
 

 

 Transactions, SMiRT-24 

BEXCO, Busan, Korea - August 20-25, 2017 

Division II 

 

STRESS INTENSITY FACTOR ESTIMATION FOR DEFECTIVE PIPE 

ELBOWS 
 

Yuebao Lei
1
 and Peter Budden

1
 

 
1 
Structural Integrity Branch, EDF Energy, Barnett Way, Barnwood, Gloucestershire, GL4 3RS, UK 

 

ABSTRACT The stress intensity factor (SIF) is one of the most important inputs when performing 

structural integrity assessments using an R6 type procedure. This paper addresses a review and validation 

of SIF solutions for defective pipe elbows which is intended to lead to detailed guidance for use in 

structural integrity assessments of elbows using R6. The French RCC-MRx A16 SIF method is first 

reviewed. Over 300 finite element (FE) SIF or elastic J cases have been collected and used to validate the 

method. The FE cases include internal/external surface semi-elliptical/fully-extended cracks located at the 

middle of the elbow or at the intersection between the elbow and the attached straight pipes, and at 

various locations around the circumference of the pipe including the intrados and extrados. The loading 

cases include internal pressure, in-plane moment, out-of-plane moment, torsion and some combinations of 

these four load types. The results show that the A16 method is conservative for most of the cases but may 

be non-conservative for some cases under pressure or for small cracks. Based on the validation results, 

modifications to the stress estimation approach in A16 are suggested. 

 

INTRODUCTION 

The stress intensity factor (SIF) is one of the most important inputs when performing structural 

integrity assessments using an R6 (R6 (2015)) type procedure, as the reference stress J-estimation method 

underpins the failure assessment diagram (FAD) approach adopted in R6 and, in the reference stress J 

scheme, the elastic-plastic J is predicted from the elastic J, which is equivalent to the SIF. Elbows are one 

of the most common pipe-line components and are widely used in nuclear power stations. This paper 

reviews and validates available SIF solutions for defective elbows in order to develop guidance for R6 

users. 

GEOMETRY AND LOAD DEFINITIONS 

For consistency, solutions from different sources are converted according to a uniform notation 

system used in this paper. The dimensions of a pipe elbow can be described by its elbow radius, Rc, elbow 

angle, ψc, pipe mean radius, rm, and pipe wall-thickness, t (see Fig. 1). The elbow factor, λ, is defined as 

( ) ( )trrR mmc=λ       (1) 

The elbow factor, λ, ratios Rc/rm and rm/t and elbow angle, ψc, are four important parameters to define a 

pipe elbow. When required, the inner and outer radii (ri and ro, respectively) may be obtained from rm and 

t as ri = rm - t/2 and ro = rm + t/2. The ratio between ro and ri is represented by k. The load types considered 

in this paper are internal pressure, p, in-plane bending moment, 0

2M , out-of-plane bending moment, 0

3M , 

and torsion moment, 0

1M . The elbows considered are all with long attached straight pipes at both ends. 

The moment loads are assumed to be transferred to the elbow body through the attached straight pipes. 

An angular parameter, ψ (0 ≤ ψ ≤ ψc), measured from the elbow end where moment loads are applied 

(transferred from the attached straight pipe, see Fig.1) is used as an indicator to define the defect location 

along the elbow. Any circumferential defects are located in the section defined by ψ and, for axial defects, 

ψ indicates the middle of the defect. For an axial crack located at the intersection between the elbow and 

straight pipe (ψ = 0 or ψ = ψc), half of the crack is located inside the elbow and the other half is inside the 
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straight pipe. For this case, the crack is not 

geometrically symmetric and the SIF values at the two 

surface points of the crack may be different. 

The defect types considered in this paper are 

surface and through-wall cracks. The depth of a semi-

elliptical surface crack is indicted by a and the half-

length is represented by c. For extended surface cracks 

∞→c  and for through-wall cracks a = t. In this 

paper, defect types are represented by the following 

defect codes ( Kayser (2016)). 

CDSI Circumferential internal semi-elliptical crack 

CDSE Circumferential external semi-elliptical crack 

CDAI Circumferential internal extended crack 

CDAE Circumferential external extended crack 

LDSI Longitudinal internal semi-elliptical crack 

LDSE Longitudinal external semi-elliptical crack 

LDII Longitudinal internal extended crack 

LDIE Longitudinal external extended crack 

REVIEW OF AVAILABLE SIF SOLUTIONS FOR DEFECTIVE ELBOWS 

Due to the complexity of the geometry and stress distribution in elbows, almost no SIF solutions 

for cracks in elbows can be found in published SIF handbooks, such as Tada et al. (2000). For the same 

reason, few such theoretical solutions can be found in the literature (Erdogan and Delale (1981)). There 

are some finite element (FE) based SIF results in the literature, such as for through-wall circumferential 

cracks in elbows under pressure or in-plane bending moment due to An et al. (2010), through-wall axial 

cracks in elbows under in-plane bending moment due to Prabhakaran and Raj (2005), through-wall 

circumferential and axial cracks under pressure and in-plane bending moment due to Scott et al. (2005) 

and Chattopadhyay et al. (1994), semi-elliptical axial surface cracks in thick-wall elbows under pressure 

due to Sharma et al. (2014) and Plante and Tan (2009), fully circumferential surface cracks in elbows 

under internal pressure or in-plane bending moment due to Brett (2015) and internal circumferential/axial 

constant depth surface cracks under pressure and in-plane bending moment (line spring solutions) due to 

Mohan et al. (1998). More recently, FE elastic J data have been obtained for axial/circumferential semi-

elliptical surface cracks in elbows under pressure, in-plane/out-of-plane bending and torsion (Kayser 

(2016) and O’Neill and Brett (2016)). Although a large amount of FE data are available, it is still very 

difficult to develop an engineering estimation method from these data due to the number of parameters for 

elbow and defect geometries, defect locations and load types. 

Except for FE-based and a few theoretical solutions, there are engineering estimates available in 

structural integrity assessment procedures (API579-1/ASME FFS-1 (2016) and RCC-MRx A16 (2015)). 

In both API579-1/ASME FFS-1 (2016) and RCC-MRx A16 (2015), a cylinder SIF solution based method 

is recommended to estimate the SIF for defective elbows. In this method the influence coefficients for the 

defective elbow are taken from the defective cylinder SIF solution for the same geometries as for the 

cracked elbow (for surface cracks, the influence coefficients are available only for the deepest and surface 

points) but the stresses are determined for the uncracked elbow under the given loading conditions. In 

API579-1/ASME FFS-1, no elbow stress calculation method is recommended. An FE-based elbow stress 

estimation method is provided in RCC-MRx A16. The elbow SIF method in RCC-MRx A16 is also 

adopted by another French code, RSE-M, for in-service inspection rules (RSE-M (2015)). 

In the RCC-MRx A16 method (which will be referred to as “A16 method” hereafter), SIF 

solutions for defective cylinders are provided, which are recommended as an “alternative solution” in R6. 

Therefore, the A16 cylinder SIF solutions will be used to calculate the SIF for defective elbows in this 

paper. Another important input in the elbow SIF calculation is the uncracked elbow stress distribution. An 

Fig. 1 Definition of elbow geometry 

parameters and loads 
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FE-based analytical method is provided in A16 as an alternative to performing FE analysis. The A16 

elbow stress estimate will be reviewed in the next section. 

Note that the RCC-MRx Code (2015) itself may not be widely available, but the methodologies 

of A16 were published in five articles in International Journal of Pressure Vessels and Piping Volume 

84, page 590-696. The SIF calculation for defective elbows is addressed in Sections 2.1-2.5 of the fourth 

article (Marie et al. (2007-2)) and only slight differences have been identified when compared with the 

current A16 Sections A16.8611-A16.8613 in RCC-MRx Code (2015). For convenience, this paper will 

refer to Marie et al. (2007-2) for the procedure, including figures and equations where required. The 

identified differences between the current A16 (RCC-MRx Code (2015)) and the published paper (Marie 

et al. (2007-2)) are addressed as follows. 

In the current A16 in RCC-MRx Code (2015), the mode I SIF equations for circumferential and 

axial through-wall defects have been added, compared to Section 2.3 of Marie et al. (2007-2). The 

recommended method also uses the influence coefficients for pipes with the same through-wall defects. 

However, the stresses used in the equations are not defined. Therefore, the recommended method cannot 

be used yet in assessments. 

REVIEW OF ELBOW STRESS CALCULATION 

The A16 elbow elastic stress estimation method for moment loads is based on large amounts of 

elastic small strain FE data. The elastic FE data were fitted and correlated to equations with tabulated 

equation coefficients enabling linearised through-wall elastic stress distributions in any section along an 

elbow and any location along the circumference of the elbow pipe to be determined. 

For internal pressure loading, theoretical thin-walled equations for ideal curved pipes (without 

considering the effect of the attached straight pipes) are used to define the elastic axial and hoop stresses 

(Eqns.(1) and (2) in Marie et al. (2007-2), respectively) in elbows but no valid ranges are defined. 

Some independent FE analyses by An et al. (2011) for in-plane moment load have confirmed that 

the A16 method is more accurate than the ASME equations (ASME Code (2015)) but the accuracy for 

elbows with large rm/t is not as high as those with lower rm/t values. The A16 solutions for in-plane 

bending moment were extended up to rm/t = 50 by An et al. (2011). For internal pressure, detailed FE 

analyses by Hong et al. (2011) show that the attached straight pipes do affect the elastic stress 

distributions in elbows, especially when the selected section approaches the intersection between the 

elbow and the attached straight pipe. Modifications to axial and hoop stress equations in Marie et al. 

(2007-2) are recommended in Hong et al. (2011) but the equations become very complex. 

In this paper, elastic FE stresses are used to confirm the coordinate system used in the 

development of the stress estimation method. An elastic small strain FE case study was performed by 

O’Neill and Brett (2016) for an elbow with ψc = π/2, Rc/rm = 3.26 and rm/t = 3.896 to evaluate the 

uncracked-body stress distributions under various load types. Stresses for pressure, torsion, in-plane 

bending moment, and out-of-plane bending moment were extracted at ψ = 0. In this elbow section, the 

internal forces (M1: torsional moment, M2: in-plane moment and M3: out-of-plane moment) can be 

evaluated as 0

11 MM = , 0

22 MM =  and 0

33 MM = . The obtained stress values are compared with these 

predicted using the A16 elbow stress method. The results show that the A16 predictions agree very well 

with the FE stresses for pressure, torsion and out-of-plane bending moment. However, for in-plane 

bending moment, all the predicted stress distributions (axial, hoop and shear stresses) are out-of-phase 

with the relevant FE results. From the results, both Eqns. (3) and (4) for normal and shear stresses, 

respectively, in Marie et al. (2007-2) need to change sign. 

FINITE ELEMENT VALIDATION OF A16 SIF SOLUTIONS 

There are some FE SIF or elastic J results in the published literature as reviewed above. However, 

only cases which provide full geometry and loading parameters and material properties could be used in 

the present validation. Many SIF or elastic J results for through-wall defects can be found (An et al. 

(2010), Prabhakaran and Raj (2005), Scott et al. (2005) and Chattopadhyay et al. (1994)). However, only 

through-thickness average values are presented. Due to the strong through-wall bending stress in elbows, 
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the correctness of such FE results depends on the number of elements along the pipe thickness in the FE 

models and the way used to “average” the obtained elastic J or SIF as a function of crack tip location. 

Examining the cases given in above references, only one or two elements were used in the FE models. 

Therefore, the reliability of those data cannot be confirmed and will not be used in this validation. Results 

which have been examined and judged to be “reliable” are summarised in subsection Available FE data 

below and will be used in this validation. 

AFCEN (The French Society for Design, Construction and In-Service Inspection Rules for Nuclear Island 

Components) has created a big FE database for the validation of the J estimation method recommended in 

A16. Recently, the validation results for the elbow SIF method were published in Marie et al. (2015) 

where the FE results are compared with the A16 predictions. However, no parameters of elbow geometry, 

crack size and crack locations were provided. Therefore, it is impossible to use these data in the validation 

carried out in this paper but the results will be discussed in the next section. 

Available FE data 

Available FE SIF or elastic J data from the published literature and internal reports have been 

collected and reviewed and summarised as follows. 

(i) “Sharma” SIF data for semi-elliptical axial internal/external surface cracks in 90º elbows (ψc = π/2) 

under internal pressure (Sharma et al. (2014)). All cracks are located at the middle section of the 

elbows (ψ = ψc/2). 

(ii) “Plante & Tan” SIF data for semi-elliptical internal axial surface cracks in elbows (ψc = 45º, 67.5º and 

90º) under internal pressure (Plante and Tan (2009)). All cracks are located at the middle section of 

the elbows (ψ = ψc/2). 

(iii) “FNC-1” elastic J data for fully-circumferential internal cracks in 90º elbows under pressure or in-

plane bending (Brett (2015)). All cracks are located at the intersection between the elbow and the 

attached straight pipe (ψ = ψc). 

(iv) “FNC-2” elastic J data for axial/circumferential internal/external semi-elliptical cracks in 90º elbows 

under pressure, moments (in-plane bending, out-of-plane bending and torsion) or combined pressure 

and one of the moments (O’Neill and Brett (2016)). All cracks are located at the intersection between 

the elbow and the attached straight pipe (ψ = 0 for Phase 1 cases and ψ = ψc for Phase 2 cases). 

(v) “BENCH-KJ” elbow cases: FE elastic J data for circumferential/axial semi-elliptical/extended surface 

cracks in elbows (ψc = 45º and 90º) under pressure, moment, combined pressure and moment or 

combined moments (Kayser (2016)). All axial surface cracks are located at the middle section of the 

elbows (ψ = ψc/2) but all circumferential cracks are located at the intersection between the elbow and 

the attached straight pipe (ψ = 0). 

The data group numbers (i)~(v) will be used to indicate the source of the FE data wherever it is required. 

Validation 

For all cases, the A16 elbow stress method in Marie et al. (2007-2) (with corrected Eqns. (3) and 

(4)) is used to calculate through-wall linearised stress distributions in uncracked bodies. The influence 

coefficients for the SIF are calculated based on the A16 pipe SIF solutions (Marie et al. (2007-1)) using 

the elbow pipe and crack geometry. The IK , IIK  and IIIK  (mode I, II and III SIFs, respectively) values 

obtained using Eqns (27)-(30) in Marie et al. (2007-2) are then compared with the relevant available FE 

SIF values. For the cases with available Je (elastic J) values, especially for cases of combined loading, the 

Je, values are calculated by the following equation. 

( )[ ] EKKKJ IIIIIIe
′−++= ν1222      (2) 

where E′ is the effective Young’s modulus with ( )21 ν−=′ EE  for the deepest point and EE =′  for the 

surface point, E is Young’s modulus and ν  is Poisson’s ratio. The Je values are then compared with the 

FE Je values. The prediction errors are evaluated using the following equations. 
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( ) ( )( ) ( )[ ] 100(%) SIFfor Error 
FEFEPredicted

×−= iii KKK     (3) 

 

( ) ( )( ) ( )[ ] 100(%) SIFfor Error 
FEFEPredicted

×−= eee JJJ    (4) 

where (Ki)Predicted and (Ki)FE (i = I, II, III) represent the predicted and FE SIF values, respectively, and 

(Je)Predicted and (Je)FE represent the predicted and FE Je values. The results from the comparisons between 

the predictions and FE results are summarised and discussed in the next section. 

DISCUSSION 

Due to the complexity of the stress distribution in an elbow under even a simple load type, the 

SIF for a defective elbow depends on crack location (middle or at the end of the elbow), orientation 

(axial/circumferential) and position (internal/external). It is very difficult to obtain general validation 

conclusions based on limited case studies. In this section, the results are discussed by grouping all the 

cases by load and defect type. 

Internal pressure 

All results for internal/external axial surface cracks under internal pressure for the deepest point 

are plotted in Fig. 2, against normalised crack depth, a/t. From the figure, the prediction errors for the 

deepest point show clear dependence on the normalised crack depth. For deep cracks with a/t > 0.5, the 

predictions are generally conservative. But for a/t ≤ 0.5, the predictions may be non-conservative except 

for the case of k = 1.08, which is for cracks located at the intersection between the elbows and the straight 

pipes whereas all other cases are for cracks in the middle of the elbows. The under prediction for shallow 

cracks could be as high as 15% for a/t = 0.2, and more than 20% for a/t ≤ 0.1 may be predicted from the 

trends. 

The underestimation of SIF values for shallow axial crack cases may be due to the 

underestimation of hoop stress, ϭh, at the crack area. For thick-walled pipes, the hoop stress near the inner 

surface is higher than the average hoop stress. For shallow cracks, the uncracked body hoop stress at the 

crack location is underestimated. This could be improved by replacing ri outside the brackets in Eqn. (2) 

in Marie et al. (2007-2) by rm, that is 

( )









+

+
=

ϕ

ϕ
σ

sin2

sin2

mc

icm
h

rR

rR

t

pr
  (5) 

where φ is a circumferential location indicator 

(see Marie et al. (2007-2)). 

Figure 3(a) shows the results for all cases 

in Fig. 2 when Eqn. (2) in Marie et al. (2007-2) is 

replaced by Eqn. (5). From Fig. 3(a), the 

predictions for all cases (a/t ≤ 0.8) are now 

conservative and, for very thick pipes, the 

predictions are very conservative. Considering the 

pipes used in power stations, k = 1.5 may be the 

thickest pipe elbow which may be assessed. When 

Eqn. (5) is used up to k =1.5, the prediction errors for the deepest point of internal/external cracks are less 

than 40%. For surface points (Fig. 3(b)), the prediction errors for k ≤ 1.5 are less than 30%, except for the 

cases of k=1.08. 

Cases of circumferential surface cracks located at the intersection between the elbow and the 

attached straight pipe are shown in Fig. 4. For the deepest point (Fig. 4(a)), the prediction errors show 

trends of dependence on the pipe thickness, the thicker the pipe, the more conservative the prediction. For 
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Fig. 2 SIF prediction errors for axial surface 

cracks in elbows under pressure (deepest point) 
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the very thin elbow, k =1.05, the predictions underestimate the FE values by less than 5%. This could be 

due to the stress estimation using Eqn. (1) in Marie et al. (2007-2), which is accurate for thin-walled pipe 

elbows but is very conservative for thick elbows. Note that the cases for k = 1.08 and 1.29 in Fig. 4 are 

semi-elliptical cracks. The predictions for these cases are very conservative and do not show dependence 

on the thickness of the elbow pipe. For surface point, Fig. 4(b), all available data are for k =1.08 and 1.29 

and the predictions are conservative. 

(a) Deepest point                                                             (b)  Surface point 

Fig. 3 SIF prediction errors for axial surface cracks in elbows under pressure (after hoop stress modification) 

0

10

20

30

40

50

60

70

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

E
rr

o
r 

fo
r 

S
IF

 (
%

)

a/t

k=1.5,LDSI [ii]

k=2, LDSI [ii]

k=2.5, LDSI [ii]

k=1.29, LDSI [iv]

k=1.08, LDSI [iv]

k=1.08, LDSE [iv]

0

20

40

60

80

100

120

0 0.2 0.4 0.6 0.8

E
rr

o
r 

fo
r 

S
IF

 (
%

)

a/t

k=1.25, LDSE [i]

k=1.25, LDSI [i]

k=1.38, LDSE [i]

k=1.38, LDSI [i]

k=1.5, LDSE [i]

k=1.5, LDSI [i]

k=1.63, LDSE [i]

k=1.63, LDSI [i]

k=1.5, LDSI [ii]

k=2, LDSI [ii]

k=2.5, LDSI [ii]

k=1.29,LDSI [iv]

k=1.08, LDSI [iv]

k=1.08, LDSE [iv]

k=1.1 , LDSI [v]

k=1.1, LDII [v]
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Fig. 4 SIF prediction errors for circumferential surface cracks in elbows under pressure 
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Fig. 5 SIF prediction errors for circumferential surface cracks in elbows under in-plane bending and combined 

pressure and in-plane bending 
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In-plane bending moment 

All results for in-plane bending and combined pressure and in-plane bending are plotted in Figs. 5 

and 6 for circumferential and axial surface cracks, respectively, against normalised crack depth, a/t.  

For circumferential cracks, the prediction errors for the deepest point (Fig. 5(a)) show clear trends 

of dependence on a/t. The predictions are conservative for deep cracks up to a/t = 0.8 but may be slightly 
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                                 (a) Deepest point                                                              (b) Surface point 

Fig. 7 SIF prediction errors for axial/circumferential internal/external surface cracks in elbows under out-of-

plane bending and combined pressure and out-of-plane bending (with hoop stress modification for pressure) 
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                                 (a) Deepest point                                                              (b) Surface point 

Fig. 8 SIF prediction errors for axial/circumferential internal/external surface cracks in elbows under torsion and 

combined pressure and torsion (with hoop stress modification for pressure) 
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Fig. 6 SIF prediction errors for axial surface cracks in elbows under in-plane bending and combined pressure 

and in-plane bending (with hoop stress modification for pressure) 
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Fig. 9 SIF prediction errors for surface cracks in 

elbows under combined in-plane bending, out-of-

plane bending and torsion 

non conservative for shallow cracks, a/t ≤ 0.4. 

Noting that almost all of the cases in Fig 5(a) are 

for internal cracks, the non-conservative 

predictions for shallow cracks may be due to the 

underestimation of axial stress during the stress 

linearisation through the pipe wall. However, the 

underestimation of the SIF for fully-

circumferential cracks is limited, only about 5% 

for a/t = 0.2 , and ~10% for a/t = 0.1 predicted 

from the trends. For semi-elliptical cracks (cases 

for k = 1.11 and 1.29) the underestimation is 

expected to be small (see Fig. 5(a)). Predictions for 

the surface point of circumferential surface cracks 

(Fig. 5(b)) show significant underestimation, up to 

40%, for one case. This is the only case showing 

significant non-conservative prediction for surface points of semi-elliptical cracks in all the cases 

considered in this paper. However, it should be pointed out that the FE J or SIF calculation for a surface 

point is less reliable than at the deepest point of a surface crack, especially when the J or SIF values 

change sharply when the crack front point approaches the free surface. The calculation accuracy also 

depends on the mesh quality in the near surface zone. This is why the prediction errors for the surface 

point are much higher than those for the deepest point. 

For axial cracks (Fig. 6), predictions for most of the cases are conservative and a few cases are 

slightly non-conservative. 

Out-of-plane bending moment  

All results for circumferential/axial internal/external semi-elliptical surface cracks under out-of-

plane bending and combined pressure and out-of-plane bending are plotted in Figs. 7(a) and (b) for the 

deepest and surface points, respectively, against a/t. For the deepest point (Fig. 7(a)), the predictions are 

mostly conservative except for one case which is slightly non-conservative. For the surface point (Fig. 

7(b)), all predictions are more conservative compared with the results for the deepest point (Fig. 7(a)). 

Torsion 

All results for circumferential/axial internal/external semi-elliptical surface cracks under 

combined pressure and torsion are plotted in Fig. 8 against a/t. From Fig. 8(a), the predictions for the 

deepest point for both circumferential and axial cracks are reasonably conservative. Again, the predictions 

for surface cracks (Fig. 8(b)) are more conservative compared with the results for the deepest point. 

Combined moments 

Results for combined moments are presented in Fig. 9 together with a case of pure out-of-plane bending 

moment, for comparison. From Fig. 9, the predictions for the two combined moment cases are accurate 

and conservative. 

Comparison with AFCEN validation results 

The parameters of elbow geometry (rm/t and Rc/rm), crack geometry (a/t and a/c), and crack 

locations (ψ and φ) are not provided for the FE results presented in Fig. 3 in Marie et al. (2015). However, 

from the information given in Marie et al. (2015), it is judged that for all cases a/t ≤ 0.5. In this range, the 

prediction errors of this paper are very close to the AFCEN validation results given in Marie et al. (2015). 

For circumferential cracks, from Figs. 4(a), 5(a), 7(a), 8(a) and 9, the prediction errors in this paper are 

between -10%~30%, compared with -20%~25% from Fig. 3(CDSI, CDSE and CDAI) in Marie et al. 

(2015). For internal axial cracks, from Figs. 3(a), 6(a), 7(a), 8(a) and 9, the prediction errors in this paper 

are between -15% ~30% compared with -15%~30% from Figs. 3(LDSI, and LDII) in Marie et al. (2015). 
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For axial external cracks, the prediction errors in this paper, see Figs. 3(a), 6(a), 7(a) and 8(a), are 

between -3%~40% compared with -10%~40% from Fig. 3(LDSE) in Marie et al. (2015). 

Validity range for surface crack depth 

A validity range of the A16 elbow SIF method for the surface crack depth is not defined in RCC-

MRx Code (2015) and Marie et al. (2015). It should be noted that the A16 elbow SIF method is neither a 

theoretical nor an FE calibrated solution. It is an approximate method based on an assumption that for 

shallow cracks with a/t ≤ 0.25 the effect of the curvature of the elbows on the influence coefficients for 

cracks in elbows is small (Marie et al. (2015)). Therefore, the influence coefficients for a pipe of the same 

size with the same crack as the cracked elbow may be approximately used to estimate the SIF for the 

cracked elbow when the elbow cross-thickness stress distribution is used. Based on this assumption, the 

A16 elbow SIF method can only be used for shallow surface cracks with a/t ≤ 0.25. However, from the 

FE validation results in this paper, using this method for deep surface cracks is conservative for all load 

types and surface crack types considered in this paper, with overestimates of the FE results at the deepest 

point of less than 40% for elbows with k ≤ 1.5 and normalised crack depths up to a/t = 0.8. Therefore, the 

A16 elbow SIF method is recommended to be used also for deep surface cracks for a/t ≤ 0.8. 

There are no clear trends related to the elbow factor, λ, from the validation results of this paper. 

However, it is not difficult to judge that the A16 elbow SIF method is also suitable for elbows with λ > 1 

if elbow stress solutions are available, say from FE calculation. This is because the curvature effect 

becomes smaller with an increase of the λ value compared with elbows with small λ values. 

CONCLUSIONS 

The RCC-MRx (2015 edition) A16 method for stress intensity factor (SIF) calculation for 

defective pipe elbows has been reviewed and validated using available finite element (FE) data. Incorrect 

stress calculation equations for in-plane bending moment have been identified in the elbow stress 

estimation scheme. An improvement to the hoop stress equation for pressure load has been suggested to 

reduce the non-conservative predictions in SIF calculation. Validation (after correction/improvement) 

conclusions are as follows. 

1) Predictions of the SIF for the deepest point of the surface cracks with a/t ≤ 0.8 for most of the cases 

are conservative (<~40%). The conservatism of the predictions for the surface point of the surface 

cracks is higher than the predictions for the deepest point. 

2) Slightly non-conservative predictions (<5%) may be expected for very thin elbows (rm/t = 20) with 

fully circumferential cracks under internal pressure. 

3) Slightly non-conservative predictions (<10%) may be expected for shallow (a/t ≤ 0.4) circumferential 

surface cracks under in-plane bending moment. 
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