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describes the shape of a distribution (flat or peaked) relative to the normal distribution. 

A nonnal distribution has a kurtosis value of 0.0 while a flattened distribution has a 

negative kurtosis value. The kurtosis values calculated using equation (4.4.3) were --0.31 

and -0.04 for the RSTRENG and B3 lG predictions respectively indicating the RSTRENG 

distribution is relatively flat. 

K 
. K n(n+l) xi-x 3(n-1)2 

{ ( ]
4} 

urtoszs = = -
(n-l)(n-2)(n-3)L s (n-2)(n-3) 

(4.4.3) 

These results are presented so that the standard deviation for each can be interpreted 

appropriately. 

A more commonly quoted measure of the accuracy of the prediction is the failure 

ratio as defined in equation (4.4.4). The results are plotted in Figure 4.4.4 where ratios 

greater than 1.0 indicate a conservative prediction. 

Failure Ratio=RF = FPPmiictm 

FP E.xpaimcnw 

(4.4.4) 

Although this measure is commonly used, the failure ratio tends to have an increase in 

scatter for larger errors and decrease in scatter for smaller errors which may obscure trends 

in the data. In terms of statistical analysis, the residuals or difference between actual and 

predicted values is a more common means of verifying predictive methods. For further 

analysis purposes, the percent error in the prediction (normalized residual) will be 

considered. 
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4.4.1 Plain Pipe Analysis 

It is useful to consider the application of the Plain Pipe solution (Section 3.2) to the 

tests in the database which failed in uncorroded areas. The plain pipe model assumes that 

failure in defect-free pipe occurs by geometric instability prior to reaching critical stress 

levels. 

Table 4.4.2 shows the actual and predicted failure pressures for the plain pipe 

failures. The geometric instability method developed in Section 3.2 significantly 

overpredicts the failure pressure while other models generally underpredict the failure 

pressure. The use of a flow stress equal to 90% of the UTS as specified by Ritchie and 

Last produces good agreement. As discussed in Section 3.2, the failure of plain pipe is not 

expected to be stress-based. The failure of plain pipe involves large global plastic 

deformation which may not be adequately modeled by a flow stress, particularly for higher 

strength materials which are in common use today. 

It is suggested that inhomogeneities in the material, or local variations in wall 

thickness led to failure of the pipe prior to the predicted instability pressure. It has been 

found through regression analysis that the use of 0.86 times the instability pressure 

produces good results for this grade of pipe. 

4.4.2 Long Groove Model 

Application of the Long Groove model (Section 3.3) to the database provides a 

lower bound estimate of the failure pressure by assuming that the defects can be considered 

as infinite length, uniform depth grooves, with a depth equal to the maximum defect depth. 

As discussed previously, this method will produce a conservative estimation of the failure 

pressure since all natural corrosion defects have some variation in depth so that the 

effective depth is less than the maximum defect depth. The percent error (equation 4.4.1) 

in the prediction is plotted as a function of defect depth in Figure 4.4.5. The B31 G results 

are included for comparison. Trend lines plotted for both models have similar slopes while 
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the Long Groove model predictions are less conservative. It should be noted that the 

Long Groove solution is conservative for all defects considered, however it can be slightly 

non-conservative for plain pipe as indicated in Figure 4.4.5. This was discussed in section 

4.4.1. The summary statistics (Tables 4.4. l and 4.4.3) indicate that the Long Groove 

model has an average prediction error similar to RSTRENG while the scatter in the data is 

comparable to the B3 I G predictions. However, the failure pressure of these shallower 

defects significantly exceeds the maximum allowable operating pressure as shown in 

Figure 4.3.1. 

4.4.3 Proposed Methods of Assessment 

As discussed in Chapter 2, many other methods of corrosion assessment have been 

proposed. Two of these methods, PCORRC and the Ritchie and Last model (Stephens, 

1997), were used to analyze the burst test database. The percent error as a function of 

maximum defect depth is plotted in Figures 4.4.6 and 4.4. 7. The B31 G results are plotted 

for reference and the data is summarized in Table 4.4.3. 

Figure 4.4.6 indicates that PCORRC and B31 G have similar trends with the 

PCORRC predictions being less conservative. However, there is an increase in the 

standard deviation of the data compared to B3 lG as shown in Tables 4.4.1 and 4.4.3. 

The Ritchie and Last model (equation 2.2.5) includes an estimation of the flow 

stress based on the ultimate tensile strength of the material. This estimation leads to a 

higher flow stress than the original B31 G approximation, producing higher predicted burst 

pressures than B3 lG. Although this modification produces less conservative results than 

831 G, Table 4.4.3 indicates that the standard deviation of the prediction errors is higher. 

The change in slope of the trend line in Figure 4.4. 7 compared to B31 G is due to the non­

linear relationship between the material SMYS and ultimate tensile strength. 

Both PCORRC and the Ritchie and Last model show a decrease in the average error 

in prediction due to the increased flow stress approximation, with PCORRC being the least 

conservative. Although this is an improvement in terms of the average prediction error, 
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both methods result in an increase in standard deviation of the prediction error. In 

addition, the trend shown in B3 lG of increasing conservatism with increasing depth is 

present in both methods. This trend may be considered reassuring from an assessment 

point of view since deeper defects present more of a concern. However, such a trend 

indicates these methods do not accurately model the corrosion defect behaviour. This 

effect is attributed to the representation of the corrosion defect in these models. PCORRC, 

the Ritchie and Last model and B31 G all model corrosion defects based on the maximum 

defect depth and overall defect length. In comparison, the RSTRENG results (Figure 

4.4.1) do not have a significant trend with defect depth and have less variance in the 

prediction error. 

The consistency of the RSTRENG predictions suggests that it may be more 

appropriate to consider a modification to the flow strength approximation in RSTRENG. 

For example, the Ritchie and Last flow stress approximation of90% of the ultimate tensile 

strength can be used as shown in equation (4.4.5) to create a Modified RSTRENG model. 

I2 14 ] I2 M= l+0.6275--0.003375----r"T for-S50 
2rt 4r t 2rt 

(4.4.5) 

M= 0.032-+3.3 for->50 ( I2 J I2 
2rt 2rt 

The error in the failure pressure prediction using the Modified RSTRENG method 

is plotted as a function of maximum defect depth in Figure 4.4.8. The figure indicates that 

the lower variance of the RSTRENG method is maintained while reducing the average 

error. The original RSTRENG predictions are shown in Figure 4.4.1. A summary of the 

data is shown in Tables 4.4.1 and 4.4.3. Although the Modified RTSRENG method 
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produces more accurate results, the definition of the flow stress is somewhat arbitrary 

and may not be accurate when applied to higher grades of steel. In addition, some of the 

predictions are almost non-conservative. 

The two-dimensional models proposed by Popelar (1993) and Klever (1995) are not 

discussed in detail since the Long Groove model developed in Section 3.3 has been shown 

to be an accurate two-dimensional model and has been applied to the database. The Long 

Groove model results in a variance and trend similar to B31 G but can produce less 

conservative results. It should be noted that this model requires only the maximum defect 

depth and accurate material properties and as a result is easy to apply. 

The British Gas Proposed Guidance model has not been assessed due to the 

unavailability of two constants used in the model. This model has a form similar to 

Stephen's model and quantities the corrosion geometry with the maximum defect depth 

and length. The British Gas model is expected to produce results similar to the model 

proposed by Stephens. 

RSTRENG was found to produce the most consistent results and only showed a 

slight trend towards increased conservatism for increasing defect depth. Predictions with 

the Modified RSTRENG method including a modification to the flow stress produced the 

most accurate results. However, this flow stress approximation may not be appropriate for 

higher strength materials not represented in this database. 

4.5 FINITE ELEMENT MODELING OF COMPL-EX CORROSION DEFECTS 

As discussed in Chapter 2, many researchers have shown that two-dimensional and 

three-dimensional finite element analysis can be used to predict the failure pressure of 

simply shaped corrosion defects (Mok et al. Chouchaoui and Pick, Fu and Kirkwood). 

Application of three-dimensional finite element analysis using an incremental plasticity 

material model is considered in this section. 

The defects analyzed by other authors to date have consisted of flat-bottomed 

machined defects and naturally occurring single pits. Although it seems intuitive that the 
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Finite Element method can be applied to complex shaped defects, this has not been 

validated. To assist in this validation the required model size, boundary conditions, mesh 

density, material properties and the failure criterion have been investigated for the complex 

corrosion geometries in the database. 

4.5.1 Finite Element Analysis 

To study the behavior of complex shaped corrosion defects and investigate the 

points listed above, corrosion patches on 25 different sections of pipe from the database 

described in section 4.2 have been analyzed using the Finite Element Method. Since the 

failure location was known prior to the analysis, only the corrosion in the vicinity of the 

failure was considered. The purpose of these analyses was to provide guidance on the 

application of the Finite Element Method, determine the accuracy of the method and to 

provide insight into the defect behaviour. In general, the group of defects was analyzed 

with the boundary defined by the interaction rules discussed in section 2.5. Fifteen of the 

tests were not analyzed using the Finite Element Method due to the size of the corrosion 

defects. Many were several pipe diameters in length so that the computation time for the 

analysis would have been unacceptably long. This is an important point since line pipe in 

service may contain a large number of defects making application of the Finite Element 

Method unrealistic due to the required computation time. 

All models were analyzed using the commercial finite element code Abaqus (Hibbit 

et al., 1994). This code was chosen since it has been used successfully in the past to model 

simply shaped corrosion defects (Mok et al., Chouchaoui and Pick, Fu and Kirkwood). 

The non-linear geometry option was specified to accommodate the large deformations and 

three-dimensional, 20-noded brick elements with a reduced hybrid formulation were used 

as suggested by Chouchaoui (1993). The material was modeled as isotropic using the 

average material properties measured in the circumferential direction and an incremental 

plasticity model. 
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The pressure load was applied in increments using the Abaqus automatic 

incrementation procedure with a maximum allowable increment size of approximate 20% 

of the failure pressure. In general, large increments were only used during the early stages 

of loading where the response was primarily elastic. Manually specifying smaller 

increment sizes did not alter the results indicating the automatic incrementation procedure 

was appropriate. 

Failure was predicted using a von Mises stress-based criterion as discussed in 

sections 2.2 and 3.1. As stated, initial failure is assumed to occur when the stress in the 

defect first exceeds the ultimate tensile strength of the material expressed as a true stress. 

Final failure of the defect occurs between the initial failure pressure and the pressure 

required for the critical stress to progress through the entire corrosion ligament. Initial 

failure occurs on the outside of the pipe, for external defects, and propagates through the 

thickness to the inside surface. Unlike simple defects, plasticity does not always progress 

radially due to the non-symmetric deformation in complex defects. To determine the initial 

failure pressure, the von Mises stress on the outside surface of the pipe was monitored until 

it exceeded the critical stress. Stress values for the finite element model were reported as 

averaged values extrapolated from the integration points to the nodes. Since Abaqus uses 

an automated incrementation procedure, the critical failure pressure generally occurred 

between two increments. In this case, the node with the highest stress was taken as the 

failure location, and the failure pressure was linearly interpolated between the two 

increments. Depending on the corrosion geometry, the von Mises stress can increase in an 

exponential manner near the failure pressure so that linear interpolation underpredicts the 

burst pressure for larger load increments. In these cases, the models were analyzed with 

smaller load increments near failure to provide a better approximation of the burst pressure. 

Final failure can occur by complete plastic collapse of the ligament (at the final failure 

pressure) or by fracture at some intermediate load level between the initial and final failure 

pressures. No attempt was made to calculate these values, however they may be 

approximated by the pressure where the critical stress is first exceeded on the inside surface 

of the defect. 
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4.5.2 Mesh Generation 

One of the most difficult problems in the analysis of complex defects is creating the 

finite element mesh. Creation of the mesh in the corroded region is not suited to 

commercial modeling packages since the geometry is not easily defined. In contrast. it is 

necessary to reduce the mesh density away from the defect to reduce computing time and 

this is a common feature in commercial packages. A custom program was written to 

generate the mesh in the corroded region while a commercial package, MSC/Patran. was 

used to model and mesh the adjacent pipe. This led to a three-step procedure: 

• A grid file was created from the original scanned surface data using the commercial 

software package Surfer (Golden Software, 1997). The grid file contains evenly spaced 

points representing the defect surface. The density of points in the longitudinal and 

circumferential directions can be varied by the user using triangulation with linear 

interpolation. The original data is used to create a patchwork surface of triangular faces 

where each face is defined by three of the original data points. The grid points are then 

determined from the triangular surfaces. This method was chosen since it preserves the 

original surface shape. Non-linear interpolation methods were also considered but 

found to result in unrealistic surface shapes in certain instances. If the chosen density 

of points in the grid file was the same as that in the original scanned data file, the 

original data points were used in the grid file. Creating the grid file also allowed only 

the corroded region of interest to be extracted from the original scanned surface data 

reducing the size of the finite element model. Image plots of the original scanned 

surface data and the grid file data for one defect are shown in Figures 4.5. la and 4.5.lb. 

• A custom program was written to read the corrosion surface data from the grid file and 

generate an input file for the Abaqus finite element program. Typically, the corrosion 

was scanned using a 0.1 .. (2.5 mm) grid in the longitudinal and circumferential 

directions. A 0.05,. (1.2 mm) grid was used in some cases where the pit depth changed 

significantly over a small distance. The FE mesh was created with measured 

coordinates at the nodal points of 20-noded brick elements. Nodes around the outer 

perimeter of the corrosion patch were set to a depth of zero (full wall thickness pipe) so 
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that the corrosion patch surfaces and adjacent uncorroded pipe surfaces were 

matched. This intermediate input file was then pre-processed with Abaqus to create a 

neutral output file (Figure 4.5. lc) which the commercial meshing software, 

MSC/Patran. could read. The custom program also creates a MSC/Patran session file 

that is used to assist in the modeling of the uncorroded pipe surrounding the corrosion 

defect. 

• The corrosion mesh was read into MSC/Patran and the session file was used to create 

the geometry of the plain pipe surrounding the defect (Figure 4.3 .1 d). The symmetry 

conditions that were assumed in the circumferential direction consider that an identical 

defect occurs at 180 degrees to the existing defect. In addition, the symmetry 

conditions assumed in the longitudinal direction consider that identical defects occur at 

a distance of one pipe diameter on either side of the defect. The effect of the model 

extent in the circumferential and longitudinal directions was investigated. It was found 

that the defect behaviour was not affected by the boundary conditions when the pipe 

was modeled with a circumferential extent of 180 degrees and a longitudinal length of 

½ pipe diameter on either side of the defect (refer to section 4.3.3). 

Unless otherwise stated, the above model dimensions were used with the ends of 

the pipe fixed in the longitudinal direction such that plain strain conditions would be 

created in plain pipe. The effect of the longitudinal conditions was investigated by 

modeling the end load produced by endcaps but no significant variation in the burst 

pressure was found compared to the assumed plain strain conditions. Roberts ( 1998) found 

that the burst pressure for simple chemically machined defects decreased only a small 

amount from closed end to plane strain conditions. 

4.5.3 Model Size / Mesh Refinement 

When modeling complex shaped corrosion it is important to accurately model the 

local geometry (corrosion patch) as well as the global geometry (surrounding plain pipe) 
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and boundary conditions. Mesh refinement was considered in two stages: the number 

of elements through the thickness of the corrosion patch and the surface element density. 

The effect of the global circumferential and longitudinal extent of the model was also 

investigated. 

Several analyses were used to determine the effect of increasing the number of 

elements through the thickness of the corrosion patch. In general, it was found that 

increasing the number of elements through the thickness resulted in a small decrease in the 

predicted failure pressure. This is similar to the result for the single pit analysis; however, 

the magnitude of the change depends on the specific corrosion geometry. The von Mises 

stress at the critical location is plotted as a function of internal pressure in Figure 4.5.2. 

Comparing the results indicates very little difference in the predictions. The stress history 

is slightly different between the yield and critical stresses when only one element is used 

through the thickness. This is related to yielding through the thickness of the ligament and 

is convergent with two or more elements through the thickness. However as shown in 

Figure 4.5.3, the failure pressure predictions are all within approximately 1.0%. Two 

elements were used through the wall thickness for all complex corrosion analyses to better 

model the yielding phenomenon while minimizing the required computing time. This also 

resulted in an element aspect ratio close to 1.0 for the typical surface mesh densities used. 

The number of elements on the surface of the mesh was both halved and doubled. 

It was found that halving the number of elements changed the results while doubling did 

not. This is explained by the fact that accurate representation of the corrosion geometry is 

reduced when the number of elements is reduced. When the number is increased, 

additional points are interpolated between the existing ones and the geometry is not 

changed. This implies that the mesh needs to be fine enough to model the real geometry 

but further reductions will not improve the FE result. It is important to note that mesh 

convergence refers to convergence of the finite element model and does not necessarily 

relate to the accuracy of the prediction. This can only be determined by comparison to 

experimental data. However, analysis of single pit defects has suggested that relatively few 

elements are needed to model the defect. In general, the accuracy of the model is 
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determined by the accuracy of the corrosion measurements and the mesh representing 

the corrosion defects. 

To accurately simulate the experiments, a full 360° of the pipe and the full length of 

the test specimen, including endcaps, should be modeled. In practice, only enough of the 

pipe needs to be modeled so that the location of the boundary conditions does not influence 

the solution at the defect. Experimental and FE results have shown that defects only need 

to be separated by a few wall thicknesses of full thickness material to act independently 

(Chouchaoui, 1993, Cronin, Roberts and Pick, 1996, Fu and Kirkwood, 1995). However, 

through the symmetric boundary conditions all analyses of complex corrosion defects were 

effectively conducted conservatively with a length equal to one pipe diameter between 

adjacent defects. 

Three different circumferential extents were considered: 85° (reduced), 180° (half 

pipe) and 360° (full pipe). Boundary conditions for the 85° model allowed only radial 

expansion, as would be the case in plain pipe. The results have shown that for the case of a 

symmetric, deep, small defect (such as a single pit) this is a reasonable assumption. This is 

primarily due to the symmetric deformation of the pipe in general, and the localized, 

symmetric deformation of the pit. When considering complex corrosion, large 

deformations may not be localized and will generally not be symmetric. The reduced 

model boundary conditions create excess restraint on the model and resulted in an increase 

in the predicted burst pressure that is dependent on the corrosion geometry. Modeling the 

full pipe resulted in a decrease in burst pressure of approximately 0.5% compared to the 

half pipe. Therefore, all complex corrosion finite element analyses were conducted with a 

circumferential extent of 180°. Modeling the endcaps produced an increase in burst 

pressure of approximately 2% compared to the assumption of plain strain in the 

longitudinal direction which was used in all analyses. 
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4.5.4 Material Model: Incremental vs. Deformation Plasticity 

As discussed in section 3.3.2, use of the deformation plasticity model can greatly 

reduce computation time, particularly for models with a large number of elements. The 

results from one model (defect BCG-08E) are shown in Figure 4.5.4. It should be noted 

that standard formulation elements were used with the deformation plasticity model while 

reduced hybrid eiements were used with the incremental plasticity model. It was found 

that the reduced hybrid formulation elements tended to be less stiff and underpredicted the 

burst pressure. The predicted failure pressures for the incremental and deformation 

plasticity models are consistent but the model response between yielding and final failure 

differs. This is related to the local deformation in the ligament that includes bending and 

non-uniform yielding. 

In general it has been found that the deformation plasticity material model produces 

burst pressure predictions in agreement with the incremental plasticity material model, 

however, the calculated load history may differ due to the assumptions in each material 

model. The more general incremental plasticity model was used in all analyses. 

4.5.5 Finite Element Analyses 

The results of each finite element analysis are presented in' two figures. The first 

shows an image plot of the defect with the corresponding defect profile determined using 

the Projection Method. The actual failure location is indicated by the intersection of the 

longitudinal and horizontal lines in the image plot. The predicted failure location is shown 

with a white 'X' on the plot. The second figure shows a surface plot of the defect, with the 

predicted and actual failure locations indicated. A plot of the von Mises stress history as a 

function of internal pressure is also shown in this second figure. The stress is plotted for 

the critical point in the defect which is the first location where the von Mises stress exceeds 

the critical stress for the material. The intersection of the von Mises stress history and 

horizontal critical stress line defines the failure pressure. 
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At least one defect from each type of pipe tested was modeled to obtain a 

representative set of results. Each test is listed below with references to the figures and 

notes on the model, where applicable. 

• SOL-02 (failure pressure= 3535 psi, predicted failure pressure= 3832 psi) 

Figures 4.5.5a and 4.5.5b. 

This pipe section failed at a pressure similar to the experimentally measured 

plain pipe failure pressure for this material. The finite element method 

generally overpredicts the failure pressure as the failure approaches that of 

plain pipe. 

• SOL-04 (failure pressure= 3351 psi, predicted failure pressure= 3419 psi) 

Figures 4.5.6a and 4.5.6b. 

This defect actually had a larger circumferential dimension than was 

modeled. This simplification led to an error in the predicted failure location. 

• SOL-06 (failure pressure= 3659 psi, predicted failure pressure= 3365 psi) 

Figures 4.5. 7a and 4.5. 7b. 

• SOL-10 (failure pressure= 3471 psi, predicted failure pressure= 3321 psi) 

Figures 4.5.8a and 4.5.8b. 

• SOL-I I (failure pressure= 3154 psi, predicted failure pressure= 3408 psi) 

Figures 4.5.9a and 4.5.9b. 

This defect actually had a larger circumferential dimension than was 

modeled. This simplification led to an error in the predicted failure location. 

• SOL-12 (failure pressure= 3127 psi, predicted failure pressure= 3690 psi) 

Figures 4.5. lOa and 4.5. lOb. 

The maximum defect depth at the failure location was relatively shallow so 

that this the failure mode was approaching that of plain pipe. The finite 

element method generally overpredicts the failure pressure as the failure 

approaches that of plain pipe. 

• ESS-01 (failure pressure= 1412 psi, predicted failure pressure= 1370 psi) 

Figures 4.5.1 la and 4.5.1 lb. 

• NOR-02 (failure pressure = 2850 psi, predicted failure pressure = 2619 psi) 
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Figures 4.5.l2a and 4.5.12b. 

This defect was relatively shallow. Over prediction of the burst pressure by 

the finite element method may be related to the fact that the failure pressure 

is near that of plain pipe which is typically overestimated by the finite 

element method. 

• RLK-01 (failure pressure= 1370 psi, predicted failure pressure= 1154 psi) 

Figures 4.5. l 3a and 4.5. l 3b. 

This defect had a length of 35.5 inches (total defect profile, Figure 4.5. 13a). 

Only a 7-inch long section at the failure location was modeled as shown in 

the local defect profile in Figure 4.5.13a. For this defect, the model had a 

longitudinal length of 7 inches with symmetry conditions at ends of the 

defect. The full circumference of the pipe was modeled. This 

approximation is valid for a long, uniform depth groove but is conservative 

for a defect with varying depth as discussed in the Long Groove model. 

• RLK-02 (failure pressure= 1143 psi, predicted failure pressure= 1262 psi) 

Figures 4.5.14a and 4.5. l4b. 

This defect had a length of 56.4 inches (total defect profile, Figure 4.5. l4a). 

Only a 7-inch long section at the failure location was modeled as shown in 

the local defect profile in Figure 4.5.14a. For this defect, the model had a 

longitudinal length of 7 inches with symmetry conditions at ends of the 

defect. Note that there is an uncorroded region on the left side of the profile 

(Figure 4.5.14a) which leads to a non-conservative calculation due to the 

assumption that the uncorroded material occurs at regular intervals along the 

corrosion profile. The total defect profile indicates that this is not the case 

for the actual defect. The full circumference of the pipe was modeled. This 

approximation is valid for a long, uniform depth groove but is non­

conservative when addition full-thickness material is assumed to occur in 

the profile due to the symmetry conditions. 

• RLK-03 (failure pressure= 1423 psi, predicted failure pressure= 1105 psi) 

Figures 4.5.15a and 4.5. ISb. 
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This defect bad a length of 54.0 inches (total defect profile, Figure 

4.5.15a). Only a 6.4 inch long section at the failure location was modeled as 

shown in the local defect profile in Figure 4.5. l 5a. For this defect, the 

model had a longitudinal length of 6.4 inches with symmetry conditions at 

ends of the defect. The full circumference of the pipe was modeled. This 

approximation is valid for a long, uniform depth groove but is conservative 

for a defect with varying depth as discussed in the Long Groove model. 

• BCG-02 (failure pressure = 2000 psi, predicted failure pressure = 1984 psi) 

Figures 4.5.l6a and 4.5.16b. 

• BCG-03 (failure pressure = 1988 psi, predicted failure pressure = 2050 psi) 

Figures 4.5. l 7a and 4.5.17b. 

This defect was scanned at a resolution of 0.1" but the grid file and Finite 

Element mesh was created with a 0.05" resolution to more accurately 

represent the size of the defect. 

• BCG-04 (failure pressure= 2201 psi, predicted failure pressure= 2120 psi) 

Figures 4.S.18a and 4.5.18b. 

The Finite Element Method predicted failure to occur in an adjacent, deeper 

pit. 

• BCG-05 (failure pressure= 2174 psi, predicted failure pressure= 2183 psi) 

Figures 4.S. l 9a and 4.5. l 9b. 

• BCG-06 (failure pressure = 2078 psi, predicted failure pressure = 1936 psi) 

Figures 4.5.20a and 4.5.20b. 

This defect consisted of a number of interacting single pits. Failure was 

predicted in an adjacent pit with a depth similar to the actual failure 

location. 

• BCG-07 (failure pressure = 1849 psi, predicted failure pressure = 1838 psi) 

Figures 4.5.2la and 4.5.2lb. 

• BCG-08 (failure pressure= 2040 psi, predicted failure pressure= 2147 psi) 

Figures 4.5.22a and 4.5.22b. 

• BCG-09 (failure pressure= 1939 psi, predicted failure pressure= 1831 psi) 
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Figures 4.5.23a and 4.5.23b. 

This defect consisted of a number of interacting single pits. Failure was 

predicted in an adjacent, deeper pit. 

• NOV-01 (failure pressure= 1556 psi, predicted failure pressure= 1476 psi) 

Figures 4.5.24a and 4.5.24b. 

• NOV-04 (failure pressure= 1582 psi, predicted failure pressure= 1632 psi) 

Figures 4.5.25a and 4.5.25b. 

The predicted and actual failure locations had similar behaviour and there 

was only a small difference in predicted burst pressure for the two locations. 

• NOV-06 (failure pressure= 1669 psi, predicted failure pressure= 1566 psi) 

Figures 4.5.26a and 4.5.26b. 

• TCP-01 (failure pressure= 1567 psi, predicted failure pressure= 1555 psi) 

Figures 4.5.27a and 4.5.27b. 

Failure was predicted to occur in a deeper single pit near the failure location. 

• TCP-02 (failure pressure= 1531 psi, predicted failure pressure= 1521 psi) 

Figures 4.5.28a and 4.5.28b. 

• TCP-03 (failure pressure= 1330 psi, predicted failure pressure= 1378 psi) 

Figures 4.5.29a and 4.5.29b. 

As with other assessment methods, the finite element results were evaluated based 

on the percent error in the predicted failure pressure. The results are shown in Table 4.5. l 

and plotted as a function of maximum pit depth in Figure 4.5.30. For all the results, the 

average error in prediction is -0.18% with a standard deviation of 8.45%. The standard 

deviation seems somewhat high in comparison to the other models. Most of the larger 

prediction errors are associated with relatively shallow defects (less than 30% depth). As 

discussed above, failure pressures for these shallow defects are similar to those for plain 

pipe. The finite element method has been shown to overpredict the failure pressure for 

plain pipe based on the instability pressure. In addition, plotting the prediction error as a 

function of test date yields some interesting results. Figure 4.5.31 shows the error in the 

finite element prediction arranged in chronological order. The new surface scanner was 



l l l 

implemented after analysis number lO (RLK03). It can be seen that there is a 

significant reduction in the scatter of the data beyond this point. However, it must be 

pointed out that the tests using the planar scanner incorporate two types of pipe so that 

some of this scatter could be related to the pipe material. 

Elimination of the data prior to the new surface scanner results in an average error 

of 0.1 % with a standard deviation of 4.1 %. These results are shown in Figure 4.5.32 with 

the corresponding RSTRENG and 831 G analyses. 

It has been found that the Finite Element method is much more sensitive to local 

changes in defect depth than RSTRENG. This is related to the fact that, in the Finite 

Element Model, the local stresses are primarily determined by the local geometry, with the 

surrounding geometry as a secondary effect. In contrast, RSTRENG tends to average the 

defect depths so that a small error in a deep measurement does not appear as critical. 

4.5.6 Internal vs. External Corrosion 

Past analyses have shown that an internal corrosion defect will fail at approximately 

the same pressure as an external corrosion defect of the same geometry in the same 

material (Chouchaoui, 1993, Batte et al., 1997). Although this has been shown for 

regularly shaped defects, it has not been proven for more complex shaped natural 

corrosion. 

At present, one corrosion defect (BCG08E) has been analyzed as both an internal 

and an external defect. Both defects had the same dimensions, material properties and pipe 

dimensions. The predicted failure pressure based on the von Mises stress in the ligament 

differed by 1.2% based on the failure pressure of the external corrosion. 



Chapter S 

Prediction of failure pressure for complex corrosion defects 

The accurate prediction of the failure pressure of a corrosion defect requires 

accurate defect measurements and material properties. In this chapter, a new method of 

assessment is developed which makes use of detailed corrosion data and removes the 

conservatism embodied in the currently accepted evaluation procedures. This method has 

been called the Weighted Depth Difference Method and is implemented using a computer 

program called CPS (Corroded Pipe Strength). The experimental. database presented in 

Chapter 4 is used to develop a statistical approach for this proposed model which is 

presented in a three-level assessment procedure in Chapter 6. For cases where detailed 

measurements or material properties are not available, it is suggested that the currently 

accepted codes be used in a two-level procedure with the defect reliability calculated using 

the proposed statistical model. 
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5.1 WEIGHTED DEPTH DIFFERENCE MODEL TO PREDICT THE 

FAILURE PRESSURE OF CORROSION DEFECTS 

The most important advance in the assessment of corroded pipelines has been the 

introduction of the modified B3 l G or RSTRENG criterion. As discussed in Chapter 2, 

RSTRENG makes use of detailed defect measurements and an iterative process to select 

the most critical area in the corrosion defect. This can consider aspects of the interaction of 

defects in the longitudinal direction and is important since interaction rules in the 

circumferential direction are well defined while those in the longitudinal direction are still 

open to debate. In contrast, B31 G ( and its modifications) evaluate the defect as a whole 

and do not specifically identify the critical location within the corrosion defect. Although 

RSTRENG does not identify a specific failure location, it does select a specific region 

within the corrosion defect which is considered the most critical area. One common 

improvement to B3 lG quoted by many authors is the modification of the Folias factor from 

the 2-term approximation used in B31 G to a 3-term approximation with a linear curve fit 

for larger values of ,.!_ . This does not result in a significant change in the predicted burst 
2rt 

pressure but does remove the length limit on the Folias factor imposed in B3 lG. 

It must be pointed out that both RSTRENG and B31 G contain the essential features 

of corrosion defect behaviour and have been used successfully for many years. 

Comparison with the authors• experimental database has shown the prediction error to vary 

with defect depth and length. In addition, the definition of flow stress as SMYS + l 0000 

psi (6.9 MPa) also provides a varying degree of conservatism, which is believed to 

decrease for higher strength steels. This is a concern since the use of higher strength steels 

is becoming common. Although RSTRENG has always proven to be conservative, the 

degree of conservatism has been unknown. 

There is value in defining a new assessment method, which removes some of the 

conservatism and ensures equal conservatism for all corrosion geometries and materials. 

This section will describe such a development. Simplicity of application must be an 
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essential feature to provide an advantage over RSTRENG. In addition, the issue of 

automated assessment must be considered and is discussed in this Chapter. 

In order to remain consistent with current evaluation methods, a new model has 

been developed which utilizes the RSTRENG defect profile but also includes the actual 

material properties. The development of a new model requires key features, such as the 

failure pressure limits, to be quantified. The proposed model also incorporates a weighting 

scheme to account for the behaviour of finite length, varying depth defects and the 

interaction effect of adjacent defects. 

5.1.1 Weighted Depth Difference (WDD) Model 

The failure pressure for any corrosion defect can be bounded by the failure pressure 

of plain pipe (upper bound) and the failure pressure of an infinite length, longitudinally 

oriented, uniform depth groove (lower bound). These bounds assume a defect of limited 

circumferential width, which is typical of natural corrosion for reasons discussed in section 

4.1. Based on these limits, the failure pressure of a corrosion defect can be expressed as a 

function of the plain pipe and long groove failure pressures ( equation 5 .1.1 ), 

PFai/ure = PLongGroove + [ PP!ainPipe - Pt.ongGroove] X g (5.1.1) 

where the parameter g varies from 0.0 to 1.0 and is a function of the corrosion and pipe 

geometry. Note that the material strength is included in the failure pressure predictions for 

the plain pipe and the pipe with a long groove. Observations and analysis of real corrosion 

defects suggest the function g should incorporate some specific features: 

• The failure of a corrosion defect initiates at some point which is not necessarily 

the deepest point in the defect. The method should consider each point in the 
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defect to determine the failure location. The point at which the method is 

being applied will be known as the evaluation poinL 

The effect of adjacent corrosion defects diminishes with increasing longitudinal 

separation. Since the pipe is a continuous body, it should be expected that the 

effect of adjacent wall loss would be weighted according to the longitudinal 

distance from the evaluation point. 

The corrosion defect can be considered as metal loss projected onto the 

longitudinal axis of the pipe. The profile can be restricted using circumferential 

and longitudinal interaction rules to reduce the area of the pipe to be considered. 

However, it should be noted that in the proposed method these rules are not 

necessary for defect evaluation since the proposed method incorporates 

longitudinal interaction. Since the defect is projected on to a plane, all 

calculations are based on area, not volume loss. The river bottom approach 

used in RSTRENG is similar and both incorporate the fact that the 

circumferential dimension does not affect the failure pressure of corrosion 

defects. 

To model the behaviour of a corrosion defect it is necessary to consider the actual 

corrosion geometry. In RSTRENG and 83 lG, the geometry effect appears as the ratio of 

the remaining ligament area to the original area. This ratio is recognized as an appropriate 

means of quantifying the effect of the corrosion defect and is expressed in equation (5.1.2) 

where dz is an infinitesimal length in the longitudinal direction (Figure 5. l. l ). 

_L....;ig,;;;..a_m_en_t_A_,-,_e_a = ...;..(t_-_d_;;)_dz_ =I-~ 
Orig,inal Area t dz t 

(5.1.2) 

At an evaluation point (Figure 5. I. I) the failure pressure will be influenced by the 

adjacent corrosion weighted by the distance it is from the evaluation point. A hyperbolic 

secant function was chosen as a function to weight the effect of corrosion at a normalized 
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longitudinal distance H from the evaluation point. This function (equation 5.1.3) is 

appropriate since it has an exponential decay about the evaluation point as shown in Figure 

5.1.2. Thus, increasing distance from the evaluation point results in a decreased weight for 

adjacent areas of corrosion. It should be noted that other functions with similar shape, such 

as the normal distribution, could have also been used. The hyperbolic secant was chosen 

for ease of evaluation. 

2 
sech(H) = H -H 

e +e 
where (5.1.3) 

L H=--------
Normalization Factor 

In equation (5.1.3), H represents the normalized longitudinal separation of the corrosion 

from the evaluation point. The Foli~ factor (equation 2.1.1) suggests that length can be 

normalized by the factor Jiii. This factor was also used by Batte (1997). Stephen's 

(1997) (equation 2.2.3) uses a normalization factor of .Jr(t-d™) which is based on the 

maximum defect depth. Analysis of finite element results indicated the latter is more 

appropriate when the pipe diameter, not the radius, is considered. Thus the assumed 

normalization factor is .JD(t-d™) which leads to the weighting function: 

sech(H) = sech [ .J L ] 
D(t-dMa,) 

(5.1.4) 

where L is the distance to the current depth measurement location (z) from the evaluation 

point (ZEvaluation-Z) (Figure 5.1.1). As assumed in RSTRENG and B3 IG, the circumferential 
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extent of the defect is neglected and the corrosion profile is found by projecting the 

corrosion defects on to the longitudinal axis (Figures 4.2.10 and 4.2. l l ). 

The effect of adjacent corrosion on the evaluation point can be described in terms of 

the difference in the remaining ligament ratio as shown in equation (5.1.5). 

Depth Difference = [ 1- ~ ]-[ l - d E~"",;
0" ] (5.1.5) 

A positive depth difference is due to shallower adjacent corrosion which provides a 

strengthening effect while a negative depth difference results in a reduction in strength. 

The effect of corrosion at a distance L from the evaluation point can be described by a 

weighted depth difference (WOO) evaluated by combining equations (5.1.4) and (5.1.5) 

into equation (5.1.6). 

WDD=sech[ L ][(1 _ d)-(1- dfaa111a1io" )] 
.JD(t-dMa:,J I I 

=sech[ ZEIIGl""tio,r -z ][(1- d)-(1- dE,-aluatio,r )] 
.JD(t-dMax) I I 

(5.1.6) 

Here, z is the current position and ZEvaJuation is the location of the evaluation point (Figure 

5. 1.1 ) from an arbitrary origin for z. 

The value of the WDD for the entire defect with respect to the evaluation point can 

be determined by integrating from -oo to +oo in the longitudinal direction. 

Defect WDD = 1{sech[ zEIIGI""~- -z ][(1- d(z))-(1- dE.,.,Jua1ian )]}dz (5.1.7) 
......, .JD(t dMa,.J I I 

where the defect depth can be described as a function of z. 
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In practice, a defect is characterized by a number of depth measurements which 

are normally made at uniform intervals along the length of the defect. The corrosion defect 

can then be approximated by stepwise changes in depth as shown in Figure 5.1.3 

where Llz is the distance between adjacent measurements. This will be termed the CPS 

corrosion profile. Increased accuracy of the corrosion profile representation will depend on 

an increased number of measurements, similar to the RSTRENG method. 

For a set of n measurements, the effect of the corrosion can be evaluated by 

approximating the integral as a summation and summing the WDD for the measurements 

as shown in equation (5. 1.8). 

SumWDD = f wnD = f {sech[ zEwulll1lian -z; ][(1- d )-(1 dEvaluaiian )]Llz} (5.1.8) 
i=I i=I ,JD(t-dMaz) l I 

For defects with uniform depth, such as a long groove, equation (5.1.8) is equal to 

zero. Similarly, for defects with no depth (plain pipe) SumWDD is zero. For real 

corrosion defects, equation (5.1.8) can take on values between 0.0 and some maximum 

(MaxWDD) which corresponds to the weighted difference of plain pipe with respect to the 

current evaluation depth. This maximum weighted difference is determined from equation 

(5.1.9) where the depth is set to 0.0 corresponding to plain pipe, at all locations except the 

evaluation point. 

MaxWDD = t{sech[ ZEva1ua,ion -z; ][(1- 0.0)-(1- dEvaluatian )]Llz} 
i=I .J D(t -d Maz) I I 

(5.1.9) 

If the function g is defined as the ratio of the sum of weighted depth difference to the 

maximum sum of the weighted depth difference ( equation 5.1.10), it can theoretically vary 

between 0.0 and 1.0 as required. 



SumWDD 
g= MaxWDD 

(5.1.10) 
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A value of 1.0 for g is a theoretical limi~ which is not achieved for real defects. As the 

defect depth decreases and the wall thickness approaches that of plain pipe, the long groove 

solution converges to the plain pipe solution. Substituting equation (5.1.10) into equation 

( 5 .1.1 ), the failure pressure of a corrosion defect, evaluated at a specific point, is: 

[ ] 
SumWDD 

PFai/urr = PLongGrooW! + PPtainPi~ - Pr.o,,g Groo>T X MaxWDD (5.1.11) 

Equation ( 5. l.11) must be evaluated at each point in the defect to determine the location 

with the minimum failure pressure. For the case of single pits, this will always occur at the 

deepest location in the pit. However, this may not be the case for natural corrosion defects 

where failure can initiate at locations other than the deepest point in the defect depending 

on the geometry of the surrounding corrosion. 

5.1.2 Corrosion Extent and Defect Interaction 

One of the important features of the weighted depth difference method is that it 

considers the entire defect so that the weighting method includes the interaction of adjacent 

defects. Recall that equation (5.1.7) was evaluated from -oo to +oo so that all defects in the 

pipe are considered as potentially interacting with the current evaluation point. In reality, 

the hyperbolic secant function decreases (approximately) to zero within a finite distance of 

the evaluation point as seen in Figure 5.1.2. This can be investigated by considering the 

integral of the hyperbolic secant term as shown in equation (5.1.12). 
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-t<C +«l f secb(H)dz = 2 J sech(H)dz = 2[ 2tan-1 ( exp(H))]:«' 
--<l0 0 (5.1.12) 

z 
where H = --;::==== 

.jD(t-dMax) 

Since the function is symmetric about the point H=0, the value of the integral from -oo to 

+co is equal to twice the value of the integral from 0 to +co. The value of the integral is 

plotted in Figure 5.1.4 and varies from a value of 1t at H=O to a value of21t at H=+oo. Also 

plotted in the figure is the percent difference between the integral evaluated at the given 

distance and the integral value at infinity. At a normalized distance of H=lO.0, the percent 

error is approximately 0.003%. Thus equation (5.1. 7) can accurately be represented as: 

H=•

10

{ [(1-d(z)) (1-d )]L .. DefectWDD= H=LO sech[H] ( - E;lll4tion r . (5.1.13) 

To ensure that the sums of the weighted depth difference (equations 5.1.8 and 5.1.9) 

are consistent. a length of plain pipe (Figure 5 .1.5) with length equal to 1 o.J D(t - d Ma:J is 

added to each side of the corrosion defect. The extension of plain pipe is added to each end 

of the defect to ensure that the integral or sum of the weighted depth difference is not 

affected by the finite length of the defect. Figure 5 .1.5 shows an example calculation for a 

single pit 65% of the wall thickness in depth and 20 mm (0.80") in length. The percent 

error in the predicted burst pressure, relative to a very long extension of plain pipe, is 

plotted as a function of shorter extensions of plain pipe on either side of the defect. For an 

extension length of lO.jD(t-dMax) (H=lO) the percent error is 0.0004 indicating the 

summation has converged in terms of the length of the defect and adjacent plain pipe. 

To investigate the accuracy of the weighted depth difference model, single pit 

defects were analyzed. Due to the iterative nature of this method, it was implemented 

using a computer program called CPS (Corroded Pipe Strength). As in Chapter 3 the 
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corrosion factor of the pits, which relates to the defect geometry and Folias factor, was 

kept constant while the pit depth was varied. The results are plotted for a corrosion factor 

of 0.938 in Figure 5.1.6. As previously shown in Figure 3.4.12, RSTRENG predicts no 

change in the failure pressure while the Finite Element analyses show decreasing failure 

pressure with increasing depth. The CPS results are plotted as a solid line and are in 

agreement with the Finite Element results. This example indicates that the CPS method 

characterizes the behaviour of single pits better than RSTRENG. 

Application of the CPS program to the experimental database resulted in an average 

error in prediction of 3.1 % with a standard deviation of 6.5%. The results are shown in 

Table 5.1.1. The individual results are plotted as a function of maximum defect depth in 

Figure 5.1.7. This model utilizes the long groove failure pressure as predicted by the Long 

groove solution. However, the plain pipe failure pressure has been approximated as 0.86 

times the predicted instability pressure as discussed in Section 4.2 for the pipes which 

failed in uncorroded areas. Investigation of this approximation is shown in Figure 5.1.8 

where the plain pipe failure pressure scale factor was varied from 0.6 to 1.0. The figure 

shows that the average percent error is a linear function of this quantity and is 

approximately zero at a scale factor of 0.88. The standard deviation varies in a non-linear 

manner and is a minimum for a scale factor of0.74. 

Figure 5.1.9 shows a normal probability plot of the percent error in the CPS 

predictions which indicates the distribution is nearly normal. The Kurtosis was calculated 

to be -0. 74 compared to a value of -0.31 for RSTRENG. This indicates that the CPS 

distribution is flatter than the RSTRENG distribution. The CPS skewness was found to be 

0. 13 indicating that the percent error distribution is skewed towards the positive or 

conservative direction. The skewness value for RSTRENG was 0.03 implying that this 

distribution was more symmetric. 
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5.2 STATISTICAL ANALYSIS OF THE FAILURE PRESSURE PREDICTION 

MODELS 

It has been shown that the Finite Element, CPS and RSTRENG models provide the 

most accurate burst pressure predictions so these models are analyzed in detail. The 83 lG 

model is also included since it is the basis for currently accepted corrosion assessment 

procedures. Note that the Finite Element results are considered as two data sets. The first, 

referred to as FE-All, considers the results from all Finite Element analyses. The second 

set, FE-New Scanner, considers only those tests where the 3-D scanner was used to map 

the defects. It was shown in Section 4.3 that the precision of the Finite Element predictions 

improved significantly after the introduction of this new scanner. The following discussion 

is based on the tests reported in the University of Waterloo experimental database and 

should not be extended to different grades of pipe without further investigation. 

It has long been recognized that 831 G and RSTRENG contain 'built-in' factors of 

safety and result in conservative burst pressure predictions. This degree of conservatism 

can be investigated using the experimental database. One important statistical measure of 

the models is the probability of making a non-conservative burst pressure prediction since 

this provides insight into the conservatism embodied in the model. As shown with the 

normal probability plots in Figures 4.4.2 and 5 .1.9 for the percent error ( equation 5 .2.1 ), 

the RSTRENG and CPS predictions are normally distributed. This is also true for the 

Finite Element results. 

FPExperimaual -FPPmiia= 
%Error=-----------

F P Experimcnw 

(5.2.1) 

Although Figure 4.4.3 indicates the 831 G percent errors deviate from a normal distribution 

they will be assumed to follow a normal distribution for comparison to the other models. 

With a normal distribution for all models, the percent errors and the associated variability 

can be represented by a mean and standard deviation. A conservative prediction occurs for 
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cases in which the predicted failure pressure is lower than the actual failure pressure 

(i.e. the percent error is greater than or equal to zero). However, it is more appropriate to 

consider the probability of failure. The probability of this event occurring can be 

calculated with the integral of the normal density function shown in equation (5.2.2a) 

where X represents the percent error. Note that cs2 is the variance of the distribution which 

we assume to be equal to the square of the sample standard deviation (s). 

0 0 (<z-µ)2) 

Prob(X<O) = J f(x,µ,a)dx = J ~ el_ 
2

~ dx 
-«> -«> 2au 

= Probability of Failure 

Recall X: N(µ,s 2
) 

DefineQ:N(O,l)➔ A standard normal distribution 

then 

X-µ 
Q=-~ 

CT" 

(Defect Reliability) =Prob(X>O) 

= 1.0-[Prob(X<O)] 

(5.2.2a) 

(5.2.2b) 

(5.2.2c) 

In general, equation (5.2.2a) is evaluated using statistical software or printed tables. The 

transformation shown in equation (5.2.2b) allows the normal distribution X to be defined in 

terms of the standard normal distribution Q. This is beneficial since evaluations of the 

integral shown in equation (5.2.2a) are available in tabular form for the standard normal 

distribution. An alternate means of expressing the variability in failure pressure is the 

defect reliability as shown in equation (5.2.2c). However, this value is not commonly used 

since typical values for the probability of failure are very small so that the defect reliability 

is approximately 1.0. 
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The mean and standard deviation of the percent errors for each method are 

summarized in table 5.2.1. The probability of a non-conservative prediction, determined 

from the integral of the normal density function, is also shown along with the probability of 

a conservative prediction for each evaluation method. It can be seen that both B31 G and 

RSTRENG contain a large degree of conservatism since the probabilities of non­

conservative predictions are 0.014 and 0.001 without considering any additional factor of 

safety. In contrast, the probability of a non-conservative prediction using the CPS method 

is 0.317 implying the CPS method is less conservative. The probability of a non­

conservative prediction from the Long Groove solution is not quoted since this is a lower 

bound solution. Ideally, an accurate method should have a probability of 0.50, as is the 

case with the Finite Element results. It should be noted that minimizing the variability is 

also important. 

As shown in Table 5.2.1, the variability for all of the Finite Element results is 

relatively high, while the variability for the Finite Element results obtained using the new 

scanner is the lowest of all methods considered. The lower variability results in a lower 

probability of failure (more accurate prediction) for a given operating pressure. 

To this point, the failure pressure prediction model accuracy has been investigated 

using the percent error based on the actual failure pressure (equation 5.2.1). Although this 

is an effective measure of the model accuracy relative to the experimental database, it is 

difficult to include in a statistical analysis due to the incorporation of the actual failure 

pressure in both the numerator and denominator. It is beneficial to· consider the data in a 

different manner for the purpose of probabilistic failure prediction. In addition, an error 

quantification that is normally distributed is necessary to simplify this analysis. 

Several additional methods of error quantification were considered as shown in 

equations (5.2.3) to (5.2.5): 

%Error Predicted 
FPExperimcnta1 -FPPrcdie1e11 

F P Predicted 

(5.2.3) 
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Failure Ratio 
F p E.q,c:rimcma1 (5.2.4) 

Raw Residual= FPexr,ennw:nw - FPPn:dictcd (5.2.5) 

Each of these methods was applied to the failure pressure predictions from the 831 G, 

RSTRENG, CPS and Finite Element models. It was found that the error expressed in 

equation (5.2.1) was the most normally distributed and had the lowest variance in all cases. 

The raw residual (equation 5.2.5) also produced good results with equations (5.2.3) and 

(5.2.4) being the least normal in distribution. The raw residuals, as defined in equation 

(5.2.5) are used in the following section to determine the variability in the predicted failure 

pressures since they are normally distributed and can be straightforwardly included in a 

statistical model. It should be noted that the distributions of equations (5.2.3) and (5.2.4) 

are the same since equation (5.2.3) can be rearranged as shown in equation (5.2.6). 

%E"orPredicta1 

5.2.1 Operating Pressure 

F P upc:rimcnw - F p Pmiiaed 

FP Predicta1 

F P exr,enmenw =--------1 
FPPmiiaed 

(5.2.6) 

To incorporate a factor of safety in a pipeline, one must select an appropriate 

operating pressure. In principal, a line can be kept in service if the operating pressure is 

reduced with growing corrosion. Upon finding corrosion, an operator has three options: 

continued operation of the line at the current operating pressure, removal or repair of the 

corrosion defect and/or reduction of the operating pressure. This decision has economic 

consequences since removal or repair of defects, or operating at a reduced pressure can be 
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costly. However, the primary decision is to ensure that the pipeline retains a certain 

level of reliability, often termed integrity. Consider the pressure margin to be represented 

by the difference between the failure pressure and the operating pressure, as shown in 

equation (5.2. 7): 

Pressure Margin =[FP-PC>perating] (5.2.7) 

The operating pressure will be considered constant although in service it may fluctuate 

over time, in which case the peak operating pressure can be used. When this sum ( equation 

5.2.7) is positive, the defect will not fail. The failure pressure can be expressed as a 

variable quantity in terms of the predicted burst pressure as: 

(5.2.8) 

whereµ is the mean error in the prediction and N(O,s2
) is a normal distribution representing 

the variability in the prediction. This distribution has a mean of zero and a variance of s2 

(standard deviation of s). In our case,µ is equal to the mean of the raw residuals and N is a 

normal distribution with a standard deviation equal to that of the raw residuals. 

Substituting equation (5.2.8) into equation (5.2.7) we have: 

Pressure Margin = [ FP - P Operating] 

=[FPPredidCd + µ+N(O,s 2)-P0pcntm1 ] 

= [ FP PredidCd + µ- p ()permn1] + N (0, s2) 

= N ( FP r>miicted + µ- p Operating• s2 ) 

(5.2.9) 

If the pressure margin is positive, the defect will not fail at the current operating pressure. 

The reliability of the defect with respect to the current operating pressure can be calculated 

as the probability of the pressure margin having a value greater than or equal to zero. 



Alternatively, the probability of failure for the defect can be expressed as shown in 

equation (5.2.10). 
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Defect Probability of Failure= Prob(X < 0) 

where (5.2.10) 

As an example, the defect from test 8CG 02 was analyzed and an operating pressure was 

assumed as that which corresponds to a hoop stress of 72% of the SMYS. The raw 

residuals for each model are shown in Table 5.2.2. The probability of failure depends on 

the magnitude of the operating pressure and a particular failure pressure prediction. The 

Finite Element, CPS and RSTRENG predictions indicate a low probability of failure (Table 

5 .2.2). The 831 G predictions have the highest probability of failure (7 .49x 1 o-5
) due to the 

increased variability in this model. 

To further investigate this aspect, the defect reliability is plotted as a function of 

operating pressure in Figure 5.2.1. Note that these plots are specifically related to the 

assessment of the defect in test 8CG 02, however other defects are expected to provide 

similar results. Note that the operating pressure is expressed in terms of the ratio of hoop 

stress to SMYS. It can be seen that the CPS model provides a slightly higher reliability 

than RSTRENG below an operating pressure of approximately 120% SMYS. This is due 

to a lower standard deviation. The FE-New Scanner results have the lowest variability and 

thus result in a higher reliability. Nevertheless, the FE-All reliabilities are between those of 

831 G and RSTRENG due to the increase in variability. This emphasizes the fact that 

although the Finite Element Method can produce very accurate predictions of the burst 

pressure, this accuracy is highly dependant on the material and geometry measurements 

used in the analysis. These effects are shown more clearly in Figure 5.2.2 where the 

probability of failure for each model is plotted on a logarithmic scale as a function of the 

operating pressures. The difference in probability of failure is primarily due to differences 
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m the variability of the model predictions. As expected, the probability of failure 

increases as the operating pressure increases. 

Alternatively, an operator may want to specify a minimum reliability and calculate 

the corresponding maximum allowable operating pressure for consideration of a reduced 

operating pressure for the line. Rearranging equation (5.2.10): 

p ()pcr21ing ~ (FPPredictcd + µ)- N-l[pf,0,s2] 

~ N-1[pf,(FPPredictcd + µ},s 2] 

where: 

N-1[pf,(FPPredictcd + µ),s 2
] is the pressure corresponding 

to the specified probability of failure (pf). 

(5.2.11) 

Equation (5.2.11) was applied to the predicted failure pressures and the results are shown in 

Table 5.2.3 for two different probabilities of failure. Calculated operating pressures are 

shown as a function of the probability of failure in Figure 5.2.3. Since 83 lG is the most 

conservative and has the highest variability, the allowable operating pressures are expected 

to be the lowest. 



(:hapter 6 

Multi-level defect assessment 

6.1 ASSESSMENT PROCEDURE 

A multi-level assessment philosophy has been accepted by the industry as an 

appropriate means of treating the large amounts of data available to pipeline operators from 

automated corrosion measurement methods, such as intelligent pigs. The goal of a multi­

level approach is to apply a simple evaluation method to the data and identify critical 

defects. These defects can then be analyzed using a more accurate, and necessarily more 

complex, evaluation method. One disadvantage of the currently accepted evaluation 

procedures is that they depend on interaction rules which are relatively complicated to 

apply in an automated manner without introducing excess conservatism. For example 

B3 I G is simple to apply when the defect depth and length are known, however accurate 

definition of the length may require manual analysis. Thus, the level of complexity in the 

assessment should not be related to the complexity of calculations required, but to the 

complexity of the required corrosion measurements. The goal of the simplest analysis 
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(Level I) should be to identify those defects that are safe using a minimum amount of 

knowledge of the defect geometry and to identify defects which require further 

consideration. Once the defects requiring further consideration are identified. more 

detailed geometry measurements and a more detailed analysis can be considered. 

Chouchaoui was the first to suggest a three-level approach for the assessment of 

line pipe with corrosion defects. He proposed that simple evaluation methods such as 

831 G and RSTRENG be used to exclude non-critical defects and that more accurate 

methods be applied to assess those defects which were not found to be acceptable by the 

simple techniques. Chouchaoui defined the three levels in order of increasing complexity 

as: 

l. 83 lG or RSTRENG. 

2. Simplified elastic or pseudo-elastic finite element analysis. 

3. Full, three-dimensional elastic-plastic finite element analysis. 

Chouchaoui's primary focus was the validation of three-dimensional. elastic-plastic 

finite element analysis (Level 3) for simply shaped defects. He also investigated the 

application of 831 G and RSTRENG (Level 1) to these simple defects. Chouchaoui 

proposed simplified finite element methods for Level 2 but did not investigate these in 

detail. It is important to point out that Chouchaoui's level I included RSTRENG or B31G, 

based primarily on their accuracy. However, as shown in Chapter 4, RSTRENG requires a 

significant amount of detail in terms of the corrosion geometry, and provides a more 

accurate and consistent prediction of the burst pressure. Therefore, these techniques should 

be considered separately. The use of simplified finite element-based approaches. as 

suggested in Level 2. are not expected to produce more accurate results than the currently 

proposed CPS technique although they would require more detailed corrosion 

measurements. 
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6.2 ASSESSMENT PHILOSOPHY 

It is has been shown that accurate prediction of the failure pressure of a corrosion 

defect requires both accurate geometry measurements and accurate material properties. In 

terms of the assessment procedure, it is that latter which is most important since the 

solutions developed by the author are based on a detailed knowledge of the material 

properties. The motivation for the use of detailed material properties was to remove the 

conservatism related to the flow stress approximation currently used by the accepted 

assessment procedures. In addition, this allows the proposed model to be used for the 

higher strength materials in common use today. In contrast, application of the current 

assessment procedures to higher strength steels will require a new definition of the flow 

stress. 

When detailed material properties are available, as determined from tensile tests on 

the material, a 3-level assessment procedure can be used to evaluate corrosion defects 

occurring in the pipeline. Development of methods to determine the material properties 

without removing specimens from an operating line is a topic for future investigation. 

Alternately, operators could develop a long-term plan that would include determining the 

true material properties of their lines during maintenance, construction or repair 

procedures. 

In the following sections the author assumes accurate material properties are known 

and proposes a 3 level assessment procedure based primarily on the level of knowledge of 

the corrosion geometry (procedure A). The Level IA analysis is based on the Long Groove 

solution from Chapter 3 with the intention of identifying critical defects using a minimum 

amount of information. Defects that exceed the allowable depth predicted by this Level IA 

analysis should then be analyzed using the Level IIA weighted depth difference method. 

This is described in detail in Chapter 4 and implemented using the CPS computer program. 

In special cases, a full 3-D Finite Element Analysis may be required as specified in Level 

IHA. 
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If detailed material properties are not available (i.e. only the SMYS is known) 

then the defects should be evaluated using an alternate 2-level assessment procedure 

(procedure B). It is proposed that B3 lG be used as a Level m and RSTRENG be used as a 

Level 11B. 

For each level of assessmen~ the predicted failure pressure can be compared to the 

maximum operating pressure using equation (5.2.10) to determine the probability of failure 

of the defect. The mean and standard deviation of the raw residuals for each method 

applied to the experimental database can be found in Table 5.2.2. Alternatively, the 

maximum allowable pipeline operating pressure can be calculated for a given probability of 

failure (equation 5.2.11). If the probability of failure is sufficiently low, the defect may be 

considered safe and left in service although the potential for continued growth of the defect 

must be considered. If the probability of failure is not sufficient, remedial action must be 

taken. This can include repair of the defect with a sleeve, removal of a section of pipe 

containing the critical defect or a reduction in the operating pressure of the line to achieve a 

suitable probability of failure. This assessment philosophy is shown Figure 6.2.1. 

6.3 PROPOSED THREE-LEVEL ASSESSMENT PROCEDURE 

Level IA - Maximum defect depth (Long Groove Solution) 

A Level-I approach should be simple to apply so that ideally, application could be 

undertaken in the field. However, to improve the prediction accuracy, this approach should 

make use of accurate material properties. The long groove solution developed in Section 

3 .3 meets these requirements. The application is simple since evaluation is based only on 

the maximum defect depth. However, accurate material properties and depth 

measurements are required for this technique to be useful. With accurate material 

properties the maximum allowable defect depth can be determined. Note that this solution 

predicts a lower bound failure pressure for natural corrosion defects. Defects with depths 
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that exceed the maximum allowable defect depth can be identified quickly and assessed 

with the recommended Level llA procedure. It should be stressed that the foundation of 

this method is accurate material properties. If detailed properties are unavailable, and the 

material behaviour is represented by a flow stress based on the specified minimum yield 

strength many non-critical defects will be identified for detailed analysis and the Level IA 

assessment will be ineffective. 

The recommended approach for the Level IA assessment procedure is: 

• Determine the true stress-strain behaviour of the pipe material in the circumferential 

direction with uniaxial tensile tests or other methods. 

• Calculate the predicted failure pressure as a function of depth using equations 

(3.2.3) and (3.3.24). A typical result is shown in Figure 3.3.13. Alternatively, 

equation (3.3.26) can be used with the condition that the defects must be greater 

than 20% of the wall thickness in depth. 

• Specify the maximum operating pressure of the pipeline and determine the 

maximum allowable defect depth from the previous calculations. It should be noted 

that this method is a lower bound and inherently conservative as shown in Figure 

4.4.5. \Vhen applied to the experimental database, it is found that the Long Groove 

solution is more conservative for deeper defects (Figure 4.4.5). This is due to the 

fact that deeper areas in natural corrosion defects are typically of limited length so 

that the infinite length assumption in the Long Groove solution results in 

conservative failure pressure predictions. 

• Inspect all defects for depths exceeding the maximum allowable depth. Shallower 

defects are considered non-critical under the current operating conditions. 

However, provisions for changes in operating conditions or continued corrosion 

growth must be considered. 

• Defects which exceed the maximum allowable defect depth must be considered for 

the more detailed Level IIA analysis as described in the next section. 
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Level HA - Weighted depth difference method (CPS) 

In cases where defects fail a Level IA evaluation, a more accurate approach which 

utilizes the defect length is required. The Weighted Depth Difference model (Section 4.4) 

has been shown to be accurate and easily applied when detailed corrosion measurements 

are available. It relies on a set of easily defined interaction rules meant to reduce 

computation time and considers the longitudinal interaction of adjacent defects. 

The Weighted Depth Difference method is implemented in the CPS computer 

program. As an initial step, individual or non-interacting areas of corrosion may be 

identified for evaluation. Since this model includes longitudinal interaction, such an 

interaction rule is only meant to reduce the size of the analysis, but is not required to 

improve the accuracy of the analysis. However, circumferential interaction rules are 

necessary for all evaluation methods which exclude the circumferential dimension of the 

defect. 

Areas of corrosion are considered independent if separated by more than 2 wall 

thicknesses of full thickness material in all directions. Although circumferential interaction 

is recognized to occur only when defects are touching in this direction, a variation of 

interaction distance with angular position makes assessment more complex. The 2-wall 

thickness criterion will be conservative in this direction. In terms of the longitudinal 

direction, conservative interaction rules do not affect the predicted burst pressure since the 

CPS evaluation procedure considers the longitudinal interaction of adjacent defects. 

The recommended approach for the Level IIA assessment procedure is: 

• Identify critical locations with the Level IA (Long Groove) assessment procedure. 

• Determine the extent of the defects. Defects do not interact if separated by more 

than 2 wall thicknesses of full thickness material in any direction. 
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• Measure the maximum corrosion depth around the circumference as a function 

of longitudinal position for each defect. Measurement techniques are outlined in 

Section 4.2.2. 

• Calculate the predicted burst pressure of each defect using the CPS program. 

• Compare the predicted failure pressure to the maximum operating pressure using 

equation (5.2.10). Defects with an unacceptable probability of failure must be 

removed or repaired. Alternatively, the operating pressure of the pipeline may be 

reduced so that the predicted failure pressure exceeds the maximum operating 

pressure with an acceptable probability of failure ( equation 5 .2.11 ). 

Level IHA - Full Three-dimensional Finite Element Analysis 

Full, three-dimensional finite element analysis has been shown to be the most 

accurate method of failure prediction when very detailed and accurate information 

regarding the pipe geometry and material properties is available. However, a significant 

level of expertise is required on the part of the user to accurately model the defect and 

interpret the results. Due to the required computing resources it can only be justified in 

very special circumstances. It should also be noted that in cases where accurate properties 

and measurements are not available, the Finite Element Method can produce less accurate 

results than the other proposed methods. The author considers that the finite element 

method is not feasible for the general evaluation of corrosion defects due to the required 

computing resources and accurate measurements. However, use of this method may be 

justified in specific instances. The application of this method is discussed in Chapter 4. 
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6.4 ALTERNATE TWO-LEVEL ASSESSMENT PROCEDURE 

The proposed three-level assessment procedure in the previous section is dependent 

on detailed knowledge of the material properties. In cases where detailed material 

properties and corrosion measurements may not be available, an alternate two-level 

approach (procedure B) is suggested as outlined in Figure 6.2. l. The original 831 G code is 

proposed as the Level IB assessment with the RSTRENG evaluation procedure to be used 

as Level IIB. Although application of these methods may seem simple, both B31 G and 

RSTRENG require interaction rules to define the defect limits. Even with these rules, both 

methods are very conservative in the assessment of natural corrosion defects. This is 

related in part to the material characterization with the flow stress defined by the specified 

minimum yield stress. 

It is recommended that B31G be applied as a Level m assessment in the manner 

defined by the Canadian code CSA 2662-99 (CSA, 1999). The defect is quantified by the 

maximum depth and overall length. Interaction is said to occur if the distance between 

adjacent areas is less than the longitudinal length of the smallest defect. This applies in 

both the longitudinal and circumferential directions. 

The Level IIB assessment procedure is applied using the RSTRENG program as 

outlined by Kiefner and Vieth (1989). However, it is recommended that the defect profile 

be determined using the Projection Method (Section 4.2) in place of the river bottom path 

suggested by Kiefner and Vieth. The Projection Method is straightforward in application 

and does not require interpretation of the defect by persons measuring the corrosion or 

analyzing inspection data. For consistency, the same interaction rules described above for 

B3 I G should be used in the RSTRENG assessment. 
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6.5 PROPOSED ASSESSMENT PROCEDURE - SAMPLE CALCULATION 

To demonstrate the assessment of a pipe section, consider pipe section TCP-02 

from the University of Waterloo database. Figures 6.5. l and 6.5.2 show the corrosion 

defects on this section of pipe. Values marked on the pipe are approximate maximum 

defect depths in inches, used to identify areas for scanning. The pipe material was grade 

API-5L-X46 with a specified minimum yield stress of 46000 psi. The pipe wall thickness 

was 0.373" with an outside diameter of 34.0". 

The true stress-strain behaviour for this material was determined from six uniaxial 

tensile tests on specimens oriented in the circumferential direction. The test that most 

closely approximated the average yield and UTS was chosen as the representative stress­

strain curve. The average yield stress for this grade API-5L-X46 material was 59753 psi in 

the circumferential direction. The representative test had a yield stress of 58050 psi and an 

ultimate tensile strength of 73680 psi with a corresponding critical stress of 8235 l psi. The 

Ramberg-Osgood material parameters (equation 2.2.2) were determined from a non-linear 

regression on the true stress-strain data. The strain hardening coefficient, a was found to 

be 3.007 and the strain hardening exponent, n was 8.345. 

Level IA Assessment - Long Groove Solution 

The failure pressure as a function of depth can be determined by solving equation 

(3.3.26). Note that this is only valid for defect depths exceeding 20% of the wall thickness. 

For shallower defects, equations (3.2.3) and (3.3.24) must be solved simultaneously to 

determine the burst pressure. The results are shown in Figure 6.5.3 where the predicted 

failure pressure from the Long Groove solution (equations 3.2.3 and 3.3.24) is plotted as a 

function of defect depth, expressed as a percentage of the wall thickness. The hoop stress 

for three operating pressures expressed as a percent of the SMYS, and the corresponding 

maximum allowable defect depths are shown in the Figure. 
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An often used operating pressure is that which creates a nominal hoop stress of 

72% SMYS in the pipe wall. This results in an operating pressure of 743 psi as shown in 

equation (6.5.1). 

(72% )(SMYS)( t) 
P0pennng = (t;) 

= (0.72)(46000)(.373) 
(16.627) 

= 743psi 

(6.5.1) 

The corresponding maximum allowable defect depth is 61 % of the wall thickness or 

0.228". The data for the three operating pressures considered in Figure 6.5.3 is shown in 

Table 6.5.1. A conservative approximation of the maximum allowable operating pressure 

is that which creates a nominal hoop stress equal to 100% of the SMYS in the pipe wall. 

This magnitude of pressure can be reached during hydrostatic testing of the pipeline and is 

the maximum allowable pressure for a pipeline (CSA 1999). The corresponding maximum 

allowable depth (Figure 6.5.3) is 46% or 0.172". An approximate measurement of the 

maximum pit depths on this pipe section indicated that none of the corrosion defects 

exceeded this maximum allowable depth. The maximum defect depths, as measured by the 

University of Waterloo 3-D scanner, for selected defects are shown in Table 6.5.2. Thus, 

according to a conservative lower bound (Level IA) assessment, this pipe section will not 

fail at an operating pressure corresponding to l 00% SMYS. 

To emphasize the need for detailed material properties, consider the infinite length, 

uniform depth groove solution from RSTRENG in which the flow stress is based on the 

SMYS (equation 6.5.2). An operating pressure corresponding to 100% SMYS has been 

assumed. 



POpcmingl00%SMYS = P11,1ax.A1lowable 

= 1032psi 

= (SMYS + I 0000) G )(i- d"";All.) 

= (56000)( 0.373 )(1- dMax.All.) 
16.627 0.373 

or 

dM.ax.All. = 0.067" 

d 
Max.All. = 18% 

t 
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(6.5.2) 

The maximum allowable depth is 18% for the RSTRENG infinite length groove solution 

compared to 46% for the author's Long Groove solution. For this pipe section, the 

RSTRENG long groove solution would identify almost every defect as critical and require 

a Level II assessment. This example indicates the need for detailed material properties for 

a Level I assessment procedure to be effective. 

Level IIA Assessment - CPS Program 

The long groove solution used in the Level IA assessme~t did not identify any 

defects on the pipe section for detailed analysis. As an example, to undertake a Level IIA 

assessment, assume that the desired maximum allowable operating pressure is 1393 psi, 

corresponding to 135% of the SMYS. Then the maximum allowable defect depth predicted 

by the Long Groove solution is 27% or 0. 100". Several of the defects on this pipe section 

exceed this depth limit and should be investigated using the Level IIA assessment (the CPS 

procedure as described in Chapter 4). For brevity, only defects TCP02-1A-1F, TCP02-IG 

and TCP02- l H are considered although approximately 18 defects on this section exceeded 

0.100" in depth. Note that a Level IIA assessment would also be required to obtain the 

defect reliability for risk analysis. 
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To begin, isolated defects must be identified according to the chosen interaction 

rules. It has been suggested that adjacent defects do not interact if separated by a distance 

equal to 2 wall thicknesses of full thickness material. The identified defects are indicated 

with square boxes in Figures 6.5. l and 6.5.2. Note that the limited range of the scanner 

required one defect, TCP02-1A-1F, to be scanned in six blocks as seen in Figure 6.5.4. 

Defects TCP02-1G and TCP02-1H are shown in Figures 6.5.5 and 6.5.6 respectively. The 

failure location, defect TCP02-1G, is indicated in Figure 6.5.7. 

Each defect was measured using the three-dimensional scanner developed at the 

University of Waterloo. The actual depths were then determined using the data processing 

technique described in Chapter 4. The scanner image and surface data for defects TCP02-

l A- l F, TCP02-1G and TCP02-1H are shown in figures 6.5.8, 6.5.9 and 6.5.10 

respectively. The corrosion profiles were calculated from this data using the projection 

technique (Chapter 4) and then analyzed with the appropriate pipe dimensions and material 

properties using the CPS program which incorporates the Weighted Depth Difference 

Model. The corrosion profiles are shown in Figures 6.5.11, 6.5.12 and 6.5.13. The 

predicted failure location identified in the Figures was calculated by the CPS program. The 

statistical model (equation 5.4.10) was applied to the predicted failure pressures assuming 

an operating pressure of 1032 psi (100% SMYS). The results are shown in Table 6.5.3 

indicating that the defect reliability exceeds 99% in all cases. 

Figure 6.5.12 shows that the predicted failure location corresponds to the actual 

failure location in defect TCP02-1G as determined from the fracture surface after the burst 

test (Figure 6.5.7). The failure pressure was 1531 psi. The analysis results are shown in 

Table 6.5.2 where the CPS predictions are the least conservative. Interestingly, the 

minimum predicted failure pressure is for defect TCP02-1A-1F although the actual failure 

occurred at defect TCP02-IG. This is true for the predictions from all three of the 

assessment procedures shown in Table 6.5.2. Such a result is not uncommon and occurred 

in a number of the burst tests in the database. Despite this anomaly, the spread in failure 

pressure between the three locations is within the expected variability of the method. This 

includes variability in the material properties and measured defect geometry. In addition, 
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the projection method used to characterize the defects bas not considered the defect 

orientation so that if the defect bad a spiral or circumferential orientation they would be 

treated conservatively. 

The failure of this pipe section initiated at defect TCP02-1 G as shown in Figure 

6.5.7. Local necking and bulging of the material identified the initiation site within this 

defect. 

Level III - 3-D Finite element analysis 

The finite element analysis of defect TCP02- l G is discussed in detail in section 4.3. 

The results of the analysis are shown in Table 4.5.1 and Figures 4.5.28a and 4.5.28b. The 

predicted burst pressure using the finite element method was 1521 psi which was within 

0.6% of the actual failure pressure. Note that the predicted and actual failure locations 

correspond. 

Application of the statistical model to the data (Table 6.5.3) indicates that the defect 

has a probability of failure of 5.03x10-7 at an operating pressure of 1032 psi (100% of the 

SMYS). The maximum allowable operating pressure for this defect with a probability of 

failure of 1x10-6 was calculated to be 1169 psi. 

Level 1B and 11B Analysis 

If detailed material properties are not available, an alternate two-level assessment 

procedure can be used to predict defect failure pressures. 

The B3 IG (Level IB) failure pressure predictions are shown in Table 6.5.2 for the 

selected defects from test TCP-02. If we consider the maximum operating pressure to be 

743 psi, corresponding to a stress level of72% SMYS, it is found that defect TCP02-1A-IF 

is identified for detailed analysis. Defects TCP02-1 G and TCP02- l H are predicted to be 

safe at this operating pressure. Table 6.5.3 shows that the probability of failure of defects 

TCP02-1 G and TCP02- l H are 0.00501 and 0.00116 respectively at an operating pressure 
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of 1032 psi (100% SMYS). Defect TCP02-1A-F has a probability of failure of0.112 

and would be selected for a Level IIB assessment if this probability of failure were not 

acceptable. The relatively high probability of failure and maximum allowable operating 

pressure predicted by this method are related to the higher degree of scatter for the B3 1 G 

predictions. Table 6.5.4 indicates that this defect has a maximum allowable operating 

pressure of l l 7 psi for a probability of failure of one in one million ( 1x10-6). 

The RSTRENG failure predictions for the defects on pipe section TCP-02 are 

shown in Table 6.5.2. Table 6.5.3 indicates that all defects have a probability of failure 

less than 0.0116 for the RSTRENG predictions when an operating pressure of 1032 psi 

( l 00% SMYS) is considered. The maximum allowable operating pressure, with a defect 

reliability of one in one million, was calculated to be 552 psi. 



Chapter 7 

Closure 

Pipelines are a safe and economic means for transporting oil and natural gas with 

the number of failures, defined as a loss of product, being relatively low compared to other 

means of transportation. However, it should be pointed out that even a single major failure, 

such as a rupture, will have a significant financial and environmental impact. It is well 

known that the currently accepted assessment procedures contain a large degree of 

conservatism and that much of the pipe removed from service due to corrosion is still safe 

at the current pipeline operating pressure. Until now, the degree of conservatism in the 

prediction methods could not be quantified due to the lack of complete experimental data. 

Thus the reliability of the pipeline or the risk of failure of the pipeline could not be 

quantified. 

The focus of this thesis has been the assessment of corrosion defects in pipelines 

with the goal of providing a more complete understanding of the failure of these defects 

and addressing the conservatism in the currently accepted assessment procedures. This has 

been achieved through the development of a comprehensive experimental database which 

has not only provided a means of validating the currently accepted and proposed 
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assessment criteria, but bas also allowed for consideration of the defect reliability. This 

is an important aspect when evaluating the integrity of a pipeline. 

All forty pipe sections included in the experimental database were removed from 

operating pipelines due to the presence of natural corrosion defects. The material 

properties were measured, the defects mapped and the pipe sections were then burst to 

determine the remaining strength of the corroded pipe section. 

RSTRENG and B 13G were applied to the experimental database. The percent 

error, based on the experimentally measured burst pressure was found to be 20% 

conservative on average for RSTRENG with a standard deviation of 6.6% while 831 G was 

34% conservative on average with a standard deviation of 15%. 

Other proposed models were applied to the database but were found to have a high 

degree of scatter that varied with defect depth. The Modified RSTRENG solution, with a 

modification to the flow stress, produced the best results. This flow stress is somewhat 

arbitrary and has not been validated for higher strength materials. 

Prediction of corrosion defect failure pressures using CPS 

A new model for predicting the failure pressure of corrosion defects, based on the 

Weighted Depth Difference model, has been proposed. This model uses the elastic-plastic 

material properties and corrosion measurements in the same form as the currently accepted 

RSTRENG procedure, with the corrosion profile determined using the projection method. 

The Long Groove and Plain Pipe solutions are used 3$ lower and upper bounds respectively 

for the defect failure pressure. 

The failure of plain, defect-free pipe occurs by geometric instability before the 

stress in the pipe wall exceeds a critical value and provides an upper bound for the failure 

pressure of a corrosion defect. This upper bound was investigated with finite element 

analyses and modifications to a solution proposed by Svensson. Both solutions produced 

similar burst pressure predictions, however comparison to the experimental database 

indicated that the predicted failure pressure exceeded the experimental values by an 

average of 14%. It should be noted that the burst test results for plain pipe were from a 

single operating pipeline. Failure of these pipe sections occurred in uncorroded areas even 
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though corrosion defects up to 40% of the wall thickness were present. Use of a burst 

pressure equal to 86% of the geometric instability pressure was recommended. However 

this recommendation requires further investigation since it appears that inhomogeneities in 

the material and variations in the wall thickness may have lead to premature failure. 

The failure behaviour of infinite length, uniform depth grooves was investigated 

using the Finite Element method. It was found that the failure pressure was a linear 

function of the defect depth, when the depth exceeded 20% of the wall thickness. 

Shallower defects fail at pressures near the failure pressure of plain pipe. The Long 

Groove solution was developed from an equilibrium analysis and makes use of the actual 

material properties to predict the failure pressure. This solution agrees with the finite 

element results within 2% and is 4% non-conservative, on average, for the experimental 

data for long grooves. The Long Groove solution provides a lower bound for the failure 

pressure of a typical natural corrosion defect with varying depth. Application of the Long 

Groove model to the experimental database resulted in an average error similar to 

RSTRENG with a variability similar to B31G. This is expected since the Long Groove 

solution does not consider the defect length but does use the actual material properties. 

The failure pressure of a typical corrosion defect can be determined using the 

Weighted Depth Difference Method by considering each point within the corrosion defect 

and evaluating the effect of the adjacent material loss through a weighting scheme which 

incorporates longitudinal defect interaction. Application of this method is iterative and is 

implemented using the computer program called CPS. This method utilizes the actual 

material properties and so is applicable to materials not considered in the database such as 

higher strength steel. In addition it identifies the predicted failure location. 

Simple, single pit defects were analyzed in detail by the author using the finite 

element method. The CPS program accurately predicted the failure pressure and failure 

location of the single pits without requiring any adjustment or scaling factors. However, it 

was necessary to scale the plain pipe failure pressure for the failure prediction of natural 

corrosion defects. In contrast, RSTRENG and B31 G did not predict the failure pressure of 

the single pits with the same accuracy and the error varied in a nonlinear manner. 



When applied to the experimental database, the CPS program predicted the 

failure pressures with an average error of 3.1 % and a standard deviation of 6.5%. 

Finite element modeling of complex corrosion defects 
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The Finite Element method has been successfully applied to complex natural 

corrosion defects with limited longitudinal and circumferential extents. The corrosion 

geometry was modeled using the scanner data processed with software developed by the 

author and a commercially available solid modeling program. Failure was predicted using 

a critical stress criterion. The burst pressure for twenty-five of the pipe sections from the 

experimental database were predicted using the Finite Element method. The average error 

in prediction was -0.18% with a standard deviation of 8.45%. However, when the defects 

which had been mapped with the more accurate 3-D scanner were considered, the average 

error in prediction was 0.1 % with a standard deviation of 4.1 %. 

It has been found that the Finite Element method is very sensitive to local changes 

in defect depth and requires very accurate geometry measurements. This is related to the 

fact that, in the Finite Element Model, the local stresses are primarily determined by the 

local geometry, with the surrounding geometry as a secondary effect. Detailed material 

properties are also required for accurate burst pressure predictions 

Statistical model of failure predictions 

One of the most important uses for the database is to gain an understanding of the 

prediction error and variability for the various assessment methods considered. However, 

it should be noted that the reliability of these predictions is based solely on the application 

of a particular assessment procedure to the database and may not be appropriate for 

materials or geometries not considered in the database. 

The raw residuals (actual minus predicted failure pressure) were found to be 

normally distributed and were used to predict the average and variability of the prediction 

error for each procedure considered. The defect reliability was calculated by considering 

the probability that the failure pressure prediction (including the mean error and variability) 



did not exceed the operating pressure. Alternatively, the defect reliability can be 

specified and the maximum allowable operating pressure can be calculated. 

Multi-Level assessment of corrosion defects 
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A three-level assessment procedure is proposed which makes use of the assessment 

techniques described in this thesis. This procedure assumes that detailed material 

properties are available. Increasing levels require more detailed corrosion measurements 

and produce more accurate failure pressure predictions. The proposed levels are: 

• Level IA - Long Groove solution 

• Level IIA-CPS (Weighted Depth Difference solution) 

• Level IIIA - Finite Element Analysis 

In cases where detailed material properties are not available, an alternate two-level 

assessment utilizing B31 G and RSTRENG is proposed. 83 l G and RSTRENG should be 

applied as specified in the appropriate code. However, the RSTRENG defect profile 

should be determined using the projection method. The alternate two-level assessment 

procedure is: 

• Level IB- B31G 

• Level IIB - RSTRENG 



Chapter 8 

Recommendations 

The material properties of the pipe sections included in the database have been 

accurately determined with uniaxial tensile tests. These properties are sufficient for the 

proposed analysis techniques but the material fracture toughness is also commonly quoted 

in material specifications and should be determined for these pipeline steels. 

Although the elastic-plastic material properties can accurately be characterized with 

uniaxial tensile tests, it would be beneficial to have a means for characterizing the material 

without removing specimens from the line. This would allow for a more efficient 

assessment of in-service pipelines. 

The mode of defect failure (rupture or leak) is an important quantity when 

considering the risk of a failure and should be investigated using the experimental database. 

The material fracture toughness will be necessary for this work. 
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The experimental database includes pipe materials and sizes which have been in 

common use for many years and may have corroded while in service. Although the 

database addresses the current needs of the industry, larger diameter and higher strength 

pipe materials are becoming more common and may eventually require evaluation. Thus, 

the database should be expanded to include additional grades of material and diameters of 

pipe. 

The failure pressure of plain pipe is a fundamental component of the Weighted 

Depth Difference solution. It has been shown that the proposed solution agrees with the 

Finite Element results but overpredicts the burst pressure of the experimental tests. The 

experiment data for the burst pressure of plain pipe considered only one grade of pipe 

material. The failure pressure of plain pipe requires further investigation. 

It has been found that the conservatism m RSTRENG can be reduced by 

modifications to the flow stress approximation. It is recommended that this modification 

not be used without further validation since it may not be applicable to other grades of 

pipe. 

At present, the Weighted Depth Difference model has only been validated using the 

experimental database developed at the University of Waterloo. Additional experimental 

data would be desirable to continue the validation of this assessment procedure. It should 

be noted that much of the currently published experimental data is incomplete and not 

useful for validation purposes. The Weighted Depth Difference method predicts the failure 

location within a given defect and has been shown to accurately predict this location for 

simple defects. This aspect requires further investigation for complex defects. 
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Ruptures 
RSTRENG 831G 

Mean Failure Ratio 0.850 0.537 
Standard Deviation 0.150 0.178 

Leaks 
RSTRENG 831G 

Mean Failure Ratio 0.992 0.630 
Standard Deviation 0.180 0.209 

Table 2.7.1 Failure ratios for RSTRENG and 831G 

Mean Failure Ratio 
Standard Deviation 

RSTRENG 
0.824 
0.112 

831G 
0.490 
0.131 

Table 2.7.2 Failure ratios for RSTRENG and 831G 
for long corrosion defects 
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Material Material Circumferential Direction Longitudinal Direction 
Type Grade vs UTS Eun vs UTS Eun 

(MPa) (DSI) (MPa) (psi) (-) (MPa) (psi) (MPa) (DSI) (-) 

BCG X42 345.2 50063 452.6 65649 0.125 366.7 53181 455.9 66123 0.104 
SOL X46 360.6 52301 471.2 68338 0.148 407.8 59146 485.9 70481 0.150 
NOR X52 391.6 56798 496.4 72001 0.136 403.7 58548 504.4 73157 0.139 
TCP X46 412.0 59753 527.3 76480 0.111 365.1 52955 518.2 75164 0.115 
NOV X55 388.1 54729 498.3 72273 0.132 385.8 55957 491.1 71231 0.127 
RLK X52 421.4 61121 568.2 82404 0.114 367.2 53264 549.8 79738 0.116 
ESS X46 (Chouchaoui, 1993) 

Material lRamberg-Osgood Material Parameters I Critical Stress 
Type VS alpha n 

MPa sl MPa sl 

BCG 350.9 50852 3.143 8.07 506.2 73367 
SOL 356.7 51689 3.741 7.45 542.0 78557 
NOR 389.0 56376 3.493 7.74 575.8 83450 
TCP 400.5 58050 3.007 8.34 568.2 82351 
NOV 462.7 67055 2.254 8.65 648.6 93997 
RLK 433.6 62841 1.198 10.97 603.7 87497 

Table 4.2. l Experimental database material summary (average values) and Ramberg-Osgood model parameters 
-IJI 
00 
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Outside Wall SMYS YS UTS Failure Wlax. Defee Defect 
Test ID Diameter Thickness Pressure Depth Length 

(in) (in) (psi) (psi) (psi) {psi) (mil) (In) 
SOL-1 12.740 0.335 46000 51689 68062 3635 0 0.0 
SOL-2 12.730 0.340 46000 51689 68062 3535 85 2.5 
SOL-3 12.740 0.340 46000 51689 68062 3545 0 0.0 
SOL-4 12.720 0.338 46000 51689 68062 3351 117 8.0 
SOL-5 12.760 0.336 46000 51689 68062 3627 0 0.0 
SOL-6 12.720 0.340 46000 51689 68062 3659 106 2.4 
SOL-7 12.660 0.328 46000 51689 68062 3258 0 0.0 
SOL-8 12.740 0.344 46000 51689 68062 3469 0 0.0 
SOL-9 12.760 0.332 46000 51689 68062 3375 0 0.0 

SOL-10 12.740 0.339 46000 51689 68062 3471 130 5.7 
SOL-11 12.740 0.340 46000 51689 68062 3154 105 5.0 
SOL-12 12.720 0.336 46000 51689 68062 3127 86 2.0 
SOL-14 12.750 0.340 46000 51689 68062 3556 0 0.0 
NOR-1 10.750 0.206 52000 56376 72845 2423 73 16.1 
NOR-2 10.750 0.207 52000 56376 72845 2619 68 5.5 
NOR-3 10.750 0.208 52000 56376 72845 2501 0 0.0 

TNG-01 10.750 0.325 46000 59364 69780 3076 156 9.5 
RLK-1 24.069 0.258 52000 58381 77524 1370 130 35.5 
RLK-2 24.116 0.253 52000 58381 77524 1143 140 56.4 
RLK-3 24.075 0.252 52000 58381 77524 1423 101 54.0 
BCG-1 10.760 0.195 42000 50852 65825 1994 130 7.2 
BCG-2 10.747 0.184 42000 50852 65825 2000 103 1.9 
BCG-3 10.769 0.188 42000 50852 65825 1988 64 1.2 
BCG-4 10.752 0.192 42000 50852 65825 2201 86 4.0 
BCG-5 10.783 0.194 42000 50852 65825 2174 63 1.8 
BCG-6 10.793 0.197 42000 50852 65825 1936 85 4.9 
BCG-7 10.805 0.180 42000 50852 65825 1838 108 2.6 
BCG-8 10.792 0.196 42000 50852 65825 2147 107 1.5 
BCG-9 10.808 0.190 42000 50852 65825 1831 83 6.2 
ESS-01 12.750 0.200 46000 54058 68512 1412 144 3.9 
NOV01 19.950 0.226 55000 67055 85184 1556 119 5.2 

NOV02-2 19.880 0.223 55000 67055 85184 1168 128 18.2 
NOV03-2 20.000 0.224 55000 67055 85184 1244 148 24.4 
NOV04 20.000 0.226 55000 67055 85184 1434 151 21.0 

NOV04-2 20.000 0.226 55000 67055 85184 1582 120 16.4 
NOV05 20.010 0.221 55000 67055 85184 1167 132 23.5 
NOV06 20.000 0.222 55000 67055 85184 1669 97 6.7 
TCP01 34.000 0.379 46000 58050 73680 1567 143 8.4 
TCP02 34.000 0.373 46000 58050 73680 1531 118 7.3 
TCP03 34.000 0.369 46000 58050 73680 1330 182 3.6 

Table 4.2.2 Burst test summary 
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Fail. RSTRENG B31G PCORRC Ritchie and Last 
Test ID Press. Calc'd Error Calc'd Error Calc'd Error Calc'd Error 

(psi) (psi) (•/4) (psi) (%) (psi) (%) (psi) (•t.) 
SOL-1 3635 2945 19.0 2809 22.7 3778 -3.9 3400 6.5 
SOL-2 3535 2831 19.9 2684 24.1 3580 -1.3 3115 11.9 
SOL-3 3545 2989 15.7 2853 19.5 3838 -8.3 3454 2.6 
SOL-4 3351 2562 23.5 2331 30.5 2943 12.2 2481 26.0 
SOL-5 3627 2949 18.7 2813 22.4 3784 -4.3 3405 6.1 
SOL-6 3659 2793 23.7 2639 27.9 3517 3.9 3027 17.3 
SOL-7 3258 2902 10.9 2765 15.1 3719 -14.2 3348 -2.7 

SOL-8 3469 3024 12.8 2889 16.7 3885 -12.0 3497 -0.8 

SOL-9 3375 2914 13.7 2778 17.7 3736 -10.7 3363 0.4 
SOL-10 3471 2529 27.1 2339 32.6 3024 12.9 2475 28.7 
SOL-11 3154 2710 14.1 2476 21.5 3265 -3.5 2736 13.3 
SOL-12 3127 2788 10.8 2683 14.2 3577 -14.4 3143 -0.5 
SOL-14 3556 2987 16.0 2851 19.8 3834 -7.8 3451 3.0 
NOR-1 2423 1912 21.1 1472 39.3 1923 20.6 1749 27.8 
NOR-2 2619 2048 21.8 1908 27.1 2305 12.0 1945 25.7 
NOR-3 2501 2399 4.1 2303 7.9 2932 -17.2 2639 -5.5 

TNG-01 3076 2312 24.8 1693 44.9 2764 10.1 2335 24.1 
RLK-1 1370 908 33.7 622 54.6 852 37.8 789 42.4 
RLK-2 1143 814 28.7 548 52.1 743 35.0 686 40.0 
RLK-3 1423 992 30.3 733 48.5 994 30.1 912 35.9 
BCG-1 1994 1567 21.4 579 71.0 1061 46.8 867 56.5 
BCG-2 2000 1655 17.3 1350 32.5 1862 6.9 1442 27.9 
BCG-3 1988 1727 13.1 1576 20.7 2212 -11.3 1937 2.6 
BCG-4 2201 1626 26.1 1348 38.8 1814 17.6 1450 34. 1 
BCG-5 2174 1750 19.5 1577 27.5 2226 -2.4 1902 12.5 
BCG-6 1936 1630 15.8 1369 29.3 1811 6.5 1473 23.9 
BCG-7 1838 1531 16.7 1199 34.8 1607 12.6 1175 36.1 
BCG-8 2147 1734 19.3 1507 29.8 2085 2.9 1684 21.6 
BCG-9 1831 1569 14.3 1285 29.8 1635 10.7 1362 25.6 
ESS-01 1412 1234 12.6 1062 24.8 1185 16.1 794 43.8 
NOV01 1556 1187 23.7 1064 31.6 1402 9.9 1074 31.0 

NOV02-2 1168 963 17.5 591 49.4 890 23.8 808 30.8 
NOV03-2 1244 969 22.1 470 62.2 677 45.5 636 48.9 
NOV04 1434 988 31.1 464 67.6 682 52.5 636 55.7 

NOV04-2 1582 1169 26.1 656 58.5 1007 36.3 899 43.2 
NOV05 1167 973 16.6 550 52.8 797 31.7 741 36.5 
NOV06 1669 1202 28.0 1076 35.5 1415 15.2 1144 31.4 
TCP01 1567 1086 30.7 968 38.2 1373 12.4 1123 28.3 
TCP02 1531 1128 26.3 995 35.0 1440 6.0 1215 20.7 
TCP03 1330 1091 18.0 995 25.2 1414 -6.3 1172 11.9 

Table 4.2.3 Failure prediction summary 



% Error 
RSTRENG B31G 

Average 20.2 33.8 
Standard Deviation 6.6 15.3 
Minimum 4.1 7.9 
Maximum 33.7 71.0 

Table 4.4. l Failure pressure prediction statistics 
for B31 G and RSTRENG 

• Failure Ratio 
RSTRENG B31G 

1.261 1.624 
0.106 0.523 
1.043 1.086 
1.508 3.443 

• Failure Ratio= (Predicted Failure Pressure)/ (Actual Failure Pressure) 
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Failure • Predicted 
Pressure Geometric Instability 

(psi) (psi) 0/o Enor 
SOL-1 3635 4096 -12.7 
SOL-3 3545 4099 -15.6 
SOL-5 3627 4092 -12.8 
SOL-7 3258 4089 -25.5 
SOL-8 3469 4029 -16.1 
SOL-9 3375 4092 -21.3 
SOL-14 3556 3984 -12.0 
Averaae-> -16.6 
Std. Dev.-> 5.04 

• Plain Pipe solution from Section 3.2 
** RSTRENG Flow Stress= (SMYS+10000) 
*** B31G Flow Stress= (1.1xSMYS) 
.... Ritchie and Last Flow Stress= (0.9xUTS) 

•• RSTRENG 

(psi) % Error 
3109 14.5 
3158 10.9 
3113 14.2 
3060 6.1 
3197 7.8 
3074 8.9 
3155 11.3 

10.5 
3.14 

..... Modified Geometric Instability= 0.86x(Geometric Instability Pressure) 

Table 4.4.2 Plain Pipe Failure Pressure Predictions 

***B31G .... Ritchie 
and Last 

(psi) % Error (psi) % Error 
2809 22.7 3400 6.5 
2853 19.5 3454 2.6 
2813 22.4 3405 6.1 
2765 15.1 3348 -2.7 
2889 16.7 3497 -0.8 
2778 17.7 3363 0.4 
2851 19.8 3451 3.0 

19.2 2.1 
2.84 3.44 

..... Modified 
Geometric Instability 

(psi) °lo Error 
3522 3.1 
3525 0.6 
3519 3.0 
3516 -7.9 
3465 0.1 
3519 -4.3 
3426 3.6 

-0.3 
4.34 

°' '"' 



% Error 
PCORRC• Ritchie- Mod. RSTRENG-- Lona Groove-

Average 10.3 23.1 10.2 19.3 
Standard Deviation 18.28 16.59 6.72 15.48 
Minimum -17 -6 -1 -7.9 
Maximum 52 57 25 51 

Failure Ratio 
PCORRC• Ritchie- Mod. RSTRENG-- Lona Groove-

Average 1.17 1.37 1.12 1.29 
Standard Deviation 0.297 0.330 0.086 0.283 
Minimum 0.85 0.95 0.99 0.93 
Maximum 2.10 2.30 1.34 2.05 

Table 4.4.3 Failure pressure prediction statistics for PCORRC 
Ritchie and Last and Modified RSTRENG models 

* Equation (2.2.3) 
** Equation (2.2.5)- B31G with modified flow stress 
*** Equation (4.4.5) 
**'"*Equation (3.3.24) 
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Test Maximum Length Failure FE % Error 
% Depth Pressure Prediction 

(in) (psi) (psi) 
SOL-2 25 2.5 3535 3832 -8.4 
SOL-4 35 8.0 3351 3419 -2.0 
SOL-6 31 2.4 3659 3365 8.0 
SOL-10 38 5.7 3471 3321 4.3 
SOL-11 31 5.0 3154 3408 -8.0 
SOL-12 26 2.0 3127 3690 -18.0 
NOR-2 33 5.5 2619 2850 -8.8 
RLK-1 50 35.5 1370 1154 15.7 
RLK-2 55 56.4 1143 1262 -10.4 
RLK-3 40 54.0 1423 1105 22.4 
BCG-2 56 1.9 2000 1984 0.8 
BCG-3 34 1.2 1988 2048 -3.0 
BCG-4 45 4.0 2201 2124 3.5 
BCG-5 32 1.8 2174 2183 -0.4 
BCG-6 43 4.9 1936 2078 -7.3 
BCG-7 60 2.6 1838 1849 -0.6 
BCG-8 55 1.5 2147 2040 5.0 
BCG-9 44 6.2 1831 1939 -5.9 
ESS-01 72 3.9 1412 1370 3.0 
NOV01 53 5.2 1556 1476 5.1 
NOV04 53 16.4 1582 1633 -3.2 
NOV06 44 6.7 1669 1566 6.2 
TCP01 38 8.4 1567 1555 0.8 
TCP02 29 8.0 1531 1521 0.6 
TCP03 49 3.6 1330 1378 -3.6 

Average-> -0.18 
Standard Deviation -> 8.45 

Table 4.5.1 Finite Element Failure Predictions 



165 

% Error Failure Ratio 
CPS CPS 

Averaae 3.1 1.04 
Standard Deviation 6.5 0.070 
Minimum -8 0.93 
Maximum 17 1.20 

Table 5.1. l Failure pressure prediction statistics for CPS 



Percent Error * Probability of Probability of 

Mean Standard a Non-conservative a Conservative 
Deviation Prediction Prediction 

(%) (%) (-) (-) 

B31G 33.6 15.3 1.39E-02 9.86E-01 
RSTRENG 20.2 6.6 1.08E-03 9.99E-01 

CPS 3.1 6.5 3.17E-01 6.83E-01 

FE-All -0.2 8.4 5.08E-01 4.92E-01 
FE-New Scanner 0.1 4.1 4.94E-01 5.06E-01 

Table 5.2. l Summary statistics for the percent error in various evaluation procedures 
• Percent Error= (FPAc1u111-FPPrcdic1cd)/FPAclu11I* l00% 

Example: BCG 02 FP = 2000 psi 
SMYS = 42000 psi 
t = 0.184" 
OD= 10.747" 

Raw Residual ** Predicted Operating Failure Function 
Mean Standard Failure Pressure Mean Standard 

Deviation Pressure *** Deviation 
(psi) (psi) (psi) (psi) (psi) (psi) 

831G 702 258 1350 1072 979 258 
RSTRENG 450 192 1655 1072 1033 192 
CPS 57 146 1969 1072 954 146 
FE-All -21 190 1984 1072 890 190 
FE-New Scanner 1 74 1984 1072 913 74 

Table 5.2.2 Probability of defect failure based on operating pressure and the raw residuals 

•• Raw Residual= (FPE~pcrimcn1a1-FPPrcdic1cd) 

• • • Operating Pressure Stress Level = 72% SMYS 

Probablllty 
of 

Failure 
(-) 

7.49E-05 
3.53E-08 
2.93E-11 
1.36E-06 
0.00E+00 

-°' °' 



Example: BCG 02 FP = 2000 psi 
SMYS = 42000 psi 
t = 0.184" 

OD= 10.747" 

Raw Residual .. Predicted Probability 

Mean Standard Failure of 
Deviation Pressure Failure . 

(psi) (psi) (psi) (-) 

B31G 702 258 1350 1.00E-06 
RSTRENG 450 192 1655 1.00E-06 
CPS 57 146 1969 1.00E-06 
FE-All -21 190 1984 1.00E-06 
FE-New Scanner 1 74 1984 1.00E-06 

B31G 702 258 1350 1.00E-03 
RSTRENG 450 192 1655 1.00E-03 
CPS 57 146 1969 1.00E-03 
FE-All -21 190 1984 1.00E-03 
FE-New Scanner 1 74 1984 1.00E-03 

Table 5.2.3 Allowable operating pressure for various probabilities of failure 
•• Raw Residual = (FPexpcrimcntal-FPPrcdictcd) 

Failure 
Function 

Mean 
(psi) 
2051 
2105 
2026 
1962 
1985 

2051 
2105 
2026 
1962 
1985 

Allowable 
Operating 
Pressure 

(psi) (% SMYS) 
820 57 
1191 83 
1331 93 
1058 74 
1632 113 

1253 87 
1513 105 
1576 110 
1376 96 
1756 122 

-°' ....... 



Allowable Allowable 
Operation Operation Defect Defect 
Pressure Pressure Depth Depth 
(%SMYS) (psi) (%) (inches) 

72 743 61 0.228 
100 1032 46 0.172 
135 1393 27 0.100 

Table 6.5.1 Long Groove solution - defect failure pressure 
as a function of defect depth 

Maximum Maximum 
Defect Defect Defect 

Defect Depth Depth Length 
(%) (inches) (inches) 

TCP02-1A-F 43 0.161 25.2 
TCP02-1G 32 0.118 7.3 
TCP02-1H 41 0.153 1.8 

Actual Failure Pressure: 1531 psi 

Table 6.5.2 Defect depths and predicted failure pressure 
for selected defects on pipe section TCP-02 
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Predicted Failure Pressure 
CPS RSTRENG B31G 
<osi) (psi) (psi) 
1349 1018 645 
1463 1128 995 
1454 1162 1117 
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CPS FE RSTRENG B31G 
Defect Calc'd Prob. Calc'd Prob. Calc'd Prob. Calc'd 

Failure of Failure of Failure of Failure 
Pressure Failure Pressure Failure Pressure Failure Pressure 

(psi) (-) (psi) (-) (psi) (-) (psi) 

TCP02-1AF 1349 5.16E-03 - - 1018 1.16E-02 645 
TCP02-1G 1463 4.12E-04 1521 5.03E-07 1128 2.23E-03 995 
TCP02-1H 1454 5.14E-04 - - 1162 1.27E-03 1117 

Table 6.5.3 Defect reliability for defects in section TCP-02 an operating pressure 
of 1032 psi (100% SMYS) 

Prob. 
of 

Failure 
(-) 

1.12E-01 
5.01E-03 
1.16E-03 

CPS FE RSTRENG B31G 
Defect Calc'd Maximum Calc'd Maximum Calc'd Maximum Calc'd 

Failure Operating Failure Operating Failure Operating Failure 
Pressure Pressure Pressure Pressure Pressure Pressure Pressure 

(psi) (osi) (osi) (psi) <osi) (osi) (osi) 
rrCP02-1AF 1349 710 - - 1018 552 645 
TCP02-1G 1463 824 1521 1169 1128 662 995 
TCP02-1H 1454 815 - - 1162 696 1117 

Table 6.5.4 Allowable operating pressures for defects in pipe section TCP-02 for 
a Ix I 0"-6 probability of failure. 

Maximum 
Operating 
Pressure 

(osi) 
117 
467 
589 
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Figure 3. l .2a Partial ductile tearing of a pit ligament (57X) 

Figure 3. I .2b Partial ductile tearing of a pit ligament (230X) 
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Figure J.J. I a: Long. longitudinally oriented natural corrosion defect 

Figure J.J. I b: Long. longitudinally oriented natural corrosion dcli.:ct 
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Figure 3A.3a: Single pit finite element mesh - full model 
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Figure 3A.3b: Single pit finite element mesh - full model - mesh at pit location 
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Figure 3.-+.8: Single pit finite clement mesh 
- varying the circumferential dimension 
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Figure-+. 1. la: Typical fracture path for a flat-bottomed defect 
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defect p..:.-::11cter 

Figure -+.1.1 c: Fracture path for a flat-bottomed defect with 
a small circumferential dimension 
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Figure 4. l .2b: Test NOV 06 at failure location 
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Figure 4.2.3b University of Waterloo 3-D scanner and data system 
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Figure 4.2.4 University of Waterloo Compact Scanner 

Figure 4.2.5 University of Waterloo Long Scanner 
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Figure 4.5. lc Local finite element mesh at the defect 



246 

Figure -1-.5. ld Global finite clement mesh shO\ving model extent 
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Figure 6.5. l Pipe section TCP02 - corrosion defects 

Figure 6.5.2 Pipe section TCP02 - corrosion defects 
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Figure 6.5.4 Pipe section TCP02 -defect TCP02-IA-IF 

Figure 6.5.5 Pipe section TCP02 - defect TCP02-IG 
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• • Interaction Distance= 2xWT = 0.746" 
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Figure 6.5.9 TCP02-IG Scanner image and surface plots 
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