is the correct definition of “reference stress”, in my opinion. 

Unfortunately, R5V4/5 (Ref.[1]), employs the term “reference stress”, and the 

symbol refσ , in a different manner. For the purposes of creep crack growth these 

procedures use a modified type of “reference” stress which includes contributions 

from secondary stresses. Due to relaxation of secondary stresses by creep, the 

reference stress, refσ , in R5V4/5 is time dependent, even for fixed applied loads (e.g., 

a constant temperature distribution or a constant applied displacement). To distinguish 

the two types of reference stress, R5V4/5 uses the notation P
refσ  for the usual 

reference stress based on primary loads alone. So, )7/3/2()5/4( VV ref
P
ref σσ ≡ , but refσ  

means different things in R5V4/5 and R5V2/3/7. 

In my opinion, the concept of primary + secondary reference stress used in R5V4/5 is 

ill-defined (of which more in the T73S03 sessions). However, the concept is this: at 

any given time find the load resultants (F and M) acting over the section of interest. 

Ignore the fact that parts of these load resultants are secondary and just find the 



reference stress, consistent with (1), as if F and M were primary. But because F and M 

will change over time if secondary loads are present, the reference stress also varies 

with time.  

As for R5V6, this makes little use of reference stress, preferring its own specific 

formulation of effective stress, called the rupture stress,
rup
σ , appropriate for transition 

joints. But where reference stress, and the notation refσ , are used, it is consistent with 

R5V2/3/7 and R6.  

Qu.: So there are just the two types of reference stress, then? 

Yes and No.  

There are just the two types which are called simply “reference stress”. But R5V2/3 

also uses other quantities called “rupture reference stress” and “shakedown reference 

stress”. The rupture reference stress has already been introduced in Session 24 

(http://rickbradford.co.uk/T73S06TutorialNotes24.pdf )and is discussed further 

below. 

The shakedown reference stress will be defined in Session 30 

(http://rickbradford.co.uk/T73S04TutorialNotes30.pdf). It is logically a completely 

different type of quantity from the reference stress. The reference stress is a global 

quantity and does not relate to any particular point of the body. The shakedown 

reference stress, however, can be evaluated separately for any point of the structure. 

Conversely the “shakedown reference stress” is temporally global in the sense that it 

relates to the most onerous combination of stress and temperature conditions at any 

time during a loading cycle. In contrast, the reference stress would vary as the loads 

varied. 

Finally, the shakedown reference stress is found as a Mises equivalent stress at a 

point, not via collapse like Equ.(1).  

This is merely an issue of terminology. It would have been better perhaps, to have 

called the shakedown reference stress the “effective shakedown stress”. 

Qu.: Which reference stress are we concerned with in these notes? 

In this session we shall be concerned only with rupture under primary loads, and 

hence with the reference stress used in R5V2/3/7 and defined via Equ.(1). But both 

R5V2/3 and R5V7 include provision for the effects of secondary stresses on rupture, 

under both steady loading (R5V7) and also cyclic effects (R5V2/3). These issues will 

be dealt with in session 27 (http://rickbradford.co.uk/T73S06TutorialNotes27.pdf ) 

Although this session will consider primary loads only, be aware that the assessor has 

some latitude as regards which loads are treated as primary and which as secondary. 

This categorisation of loads is one of the perennial sources of uncertainty in 

assessments. In BE, pipework system loads are usually treated as primary in creep 

rupture assessments, despite being generated largely by thermal expansions. 

According to BS EN 13480, in contrast, two-thirds of the pipework thermal expansion 

system loads could be regarded as secondary, with only one-third of these stresses 

contributing to rupture. How this is justified I do not know. 



Qu.: How is reference stress defined for multiple primary loads? 

I am not aware that the definition of reference stress under two or more primary loads 

(say P and M) is specifically written down in any of the R-procedures. My 

understanding is that the definition should assume that all loads are scaled up in 

proportion. The factor λ  by which all loads must be increased to result in collapse 

then defines the reference stress simply via, 
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Here PPy λ=  and MM y λ= , and collapse occurs when both loads 
y
P  and 

y
M  are 

applied simultaneously. In R6 terminology, λ/1=
r

L .  

Qu.: What is the “rupture reference stress” 

This was already covered in (http://rickbradford.co.uk/T73S06TutorialNotes24.pdf ). 

Recap: The rupture reference stress is an enhanced reference stress which takes 

account of any persistent stress elevation, even in steady state creep, and can be used 

to assess creep rupture.  

Creep rupture is assessed against primary loads only (R5 V2/3 Section 6.5). The first 

step is to calculate the ordinary reference stress, refσ . This is the same primary load 

reference stress which is used in R6 and the same sources can be used to find suitable 

solutions (see the References). 

R5 V2/3 Section 6.5 and Appendix A5 define a rupture reference stress as, 

Creep ductile materials: [ ]{ } ref
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Creep brittle materials: [ ] ref
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where n is the creep index (the power of stress in the deformation law). The term χ  is 

a form of stress concentration factor, defined as the ratio of the maximum elastic 

equivalent stress due to the primary loads to the reference stress: ref
P
el σσχ /

max,
= . 

Qu.: When is R
refσ  used rather than refσ  

The rupture reference stress, R
refσ , should always be used in principle, but for some 

sources of reference stress, the correction for the local stress peak effects are already 

implicit within the reference stress. Hence use of (3) or (4), above, would double 

account for the stress peak. I am aware of two such cases, for which refσ  can be used 

directly. The first is a pipe branch when the inverse code method is used for refσ ; the 

second is a butt weld which is hoop dominated and for which the Tresca reference 

stress, Equ.(5a), has been used. Note that the rupture reference stress is required for a 

dummy branch (or trunnion), and 2.3=χ has been advised (see IMAN#4, Ref.[2]). 



Qu.: What does “creep brittle” mean? 

The distinction between creep ductile and creep brittle behaviour is very important. 

Provided that the material behaves in a ductile manner, redistribution of the stresses 

may be expected prior to failure. It is then reasonable to base the assessment of creep 

rupture on the reference stress, which, being defined via collapse, implicitly assumes 

a high strain tolerance. In contrast, R5V2/3 Appendix A1, Section A1.7 advises that if 

the material is creep brittle, failure of the structural section must be assumed if the 

usage factor reaches unity at any point. In other words fracture occurs rather than 

stress redistribution because of the material’s low tolerability of strain.  

R5V2/3 Appendix A1, Section A1.7, defines a material to be creep brittle if the 

average creep ductility is less than five times the product of the average minimum 

creep rate and the average time to rupture. It lists materials regarded as creep ductile, 

which includes our most common materials (CMn, CMV, 2.25Cr1Mo, 316, etc).  

However, there is a problem with this simplistic view, in my opinion. For one thing, 

this division of materials into creep brittle and creep ductile pre-dates the realisation 

that stress state is crucial to the behaviour of a material. For highly triaxial stress 

states, the creep ductility of austenitic steels might be reduced by a factor of 10. 

Moreover, cracking under these conditions may occur with little straining (very sharp 

crack tips, cracks with very small gape). Consequently, this categorisation of 

materials into creep ductile and creep brittle should be considered as restricted to 

uniaxial, or possibly biaxial, situations. Even materials with bags of uniaxial ductility 

may have alarmingly low creep ductility under triaxial conditions (constraint!). 

A specific issue has also been raised as R5 User Query 132 and relates to CMV 

weldments. The coarse HAZ of these weldments (arguably) fails the criterion and is 

thus creep brittle, even when loaded uniaxially. This casts doubt on the R5V7 

assessment route for such welds, via the concept of “mixed HAZ”. A section through 

the HAZ which includes coarse HAZ will inevitably also include some refined HAZ, 

since the coarse HAZ regions are not contiguous. A mixed HAZ assessment implicitly 

assumes stress redistribution between the coarse and refined HAZ regions. According 

to R5V2/3  Section A1.7 this is not valid if the coarse HAZ is creep brittle. The coarse 

HAZ cracking observed on several hot reheat drain pots at HYA/HAR may be 

confirming this suspicion.  

Qu.: How can reference stresses be calculated? 

This is the same as asking how the collapse solution can be found. In general the 

possibilities are, 

(a) Use a handbook solution; 

(b) Evaluate it yourself from first principles, e.g., using the lower bound theorem; 

(c) Use FEA, e.g., RIKS algorithm (or possibly via a cracked body analysis via J); 

(d) Perform an experiment; 

The first of these is most common, of course. R6, R5 and the Mentor Guides all 

contain references to sources of collapse solutions. In fact, R6 Chapter IV.1 is one of 

the compendia.  

However, IMAN#4 is one of the most useful aide memoires for creep rupture 

assessments of our ferritic pipework. It is an informal document and cannot be 

referenced. But sources of the solutions are given and these can be referenced.  



For completeness the References below provide sources of collapse solutions. Some 

of these are rather old and may have been superseded by the more recent ones. On the 

other hand, they may include solutions subsequently forgotten, so may be worth 

looking at. No guarantees that these are the best solutions! 

Some recommended solutions for uncracked geometries follow (mostly taken from  

IMAN#4 – so see Ref.[2] for the source references). For cracked geometries consult 

the References listed below. 

Qu.: What is the advised reference stress for a plain pipe or butt weld? 

The reference stress is the larger of (5a) and (5b), 
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where P is the pressure difference (inside – outside); M is the equivalent system 

moment at the weld position or assessment position; and 
o

R and 
i

R are the outer and 

inner radii respectively.  

Equ.(5a) is hoop dominated, whereas Equ.(5b) is axial dominated. This has a bearing 

upon whether a redistribution factor, k, is required. It is only required for hoop 

dominance, i.e., Equ.(5a).  

But the rupture reference stress from Equ.(5b) must be found from 

[ ]{ } ref
R
ref σχσ 113.01 −+= , whereas if using Equ.(5a) no further enhancement is 

generally deemed to be needed, i.e., ref
R
ref kσσ =  but without any χ -based 

enhancement. Is this really what people do?? Just how well founded this conventional 

assumption may be is debatable. One possible defence of this assumption is that the k-

factors have been found by FEA, in which the stress concentration effects are already 

implicit. However, it is worth noting that, in truth, the Tresca stress across the section 

of a thick cylinder in steady creep is not uniform for finite n (see for example 

http://rickbradford.co.uk/PressurisedThickPipeSteadyCreepStresses.pdf).  

Qu.: What is meant by the “equivalent moment”? 

The equivalent moment is generally taken to be the square-root-of-the-sum-of-the-

squares of the three moment components. This is probably conservative as regards the 

effect of the torsion component. 

Qu.: What about a pipe under an end-load as well as pressure and moment load? 

Under combined pressure, moment and additional end-load a solution is that of 

Ainsworth, Ref.[13].  

Note that first-principles derivations of some of these plain pipe solutions can be 

found in http://rickbradford.co.uk/BoundTheorems.pdf  and 

http://rickbradford.co.uk/TrescaCollapseSolutionThinCylinderPplusM.pdf 



Qu.: What is the advised reference stress for a pipe branch? 

The following applies to a branch which is perpendicular to a straight main pipe run. 

Oblique branches or branches on bends are more tricky.  

The branch is assumed to be of the same parent material as the main pipe, to be at 

right angles to the main pipe, and not on a bend.  
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where 
io
R

,

 are the outer and inner radii of the main pipe, and T is the thickness of the 

main pipe. The parameter C
~

 depends upon the ratio of the main and branch 

diameters, and the parameter γ  depends upon the system loading.  

Figures from BS1113 provide the values of C and are reproduced in Appendix B. 

When applying the code for the purposes of design, the curves in Appendix B provide 

the value of TT
r
/ , where 

r
T  is the required thickness of the main pipe near the 

branch intersection (i.e., including any local reinforcement), and T  is the basic 

required scantling thickness of the main pipe treated as a straight pipe under pressure 

alone. 
r
t  is the required thickness of the branch pipe near the branch intersection (i.e., 

including any local reinforcement).   

When applying the inverse code method to calculate a reference stress, the quantities 

r
T  and 

r
t  are interpreted as the actual thicknesses of the main and branch. The 

ordinates of the graphs in Appendix B then give the parameter C
~

, for insertion into 

Equ.(6), directly in terms of the geometry. So C
~

does not equal C but is to be 

identified with 
T

T
C

r .  

In the case of flush nozzles with 3.0/ >Rr , where r, R are the mean radii of the 

branch and main, C
~

is given simply by, 
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For other geometries the design charts 3.4.4-1, 3.4.4-2, 3.4.4-3 from BS1113, 

reproduced below, must be used. Note that for flush nozzles with 3.0/2.0 >> Rr  both 

charts 3.4.4-1 and 3.4.4-2 must be used, and the value of C
~

found by interpolation. 

The γ  factor, which accounts for the effect of system loading on the reference stress, 

is, 

If 2.1<m :  m1.01−=γ  where, 
( )22

4

ioo RRRP

M
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+
=

π
   (8) 

If 2.1≥m :  7.0−= mγ        (9) 

where M is the equivalent moment at the position of the branch.  

In (8), m can be evaluated at three possible positions: the section across the branch; 

the section across the main adjacent to the branch and on the downstream side; or, the 

section across the main adjacent to the branch but on the upstream side. The usual 

procedure is to evaluate all three and to use the largest m (and hence the smallest γ  



and the largest reference stress). In each case the geometry, i.e., 
io
R

,

, is consistent 

with the equivalent moment used, both relating to the same section. So, the branch 

moment is used with the branch radii, and the main moments are used with the main 

radii. These moments will all be equivalent quantities, so a total of 9 moment 

components may enter the calculation. 

Equs.(8,9) are always used for large bore branches, with 7.0/ >Rr . But for some 

medium or small bore branches it has been argued that (8) may be more appropriate 

even for values of m rather greater than 1.2. The latest IMAN#4 still refers to this 

possibility but stops short of a recommendation – so ask around for views before 

using. 

Qu.: What if the main and branch pipes are of differing materials? 

It is quite common for the material of the branch to differ from that of the main pipe, 

e.g., a 2¼Cr1Mo branch on a ½Cr½Mo¼V main pipe. The most obvious approach is 

to evaluate the reference stress exactly as above and then to assume the rupture 

properties of the weaker material (2¼Cr1Mo in this example). However, this is not 

the approved method. Instead the ratio of the rupture strengths of the two materials is 

found (for the temperature and time of interest). This ratio is used to factor down the 

thickness of the weaker material (the branch in this example). The reference stress is 

then found using this reduced effective thickness and the rupture life determined by 

inserting this stress into the rupture equation for the stronger material which in this 

example would include ½Cr½Mo¼V parent, ½Cr½Mo¼V mixed HAZ, ½Cr½Mo¼V 

Type IV zone but 2¼Cr1Mo weld material. 

Qu.: What is the advised reference stress for a dummy branch / trunnion? 

A dummy branch, or trunnion, differs from a branch in that there is no hole in the 

main pipe. The commonly adopted prescription is, 

   ( ) ( )22 Mt
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P
refref σσσσ ++=                           (10) 

where the three terms in (10) are the reference stresses for pressure load alone on the 

main pipe; moment load alone on the main pipe; and, moment load alone on the 

branch / trunnion. These are given by the usual plain pipe Mises expressions, 
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The moments 
m

M  and 
t

M  should be the equivalent moments for the main and 

trunnion respectively, the former being taken as the larger of that on either side of the 

trunnion for conservatism.  

I recommend using your intelligence as regards the meaning of the summed moment 

term, Mt
refσσ +

Mm

ref
, in (10). This can be over the top if, in truth, the dominant moment 

component in the trunnion is simply reacting the system load acting on the main pipe 



(i.e., summing the two is then double accounting). In this case the use of the larger of 
Mm

ref
σ or Mt

refσ  in place of Mt
refσσ +

Mm

ref
 would be reasonable. In fact, I suggest that using 

( ) ( )22 M
ref

P
refref σσσ += , where M

refσ is the greatest of the moment reference stresses 

for either side of the main or the trunnion would actually be best. However, this 

would need some justification against FE results. 

The reference stress is converted to a rupture reference stress using 2.3=χ . This 

originates from FSRFs and is of dubious relevance in the context of reference stress in 

my opinion (see IMAN#4 for discussion). This χ  is almost certainly over the top. 

Qu.: What if the trunnion appears worse than a branch? 

Also, the rupture reference stress resulting from (10-13) together with 2.3=χ  can 

exceed that due to a genuine branch obtained via the inverse code method, above. In 

this case the (lower) branch rupture reference stress should be used. (Note that it is a 

rigorous result of limit theory that the extra material cannot reduce the collapse load).  

The use of the above branch and trunnion reference stress solutions to estimate 

rupture lives have received a limited – very limited - amount of experimental 

validation (see Ref.[3]). 

Qu.: What about unloaded trunnions (temporary support points)? 

For unloaded trunnions use the plain pipe reference stress but adjust to the rupture 

reference stress using 2.3=χ  to account for the presence of the weld. Again, this is 

probably overly conservative. 

Qu.: What is the advised reference stress for a pipe bend? 

The approved reference at present is Ref.[18]. I will not attempt to summarise what is 

advises – read it if you need such a solution. Below, Equ.(14) gives a solution which 

was previously recommended which you could use for comparison, 
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where ρ  is the bend radius to the centre line of the pipe, and M is again interpreted as 

the equivalent moment (the square-root-of-the-sum-of-the-squares of the three 

moment components.). Equ.(14) is valid provided that 75.0
2
<=

i
R

Tρ
λ . If this 

parameter exceeds 0.75 see IMAN#4 for advice. 

Also see IMAN#4 for the method for calculating χ  (which makes use of ASME III 

NB 3685) and hence the rupture reference stress from Equs.(3) or (4) and (14).  

Qu.  What is the reference stress for a butt weld attaching a bend to a pipe? 

The likes of Equ.(14) refer to the parent material of the bend itself. If the welds 

attaching the bend to the adjacent straight pipe runs are at least one pipe radius from 

the point of tangency then the reference stress for a straight pipe may be used.  



Recently there has been much hand wringing over bend welds at or near the point of 

tangency. Here the straight pipe reference stress may not be valid and solutions like 

those of Equ.(14) or the equivalent have been used to ensure conservatism. However 

see Ref.[18] which discusses these issues explicitly.  

Qu.: What is the advised reference stress for end caps? 

See IMAN#4 and/or Ref.[14]. 

Qu.:  What is the “local” versus “global” issue all about? 

This is an issue which arises when trying to determine the most appropriate reference 

stress to use for a body containing a part-length, part-depth crack (generally assumed 

to be semi-elliptic). Consequently it is not really relevant here where we are 

concerned mainly with uncracked bodies. That said… 

In the presence of a crack, the right reference stress to use is that which gets J or C* or 

C(t) right via the relevant reference stress formula. A reference stress obtained via a 

theorem like the lower bound theorem is related to collapse of the whole of the 

remaining uncracked section. These are known as global solutions. In the case of a 

deep semi-elliptic crack, it is possible that the plastic strains on the small remaining 

uncracked portion of the thickness could be large whilst the strains on the same 

section but away from the crack are still small. So, it appears feasible that Lr could be 

very small when based on the classical ‘global’ limit solution, but that J or C* could 

be markedly enhanced by the local plastic strains. If so, the R6 FAD, say, would be 

misleading if based on the global collapse solution. Lr should be based on the collapse 

solution which, in the reference stress formula, would get J right – i.e., a ‘local’ 

solution, if necessary.  

A reference stress which is obtained by considering the ligament ahead of the deepest 

part of the crack is referred to as a ‘local’ solution. Of course, the local strains are 

restrained by the elasticity of the rest of the body, so things are not simple. It may be 

(and often is) the case that the local solution cannot be very different from the global 

solution due to the nature of the structural response and constraint. By using FEA to 

find J or C* or C(t), the most appropriate reference stress can be determined. The 

result depends upon geometry and loading. Sometimes it is valid to use the global 

reference stress even with semi-elliptic cracks, but not always. Consult the list of 

References below – or Yeubao.  

Qu.: How can reference stresses for inhomogeneous structures be found? 

In the specific case of low alloy ferritic weldments, the inhomogeneity due to the 

distinct weldment zones is addressed via the load redistribution factors, k, which are 

discussed in detail in session 26. 

A wheeze that comes to mind is to employ R6 Chapter IV.2. This provides limit loads 

(hence reference stresses) for weld and parent material with mismatched strengths. 

This means mismatched short term (plastic) strengths, of course, being R6. However, 

if the 0.2% proof strengths were replaced with some appropriate creep strengths (say 

to produce 0.2% creep strain at some relevant time), then perhaps the same formulae 

could be used to find an appropriate inhomogeneous reference stress for creep rupture 

assessments. This would be restricted to weldment inhomogeneity though. However I 

don’t think that anyone has followed this approach, so consult experts before trying it. 

The case of mismatched parent materials between a main pipe and a branch has been 

explicitly discussed above. 



Appendix A: References for Procedures & Collapse Solutions 

[1] Ainsworth, R.A., Dean, D.W. and Budden P.J.: “Creep and Creep-Fatigue Crack 
Growth for Combined Loading: Extension of the Advice in R5 Volume 4/5 

Appendix A3”, E/REP/BDBB/0059/GEN/04, Revision 003, May 2010. This 

advice has now been included in R5V4/5 Issue 3 (May 2012).  

[2] W.Berre and J.G.Johns, 28th March 2013, “SAG Informal Methodology Advice 
Note (IMAN) #4 CMV and Stainless Steel Rupture Life Assessment for AGR 

Pipework Components and Weldments”. This can be found in 

LTasks/SAG/Standards – but this must not to be referenced in reports. 

[3] R.A.W.Bradford, “Comparison of R5 Based Lifetime Predictions with Test 
Results for Full Scale and ex-Service CMV Branches and Trunnions: Update for 

Revised Type IV Rupture Recommendations”, E/EAN/STAN/0144/AGR/02, 

January 2003.  

List of Sources of Collapse Solutions / Reference Stresses (random order):- 

[4] R6 Chapter IV.1 

[5] A.G.Miller, “Review of Limit Loads of Structures Containing Defects”, 3rd 
Edition, C.E.G.B. report TPRD/B/0093/N82, Revision 2, April 1987. 

[6] British Standards Institution, BS7910:2005, “Guide to Methods for Assessing the 
Acceptability of Flaws in Metallic Structures”, Annex P, “Calculation of 

Reference Stress” 

[7] S Al Laham, “Stress Intensity Factor and Limit Load Handbook (SINTAP 
Compendium)”, BEGL report EPD/GEN/REP/0316/98, Issue 2, April 1999. 

[8] American Petroleum Institute, “Fitness for Service”, API recommended practice 
579, Washington DC, first edition dated 2000, Appendix D, “Compendium of 

Reference Stress Solutions” 

[9] M.Save (editor), “Atlas of Limit Loads of Metal Plates, Shells and Disks”, 
August 1991, Commission of the European Communities (published by Elsevier 

as ISBN 0-444-88718-0) – in the cupboard nearest Bob Sillitoe. 

[10] D.C.Connors, “A Compendium of Limit Loads”, BNFL-Magnox Generation 
report M/TE/GEN/REP/0054/98, July 1998. 

[11] A.Zahoor, “Ductile Fracture Handbook”, Vols.1-3, EPRI report NP-6301-D/N14, 
Electric Power Research Institute, Palo Alto, CA, 1989-91. 

[12] M.R.Jones and J.M.Eshelby, “Limit Solutions for Circumferentially Cracked 
Cylinders Under Internal Pressure and Combined Tension and Bending”, Nuclear 

Electric report TD/SID/REP/0032, May 1990. 

[13] R.A.Ainsworth, “The Limit Load for an Uncracked Cylinder Under Pressure, 
Bending and End Load”, E/REP/GEN/0027/00, Issue 1, June 2000. 
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Appendix B 

Figures from BS1113 (1998) giving the branch reference stress parameter C 

t, T are the branch and main thicknesses, and Tr is the reinforced main thickness at the 

branch; r, R are the mean radii of the branch and main 
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