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Applications of Statistics to Pipeline Safety


Executive Summary

There are numerous applications of statistics that are not addressed in U.S. DOT pipeline safety regulations and pipeline industry standards, recommended practices, and guides.  Pipeline statistical applications include:
1. Pipe mill test reports,
2. Cathodic protection surveys,
3. Corrosion direct assessment,
4. Pipeline fracture initiation,
5. Pipeline fracture arrest,
6. Analysis of pipeline failures,
7. Leak detection capability analysis,
8. Oil loss analysis,
9. Pipeline interfaces,
10. Custody transfer measurement performance,
11. Instrumentation calibrations, 
12. Equipment performance analysis,
13. Pipeline in-line inspection analysis,
14. Pipeline failure modeling,
15. Pressure testing effectiveness, 
16. Uncertainty in custody transfer transactions, and
17. Odorant concentration analysis.

Proper application of statistics in pipeline matters usually involves the establishment of a minimum or a maximus permissible limit value such as:
1. Maximum operating pressure,
2. Minimum operating pressure,
3. Maximum operating temperature,
4. Minimum operating temperature,
5. Instrumentation calibration,
6. Minimum detectable odorant concentration,
7. Minimum wall thickness measurements, 
8. Pipeline minimum yield strength,
9. Maximum pipe weldability chemical components,
10. Minimum pipe to soil cathodic protection potential,
11. In-line inspection calibration, and
12. Minimum detectable level of odorant.

The normal practice in pipeline integrity and safety has been to use the average of a set of critical integrity or safety data that has random and systematic variations from the average.  However, factors of safety should be separated from variations and uncertainties in data.  Data averages should not be used as though the average values are perfect and without error.   Average values often have a significant chance of being too low and inadequate for safety.  Factors of safety have traditionally been used to avoid the need for statistical analysis and undefined conditions that create pipeline integrity or safety problems creating leaks and far worse ruptures.

Factors of safety will always be necessary to account for the limitations and refusals of some pipeline companies to identify, design, operate, and maintain pipeline facilities with a clear margin of safety.  These companies make a token effort to comply with regulatory requirements and are unlikely to go beyond the explicitly sated requirements in regulations.

Proper statistical analysis is a powerful tool in eliminating much of the uncertainty or risk due to the unknown accuracy and reliability of critical integrity and safety data.  Proper statistical analysis is also one of the least expensive activity that a pipeline company can perform to promote integrity and safety of people, property, and the environment by removing much of the guesswork in performing pipeline safety and integrity activities.

The critical answer to safety and analysis of factors of safety is “How do we account for errors and/or uncertainties in mechanical analysis to avoid pipeline failure issues?”  How can one justify using data collected from a very small part of a mechanical system such as a pipeline segment and applying the data to the system as a whole?

To be more specific, is it proper to apply data collected from 0.1% of a pipeline segment to the remaining 99.9% of the pipeline segment when the collected data is known to have both systematic and random variations.  All data has both systematic and random variations and the data should be analyzed using proper statistical analysis to ensure that the random and systematic variations do not exceed limits that may cause leakage or rupture of a pipeline.

This application of 0.1% of the data to 99.9% of the unsampled part of a mechanical system such as a pipeline system is termed probability of exceedance analysis and extreme value analysis.  This paper endeavors to clarify the issues and provide guidance on how to avoid improper use of a small amount of sampling data to characterize the pipeline system as a whole.

Risk and cost/benefit analyses are based on comparing the cost of a particular activity versus a wide variety of benefits.  Statistical analysis is necessary to evaluate and possibly integrate the values and benefits of a certain activity or action.  Properly conducted statistical analysis will remove much of the guess work in pipeline integrity activities.
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1.0	Introduction on Pipeline Statistical Applications

There are numerous applications of statistics that are not addressed in U.S. DOT pipeline safety regulations and pipeline industry standards, recommended practices, and guides.  Pipeline statistical applications include:
1. Pipe mill test reports,
2. Cathodic protection surveys,
3. Corrosion direct assessment,
4. Pipeline fracture initiation,
5. Pipeline fracture arrest,
6. Analysis of pipeline failures,
7. Leak detection capability analysis,
8. Oil loss analysis,
9. Pipeline interfaces,
10. Custody transfer measurement performance,
11. Instrumentation calibrations, 
12. Equipment performance analysis,
13. Pipeline in-line inspection analysis,
14. Pipeline failure modeling,
15. Pressure testing effectiveness, 
16. Uncertainty in custody transfer transactions, and
17. Odorant concentration analysis.

Proper application of statistics in pipeline matters usually involves the establishment of a minimum or a maximus permissible limit value such as:
1. Maximum operating pressure,
2. Minimum operating pressure,
3. Maximum operating temperature,
4. Minimum operating temperature,
5. Instrumentation calibration,
6. Minimum detectable odorant concentration,
7. Minimum wall thickness measurements, 
8. Pipeline minimum yield strength,
9. Maximum pipe weldability chemical components,
10. Minimum pipe to soil cathodic protection potential,
11. In-line inspection calibration, and
12. Minimum detectable level of odorant.

The normal practice in pipeline integrity and safety has been to use the average of a set of critical integrity or safety data that has random and systematic variations from the average.  However, factors of safety should be separated from variations and uncertainties in data.  Data averages should not be used as though the average values are perfect and without error.   Average values often have a significant chance of being too low and inadequate for safety.  Factors of safety have traditionally been used to avoid the need for statistical analysis and undefined conditions that create pipeline integrity or safety problems creating leaks and far worse ruptures.

Factors of safety will always be necessary to account for the limitations and refusals of some pipeline companies to identify, design, operate, and maintain pipeline facilities with a clear margin of safety.  These companies make a token effort to comply with regulatory requirements and are unlikely to go beyond the explicitly sated requirements in regulations.

Proper statistical analysis is a powerful tool in eliminating much of the uncertainty or risk due to the unknown accuracy and reliability of critical integrity and safety data.  Proper statistical analysis is also one of the least expensive activity that a pipeline company can perform to promote integrity and safety of people, property, and the environment by removing much of the guesswork in performing pipeline safety and integrity activities.

The critical answer to safety and analysis of factors of safety is “How do we account for errors and/or uncertainties in mechanical analysis to avoid pipeline failure issues?”  How can one justify using data collected from a very small part of a mechanical system such as a pipeline segment and applying the data to the system as a whole?

To be more specific, is it proper to apply data collected from 0.1% of a pipeline segment to the remaining 99.9% of the pipeline segment when the collected data is known to have both systematic and random variations.  All data has both systematic and random variations and the data should be analyzed using proper statistical analysis to ensure that the random and systematic variations do not exceed limits that may cause leakage or rupture of a pipeline.

This application of 0.1% of the data to 99.9% of the unsampled part of a mechanical system such as a pipeline system is termed probability of exceedance analysis and extreme value analysis.  This paper endeavors to clarify the issues and provide guidance on how to avoid improper use of a small amount of sampling data to characterize the pipeline system as a whole.

Risk and cost/benefit analyses are based on comparing the cost of a particular activity versus a wide variety of benefits.  Statistical analysis is necessary to evaluate and possibly integrate the values and benefits of a certain activity or action.  Properly conducted statistical analysis will remove much of the guess work in pipeline integrity activities.

2.0	Fundamental Statistical Concepts

2.1	Introduction

All measurement activities experience variations or uncertainties in expected values.  Most of these variations exhibit randomness around an unknown average of the data.  Random values are normally distributed around the expected or average values.  Other variations in measurements may exhibit a systematic trend of being somewhat higher or lower than an expected value or average.  Systematic errors can only be determined by comparisons against high accuracy calibration standards and intensive control of measurement variables.  

For many sets of measurements in industrial applications, the scatter or variability of the data approaches the characteristics of a normal (Gaussian), symmetrical bell shaped distribution with the data is distributed equally around the average of data set.  Fluid mixing characteristics, for example, have also been found to exhibit the characteristics of a normal distribution and are modeled as a normal distribution.  However, efforts should be made to characterize the random characteristics of a measured variable.  One should not always assume that all randomness follows the characteristics of a symmetrical normal distribution.

2.2	Analysis of Data Symmetry

Before an assumption is made that a set of data can be modeled as a symmetrical normal distribution, the data should be analyzed to determine that it displays a symmetrical distribution of values.  The mean and median should be approximately the same for symmetry of data distribution purposes.

Table 1 is an example of a symmetrical set of maximum corrosion depth from ten (10) inspection sites in a pipeline segment having similar external corrosion properties.  When practical, samples should be limited to facilities similar in characteristics to the areas sampled.

Table 1
Hypothetical Corrosion Pitting Example

	Inspection Site No.
	Maximum Pit Depth, mils

	  1
	110

	  2
	100

	  3
	  90

	  4
	  85

	  5
	115

	  6
	  70

	  7
	110

	  8
	105

	  9
	125

	10
	  90



The data in Table 1 needs to be arranged from low to high values as shown in Table 2 to analyze the symmetry of the data to determine if a symmetrical normal distribution analysis can be made.

Table 2
Symmetrical Example of Maximum Corrosion Depth Ranking
from Lowest to Highest Value

	Inspection Site No.
	% of Total
	Maximum Corrosion Depth, mils

	  6
	  10
	  70

	  4
	  20
	  85  

	  3
	  30
	  90

	10
	  40
	  90

	  2  
	  50
	100 

	  8
	  60
	105

	  7
	  70
	110

	  1
	  80
	110

	  5
	  90
	115

	  9
	100
	125


Average = 100					Median  = 102.5

The average maximum pitting depth for the ten (10) inspection sites and the median of the sites is estimated to be between 102.5 and 1.025.  The above example is somewhat symmetrical and the distribution can be analyzed as a single bell shaped, normal distribution around the average of the data set.

Table 3 is an example of a non-symmetrical data set of maximum corrosion pit depths.

Table 3
Non-Symmetrical Example of Maximum Corrosion Depth Ranking
from Lowest to Highest Value

	Inspection Site No.
	% of Total
	Maximum Corrosion Depth, mils

	  3
	  10
	  70

	  4
	  20
	  85  

	  6
	  30
	  90

	10
	  40
	  90

	  7  
	  50
	100 

	  8
	  60
	115

	  2
	  70
	130

	  1
	  80
	140

	  5
	  90
	150

	  9
	100
	180


	Median  = 107.5				Average = 116

As shown above, the average and median values of the data set are not close and the data does not follow the pattern of a symmetrical single bell shaped, normal distribution around the average of the data set.  However, the data in Table 3 can be approximated and analyzed as two interconnected half bell shaped, normal distribution functions.

2.3	Random Variations in Symmetrical Data

Randomness is usually measured by the standard deviation of a symmetrical set of data representing measured values.  Standard deviation of a symmetrical set of numbers is calculated as:

							(1)
	where:

	s(x)	= estimated standard deviation around an average, ;
	n	= number of measurements in a data set;

		= average of n values of x; and
	xi-n	= individual measurements in a data set.

Calculation of a standard deviation is illustrated below for a symmetrical set of maximum corrosion pit depths in a section of pipeline with similar external corrosion conditions shown earlier as Table 1.

Table 4
Symmetrical Corrosion Pitting Example

	Inspection Site
 No.
	Maximum Pit Depth, Mils
	
x  - 
	
(x  - )2

	  1
	110
	  10
	 100

	  2
	100
	    0
	     0

	  3
	  90
	 -10
	  100

	  4
	  85
	 -15
	  225

	  5
	115
	  15
	  225

	  6
	  70
	 -30
	  900

	  7
	110
	  10
	  100

	  8
	105
	    5
	    25

	  9
	125
	  25
	  625

	10
	  90
	-10
	  100

	
	
100
	
	
2400



Avg.,  = 100


					(Equation 1)

The standard deviation of a set of numbers or measurements can also be estimated as follows to facilitate manual or pocket calculator computation:

									(2)
where:
	W	= range (high value-low value) in a set of numbers and
	D(n)	= range to standard deviation conversion factor, see Table 5.

For the previous Table 4 example, s(x) would be estimated as follows:


					(equation 2)

Table 5
Range to Standard Deviation Conversion Factors for Symmetrical Data
	Number of Values in Set, n
	Range to Standard Deviation Conversion Factor, D(n)

	2
	1.128

	3
	1.693

	4
	2.059

	5
	2.326

	6
	2.534

	7
	2.704

	8
	2.847

	9
	2.970

	10
	3.078

	11
	3.173

	12
	3.258

	13
	3.336

	14
	3.407

	15
	3.472

	16
	3.532

	17
	3.588

	18
	3.640

	19
	3.689

	20
	3.735

	21
	3.778

	22
	3.819

	23
	3.858

	24
	3.895

	25
	3.931

	30
	4.082

	40
	4.329

	50
	4.505

	                   100
	                   5.00 

	                   500
	5.988

	                1,000
	6.494



The above calculations apply to a repeated set of measurements of a single variable.  Repeated measurements are those that generally meet the following criteria:
1. A single operator at a single given location making,
2. Successive measurements on the same body of material, over
3. A short time interval, with
4. The same measurement devices, and under,
5. Constant operating conditions.

The purpose of the above set of conditions is to limit or minimize the effects of time, temperature, operator technique, wear, and physical changes in the body of material that introduce systematic, non-random uncertainties in a set of measurements.

Since random effects exhibit scatter or variability around the average or median for a set of measurements, it is necessary to estimate a range of uncertainty for a specific value in a set of data.  In our example in Tables 1,2, and 4, corrosion pits depth varied from 70 to 125 mils for the inspected segments.  If this pipeline location was identical to other nearby locations, what is the range of uncertainty and confidence level for selecting a specific depth of corrosion as being the deepest pit in the vicinity of the inspected segment of pipeline?

A range of +1 standard deviation encompasses only about 68 percent of the measured values in a normal distribution.  A wider range than +1 standard deviation, such as +2 standard deviations, encompasses about 95.5% of the measured values in a normal distribution and better describes the scatter in measured data.

Normal industrial statistical practice involving quality and safety issues is to use a confidence interval of at least +2 standard deviations or +1.96 standard deviations that corresponds to about a 95% confidence level.  With a 95% confidence level, the probability an assumed value will fall outside a range of about two standard deviations of the average is 5%.  With a 95% confidence level, the probability that a measured value will be higher or will be lower than the stated range of the data set is about 2.5%.  However, in most sampling applications, the application range of sampled data is much greater than 5% to 95%.  

A very critical consideration in selecting a proper confidence level for statistical analysis is the probability that a value may fall beyond the limits of the stated confidence level or range.   If this is a critical factor such as whether a pipeline will leak or will rupture in a populated area, a higher confidence level should be considered.  A confidence level of 99% results in only a 1% probability that a value will be outside this range and leak or rupture.  With a 99% confidence level, the probability of a higher value causing a leak or rupture is 0.5% and the probability of a lower value not causing a leak or rupture is also 0.5% with a normal distribution.

If there are more than one critical measured variable such that any one excessive value of the measured variable can cause critical or severe consequences, a higher confidence level will be appropriate for each set of data.  For example, if there are five critical components in an airplane control system and a failure of any one component can be critical and cause an airplane to crash, to achieve a confidence level of 99% of the control system, each component would need to individually exhibit a performance confidence level of 99.8%.  However, if a system requires that all components in a system fail before a critical level is reached, and the required system confidence level is 99%, the confidence level of individual components could be lowered to about 60% to achieve a 99% confidence level for the system. 

In the case of corrosion in a pipeline, the confidence level should also be based on the potential consequences of a failure.  High consequence areas should require a higher confidence level than a low consequence area in a remote location.  It must also be remembered that it is not unusual for an older pipeline to have thousands of corroded areas in each mile.

The uncertainty range around the average in a set of data due to only random errors or variations of small sets of individual measurements is:


							(3)
	where:
	R(x)	     = single sided uncertainty range in a single value from a group of 
		        individual measurements, + or - measured value and
T (%, n-1) = single sided t-distribution factors for n-1 degrees of freedom and a 
	         specified confidence level.  See Table 6.

Table 6
t-distribution Standard Deviation to
Uncertainty Range Conversion Factors (Single Sided)

    			       Ts (%, n-1) vs. Confidence Level				
	Degrees of Freedom (n-1)
	90%
	95%
	97.5%
	99.5%
	99.9%
	99.95%

	  1
	3.78
	6.314
	    12.71
	    63.66
	 318.309
	636.6

	  2  
	  1.886
	2.920
	      4.303 
	     9.925
	   22.327
	   31.60

	  3
	  1.638
	2.353
	      3.182
	     5.481
	   10.215
	   12.92

	  4
	  1.533
	2.132
	      2.776
	    4.604
	   7.173
	       8.610

	  5
	  1.476
	2.015
	      2.571
	    4.032
	   5.893
	       6.869

	  6
	  1.440
	1.943
	      2.447
	    3.707
	   5.208
	       5.959

	  7
	  1.415
	1.895
	     2.367
	    3.499
	  4.785
	       5.408

	  8
	  1.397
	1.860
	     2.306
	    3.355
	4.501
	       5.041

	  9
	  1.383
	1.833
	     2.262
	    3.250
	4.297
	       4.781

	10
	  1.372
	1.812
	     2.228
	    3.169
	4.144
	       4.587

	11
	  1.363
	1.796
	     2.201
	    3.106
	4.025
	       4.437

	12
	  1.356
	1.782
	     2.179
	    3.055
	3.930
	       4.318

	13
	  1.350
	1.771
	     2.160
	    3.012
	3.852
	       4.221

	14
	  1.345
	1.761
	     2.145
	    2.977
	3.787
	       4.140

	15
	  1.341
	1.753
	     2.131
	    2.947
	3.733
	       4.073

	16
	  1.337
	1.746
	     2.120
	    2.921
	3.686
	       4.015

	17
	  1.333
	1.740
	     2.110
	    2.898
	3.646
	       3.965

	18
	  1.330
	1.734
	     2.101
	    2.878
	3.610
	       3.922

	19
	  1.328
	1.729
	     2.093
	    2.861
	3.579
	       3.883

	20
	  1.325
	1.725
	     2.086
	    2.845
	3.552
	       3.850

	21
	  1.323
	1.721
	     2.080
	    2.831
	3.527
	       3.819

	22
	  1.321
	1.717
	     2.074
	    2.819
	3.505
	       3.792

	23
	  1.319
	1.714
	     2.069
	    2.807
	3.485
	       3.768

	24
	  1.318
	1.711
	     2.064
	    2.797
	3.467
	       3.745

	25
	  1.316
	1.708
	     2.060
	    2.787
	3.450
	       3.725

	30
	  1.310
	1.697
	     2.042
	    2.750
	3.385
	       3.646

	40
	  1.303
	1.684
	     2.021
	    2.704
	3.307
	       3.551

	50
	  1.299
	1.676
	     2.009
	    2.678
	3.261
	      3.496



Use of t-distribution functions (also known as Student’s t-distribution) is critical for small sample sizes.  Pipeline data sets or sample sizes are usually small at specific locations in or individual components.  Unfortunately, some sources of pipeline performance data and information use the values for infinite numbers of measurement and understate the uncertainty in measuring performance or don’t consider uncertainties in the data.  This results in overstating the performance of the pipeline equipment and procedures.  Another source of overstating performance is to use standard deviations of the averages and only repeated data measurements.  When individual values are critical, uncertainty analysis must be based on the uncertainty of individual measurement, not the average of sets of averages.  However, when sets of measurements are repeated over and over, the use of random characteristics of averages may be appropriate in some applications.

The maximum uncertainty limit, Max. U(x), in a set of data is calculated as follows:


								(4)

The minimum uncertainty limit, Min. U(x), in a set of data is calculated as follows:


								(5)

For the example in Tables 1 and 2 of maximum corrosion pits measured along a segment of pipeline, the single sided random uncertainties in the average of 100 mils for n – 1 or 9 degrees of freedom are:
1. At an 90% confidence level, R(x = 1.383 x 16.33 mils = +22.5 mils.
2. At a 95% confidence level, R(x) = 1.833 x 16.33 mils = +29.9 mils.
3. At a 97.5% confidence level, R(x) = 2.262 x 16.33 mils = +36.9 mils.
4. At a 99.5% confidence level, R(x) = 3.250 x 16.33 mils = +53.1 mils.
5. At a 99.95% confidence level, R(x) = 4.781 x 16.33 mils = +78.1 mils.

The following statements can also be made for the example in Tables 1 and 2 regarding an individual corrosion pit depth exceeding a certain value where only single sided uncertainty is considered:
1. There is a 90% confidence level an individual corrosion pit depth will not exceed 122.5 mils (100 mils + 22.5 mils).  There is a 10% probability that an individual corrosion pit depth in an uninspected part of the pipeline segment will exceed 122.5 mils.
2. There is a 95% confidence level an individual corrosion pit depth will not exceed 129.9 mils (100 mils + 29.9 mils).  There is a 5% probability that an individual corrosion pit depth in an uninspected part of the pipeline segment will exceed 129.9 mils.
3. There is a 97.5% confidence level an individual corrosion pit depth will not exceed 136.9 mils (100 mils + 36.9 mils).  There is a 2.5% probability that an individual corrosion pit depth in an uninspected part of the pipeline segment will exceed 136.9 mils.
4. There is a 99.5% confidence level an individual corrosion pit depth will not exceed 153.1 mils (100 mils + 53.1 mils).  There is a 0.5% probability that an individual corrosion pit depth in an uninspected part of the pipeline segment will exceed 153.1 mils.
5. There is a 99.95% confidence level an individual corrosion pit depth will not exceed 178.1 mils (100 mils + 78.1 mils).  There is a 0.05% probability that an individual corrosion pit depth in an uninspected part of the pipeline segment will exceed 178.1 mils.

In addition to random variations in measured corrosion pit depths, there will always be both random and systematic errors and effects in the measurement equipment, measurement techniques, and geometric shape of corrosion pits.  If these are estimated at + 10 mils at a 99% confidence level, these effects should be added in appropriate ways to the randomness of corrosion pit depths.  If these effects are known to be random and independent of corrosion depth randomness, their combined effects can be combined.

If the random measurement effects are about +10 mils at a 99% confidence level, the corresponding standard deviation of the measurement would be:


						(Equation 3)

The uncertainty of each measurement at various confidence levels and 9 degrees of freedom (see Table 6) would be:
1. At 90% confidence level, 3.1 mils x 1.38 = +4.3 mils.
2. At 95% confidence level, 3.1 mils x 1.83 = +5.7 mils.
3. At 97.5% confidence level, 3.1 mils x 2.26 = +7 mils.
4. At 99.5% confidence level, 3.1 mils x 3.25 = +10 mils.
5. At 99.95% confidence level, 3.1 mils x 4.78 = +14.8 mils.

Independent sources of random errors or uncertainties can normally be combined using the root sum square methods if randomness is known to exist.  The independence and roundness of each quantity must be determined.  The root sum square equation is:


					(6)

	where:

		= combined random uncertainty,

		= square of random uncertainty source 1,

		= square of random uncertainty source n.

The root sum square equation (6) can also be used for combining standard deviations from various random sources.  For this example, the combined standard deviation becomes:


				(Equation 6)

If these sources of error are not completely random, the calculated potential errors would be greater.   Care must be exercised in using the root-sum-square method of combining different sources of error or uncertainty unless systematic effects are negligible.

The above example also shows that small sources of random errors or uncertainties have little effect on the overall random errors or uncertainties.

2.4	Analysis of Non-Symmetrical Data

Section 2.3 covered single sided random variations in a symmetrical set of data.  In pipeline safety analysis and many other types of safety studies, there is a need to define the minimum or the maximum range of values from a set of data.  For example, an analysis of measured pipe yield strengths or pipe wall thickness will be concerned with the minimum value in the data set.  An analysis of corrosion depths, widths, and lengths will be concerned with the maximum range of corrosion dimensions.  These types of data analysis involve single sided analysis of random statistical variations.  However, the data may not be symmetrical around the average of the data set.

The single sided uncertainty in a set of data is a plus value added to the average if the analysis involves the maximum probable value in a set of data.  The single sided uncertainty in a set of data is a negative value subtracted from the average if the analysis involves the minimum probable value in a set of data.

The single sided uncertainty due to random variations of individual sets of measurements is:


							(Equation 3)
	where:
	Rs (x) = single sided uncertainty in a single value from a group of individual
		 measurements, + or – measured value and
	Ts (%, n-1) = single sided t distribution factors for n -1 degrees of freedom and
		 a specified confidence level.

For the symmetrical corrosion pit data set in Table 1, with an average depth of 100 mils and a standard deviation of 16.33 mils, the maximum probable corrosion depth at a single sided confidence level of 95% would be:


     (Equation 3)
	
The maximum corrosion pit depth at a 95% confidence level is:


     (Equation 4)

For a non-symmetrical data set such as in Table 3, separate standard deviations should be calculated for above and below the average for the set.  The standard deviation on each side of the average for the data set can be calculated as follows with n equal to the data points above or below the average.

						   (Equation 1)

Standard deviations for the non-symmetrical example in Table 3 are as follows.

Table 7
Non-Symmetrical Example of Maximum
Corrosion Depth Ranking 

	Inspection Site No.
	Maximum Pit Depth
	

	


	  6
	70
	-46
	2,116

	  4
	85
	-31
	   961

	  3
	90
	-26
	   676

	10
	90
	-26
	   676

	  2
	100
	-16
	   256

	  8
	115
	  -1
	       1

	  7
	130
	 14
	   196

	  1
	140
	 24
	   576

	  5
	150
	 34
	1,156

	  9
	180
	 64
	4,096

	
	

	
	Ʃ = 10,710



The standard deviation for both sides of the average is:


					(Equation 1)	

For data greater than the average of 116 mils, the estimated standard deviation for inspection sites 1, 5, 7, and 9 is:


	 (Equation 1)

The estimated standard deviation for inspection sites 2, 3, 4, 6, 8, and 10 is:


   (Equation 1)

For the non-symmetrical example in Table 3, the uncertainty in the maximum corrosion pit at an inspection site at a 95% confidence level is:


       (Equation 3)

The maximum corrosion pit depth in the pipeline segment at a 95% confidence level, 5% uncertainty level, is:


             (Equation 4)

For the non-symmetrical example in Table 3, the uncertainty in the minimum corrosion pit at an inspection site at a 95% confidence level, 5% uncertainty level, is:


         (Equation 3)

2.5 	Statistical Data Uncertainty Target

The example in Tables 1 and 2 includes 10 inspection sites, each 10 feet of pipe in length.  The 10 inspection sites covered a pipeline segment length of 10 miles.  The 10-mile segment contained 5,280 potential 10 ft. long inspection sites.  The percent of the 10-mile long segment that was inspected was 0.19% [(10 ÷ 5,280) x 100%].  The percent of the 10-mile segment that was not inspected was 99.81% [(5,270 ÷ 5,280) x 100%].  The uncertainty level in this case for the statistical analysis of the maximum pit depth should be limited to 0.19% or the confidence level in this case for the statistical analysis of the maximum corrosion pit depth should be at least 99.81%.

The statistical analysis for the maximum corrosion pit depth included the following confidence levels:
1. There is a 99.5% confidence level that an individual corrosion pit in the uninspected parts of the 10-mile pipeline segment will not exceed 153.1 mils. (100 mils + 53.1 mils).
2. There is a 99.95% confidence level that an individual corrosion pit in the uninspected parts of the 10-mile pipeline segment will not exceed 178.1 mils. (100 mils + 78.1 mils).

For a 99.81% confidence level that maximum corrosion pit depth in the uninspected parts of the 10-mile segment will be between 153.1 mils and 178.1 mils.  Interpolation between these two data points calculates a maximum corrosion depth of 170.3 mils {153.2 + [(178.1 – 153.1) (99.8 -99.50)] ÷ (99.95 – 99.50)}.

The value of the maximum corrosion pit data to meet the unsampled and measured percentage of the pipeline system is 170.3 mils, not the average of 100 mils.  The mechanical analysis of whether a pipeline segment needs to be repaired, replaced, or the operating stress lowered must be based on 179.3 mils, not 100 mils which is commonly done by pipeline companies and their contractors.


3.0	Probability of Exceeding Analysis 

3.1	Introduction

The probability of throwing a die one time and a specific number such as four appearing on top is 1 in 6 or 16.67%.  The probability of throwing a die one time and a number other than four appearing on top of the die is 5 in 6 or 83.33%.  The probability calculations are:
1. 
Probability of a four = = 0.1667 or 16.67%.
2. 
Probability of a number other than four = 1 – = 1 – 0.1667 = 83.33%.

The probability of throwing a die twice and a specific number such as four appearing both times is 2.78%.  The probability of throwing a die twice and a four not appearing twice on top of the die is 97.22%.  These probability calculations are:
1. 
Probability of two tosses and two fours =  0.0278 or 2.78%.
2. 
Probability of two tosses and not having two fours = 1 - 0.9722 or 97.22%.

The probability of throwing a die twice and a specific number such as four not appearing at either time is 69.44%.  The probability of throwing a die twice and a specific number such as a four appearing at least once is 30.56%.  These probability calculations are:
1. 
Probability of two tosses of a die and a four not appearing once is: 
0.3056 = 30.56%.
2. Probability of two tosses of a die and a four appears at least once is:

0.6944 = 69.44% or 1 - 0.3056 = 0.6944 = 69.44%.

The probability of exceeding analysis is the same as the above examples where the probability in percent of exceeding a value one time is equal to the 100% less the probability in percent of not exceeding a value one time.  In probability of exceeding (POE) analysis, the equations that express these calculations are:


	.							(7)
	
	POE   = 1.00 – PNE.								(8)

	where:
	POE = probability of exceeding a certain value in n events,
	PNE = probability of not exceeding a certain value in n events,
	P1, P2--- Pn = probability of each attempt or event to equal a certain value, and
	(1 – P1), (1 – P2)---(1 – Pn) = probability of each attempt or event not to exceed a  
		certain value.

3.2	Examples of Pipeline POE Analysis

3.2.1	Sampling Statistics

Section 2.2 in Tables 1 and 2 contained an example of a set of symmetrical corrosion pits data from ten inspection sites.  For our purposes, assume that the inspections covered 10 1-foot long section of a pipeline 1-mile long with comparable corrosion conditions.  Therefore, there are 528 ten 1-foot long in length sections of this pipeline and 518 ten    1-foot sections that are not inspected.  The statistical characteristics of this example in section 2.2 were:
1. Mean corrosion depth = 100 mils,
2. Maximum corrosion depth = 125 mils,
3. Standard deviation of individual corrosion depths = 16.33 mils.

3.2.2	Example 1

In this example, if the pipe thickness is 0.219 inch, 219 mils, and the maximum allowable corrosion thickness to prevent a leak is 0.8 x 219 mils or 175 mils.  The allowable depth of corrosion is 44 mils.  POE analysis will be used to estimate the probability that at least one of the remaining 518 uninspected 10-feet segments will contain corrosion that exceeds a corrosion depth of 175 mils.

The probability that a single 10-feet segment of pipe will have corrosion that exceeds a depth of 175 mils is calculated as follows:
1. 
						(Equation 4)
2. 
						(Equation 3)	
3. 
  (Equations 3&4)
4. For n = 10 – 1 = 9 degrees of freedom, T (%) = 4.60 corresponds to a single sided confidence level or probability of about 99.95% (0.9995).
5. The probability that a single 10-feet segment of uninspected pipe will have a corrosion pit of less than 175 mils is 99.95%.  The probability that a single uninspected 10-feet segment of pipe will have a depth of 175 mils or greater is 0.05%.
6. The PNE that 518 remaining uninspected 10-feet pipe segments will not have a corrosion pit exceeding 175 mils is:
PNE = (0.9995)518 = 0.77 = 77%.					(Equation 7)
7. The POE of one of the remaining 518 10-feet uninspected segments will contain a corrosion depth of 175 mils or greater is:
POE = 1 – PNE = 1 – 0.77 = 0.23 or 23%.				(Equation 8)
8. POE is too low and lower allowable corrosion thickness limit than 175 mils of remaining pipe thickness must be selected.

3.2.3	Example 2

In this next example, if the maximum length of corrosion is four inches and the allowable corrosion depth is 135 mils, the POE analysis steps would be:
1. 
						(Equation 4)
2. 
						(Equation 3)
3. 
    (Equations 3&4)
4. For n – 1 = 9 degrees of freedom, T (%) = 2.15 corresponds to a single sided confidence or probability is about 97% (0.97).
5. The probability that a single 1-foot segment of uninspected pipe will have a corrosion pit of less than 135 mils is 97% (0.97).  The probability that a single uninspected ten feet segment of pipe will have a depth of 135 mils is about 3% (0.03).
6. The PNE that 518 remaining uninspected 1-foot segments will not have a corrosion pit exceeding 135 mils is:
PNE = (0.97)518 = 0.00000011 = 0.000011%.			(Equation 7)
7. The POE of one of the remaining 518 1-foot uninspected segments will contain a corrosion depth of 135 mils or greater is:
POE = 1 – 0.00000014 = 0.9999999 or 99.99999%.			(Equation 8)
8. This POE is extremely high.

The POE analysis indicates there will be few, if any, uninspected segments with corrosion that exceeds the given criteria.  If the actual corrosion length is found to be longer than four inches, the allowable corrosion depth will be less. 

3.3.4	Example 3

In this next example, if the maximum corrosion pit depth is 153 mils for failure of a four-inch long corroded area, the POE analysis for pipeline failure would be: 
1. 
						(Equation 4) 
2. 
						(Equation 3)
3. 
	     (Equations 3& 4)
4. For n – 1 = 9 degrees of freedom, T (%) = 3.25 corresponds to a single sided confidence or probability is about 99.5% (0.995).
5. The probability that a single 1-foot segment of uninspected pipe will have a corrosion pit of less than 153 mils is 99.5% (0.995).  The probability that a single uninspected 1-foot segment of pipe will have a depth of 153 mils is about 0.5% (0.005).
6. The PNE that 518 remaining uninspected 1-foot pipe segments will not have a corrosion pit exceeding 153 mils is:
PNE = (0.995)518 = 0.0745 = 7.45%.					(Equation 7)
7. The POE that one of uninspected 1-foot pipe segments will have a corrosion depth exceeding 153 mils is: 
POE = 1 – 0.075 = 0.92.5 = 92.5%.					(Equation 8)
8. This is an appropriate POE.

3.3.5	Example 4

POE calculations for a maximum depth of 169 mils are: 
1. 
						(Equation 4)
2. 
						(Equation 3)
3. 
		      (Equations 3&4)
4. For n – 1 = 9 degrees of freedom, T (%) = 4.23 corresponds to a single sided confidence or probability is about 99.95% (0.9995).
5. The probability a single 1-foot segment of uninspected pipe will have a corrosion pit of less than 169 mils is 99.95% (0.9995).  The probability that a single uninspected 1-foot segment of pipe will have a depth of 169 mils is about 0.05% (0.0005).
6. The PNE that 518 remaining uninspected 1-foot pipe segments will not have a corrosion pit exceeding 169 mils is:
PNE = (0.9995)518 = 0.77 = 77%.					(Equation 7)
7. The POE that one of uninspected 1-foot pipe segments will have a corrosion depth exceeding 169 mils is: 
POE = 1 – PNE = 1 – 0.77 = 0.23 = 23%.				(Equation 8)
8. This POE is too high.

Since POE is 23%, a further reduction in MAOP should be made to reduce the POE to a reasonable level for the class location and high consequence area.
1. A normal practice in the pipeline industry recommended by Dr. John Kiefner, et al and the U.S. DOT has been to lower the operating pressure of a pipeline by at least 20% until the pipeline repairs are complete.
2. In our example, if the maximum allowable depth for a four-inch long corroded area is 135 mils at the normal MAOP of the pipeline, with a 20% MAOP reduction, assume the allowable pit depth becomes 169 mils (135 mils ÷ 0.8).
3. POE question is:  What is the POE the corroded area will be deeper than 169 mils?

3.4	POE Statistical Analysis of Multiple Related Sources of Uncertainty

When a calculated value involves the product of several terms with each term having its own uncertainty, the uncertainty of the calculated value will be different than the uncertainties of the terms involved with the calculation.  For example, if the product of X, Y, and Z is calculated and X, Y, and Z are each based on a 95% confidence level, the probability that XYZ will not exceed the product of X, Y, and Z is:

	PNE = (0.95)(0.95)(0.95) = 0.857.					(Equation 7)

The probability that XYZ will exceed the calculated value is:

	POE = 1 – PNE = 1 – 0.857 = 0.143 (14.3%).			(Equation 8)

For the calculated product of X, Y, and Z to have a confidence level of 95% or uncertainty of no greater than 5%, the uncertainties of X, Y, and Z must individually average:

	PNE = (0.95)1/3 = 0.983.						(Equation 7)
	POE = 1 – 0.983 = 0.017.						(Equation 8)

If the product of X, Y, and Z is determined 10 times in a segment of pipeline and the uncertainty of X, Y, and Z for each of the 30 times is determined at the 95% confidence level, the probability at least one calculated value will have a value greater than XYZ is:

	PNE = (0.95)3x10 = (0.95)30 = 0.215					(Equation 7)
	POE = 1 – 0.215 = 0.785 (78.5%).					(Equation 8)

With a POE of 78.5%, there is a high uncertainty that at least one calculation of XYZ will result in an inadequate uncertainty.	


4.0	Statistical Analysis of Systematic Effects

4.1	Introduction

When relatively small sets of data are used to characterize the statistical variability of large sets of unmeasured data, there will be uncertainty in the average of the data related to systematic effects.  The averages of sets of data define the systematic variability of the average of a set of measurement data.  

4.2	Hypothetical Example

The following hypothetical example will be used to illustrate the statistical analysis of averages of small sets of data used to characterize large systems such as pipelines.

Table 8
Hypothetical Data on the Average Depth of 
Deep Corrosion Pits Arranged from Lowest to Highest Values

	Inspection Site No.
	Number of Deep Corrosion Pits
	Average Depth of Deep Pits, mils
	Standard Deviation of Deep Pits, mils

	  1
	  6
	  80
	15

	  8 
	  3
	  80 
	20

	  6 
	  5
	  90
	10

	  7
	  9
	100
	15

	  5
	10
	100
	16

	  3
	  4
	100
	25

	10
	  8
	115
	20

	  4
	  8
	120
	25

	  2
	10
	120
	20

	 9
	 12
	135
	30

	
	75
	
	


	Median  = 100 mils
	Average = 108.9 mils

The overall average depth of deep pits is as follows.
1.   6 x   80 =    480 mils
2. 10 x 120 = 1,200 mils
3.   4 x 100 =    400 mils
4.   8 x 120 =    960 mils
5. 10 x 100 = 1,000 mils
6.   5 x   90 =    450 mils
7.   9 x 100 =    900 mils
8.   3 x   80 =    240 mils
9. 12 x 135 = 1,620 mils
10.   8 x 115 =    920 mils
      8,170 mils


Overall Average, .

Table 9
Calculation of Standard Deviation of the Overall Average as a
Symmetrical Set of Data

	Inspection Site No.
	
Average Depth of Deep Pits, 
	

	


	  1
	  80
	-28.9
	   835.2

	  2
	120
	 11.1
	   123.2

	  3
	100
	 -8.9
	     79.2

	  4
	120
	 11.1
	   123.2

	  5
	100
	  -8.9
	29.2/79.2

	  6
	  90
	-18.9
	   357.2

	  7 
	100
	  -8.9
	     79.2

	  8
	  80
	-28.9
	    835.2

	  9
	135
	 26.1
	     681.2

	10
	115
	   6.1
	       37.2

	
	
	
	Ʃ = 3,230 mils



The calculated standard deviation of the overall average of maximum pit depths is:

	. 			(Equation 1)

The estimated standard deviation of the overall average of maximum pit depths is:

	.					(Equation 2)

The uncertainties in the overall average as a symmetrical data set at various confidence levels using single sided range conversion factors from Table 6 are:
1. 
At a 90% confidence level, 10% uncertainty level, the overall average pit depth,  is 18.94 mils x 1.382 = +26.2 mils.
2. 
At a 95% confidence level, 5% uncertainty level, the overall average pit depth,  is 18.94 mils x 1.833 = +34.7 mils.
3. 
At a 97.5% confidence level, 2.5% uncertainty level, the overall average pit depth,  is 18.94 mils x 2.262 = +42.8 mils.
4. 
At a 99.5% confidence level, 0.5% uncertainty level, the overall average pit depth, 108.3 mils,  is 18.94 mils x 3.250 = + 61.6 mils.
5. 
At a 99.9% confidence level, 0.1% uncertainty level, the overall average pit depth, 108.3 mils,  is 18.94 mils x 4.297 = +81.4 mils.
6. 
At a 99.95% confidence level, 0.05% uncertainty level, the overall average pit depth, 108.3 mils,  is 18.94 mils x 4.781 = +90.6 mils.
If in this example, the ten inspections sites were 10 feet in length and the pipeline segment being evaluated is 20 miles in length, the percent of the pipeline inspected is 0.095% and the percent not inspected is 99.905%.  The confidence level for the analysis of the overall average for the 20-mile segment should be at least 99.905%, which is close to 99.9%.  The overall average pit depth to be used in the analysis should be increased from 108.9 mils to = 190.3 mils (108.9 mils + 81.4 mils) to account for uncertainty in the overall average as a symmetrical data set.

In this example, the standard deviation of deep pits at each inspection site and the overall average standard deviation is:
1.   6 x   15 =      90 mils
2. 10 x   20 =    200 mils
3.   4 x   25 =    100 mils
4.   8 x   25 =    200 mils
5. 10 x   16 =    160 mils
6.   5 x   10 =      50 mils
7.   9 x   15 =    135 mils
8.   3 x   20 =      60 mils
9. 12 x   30 =    360 mils
10.   8 x   20 =    160 mils
      1,515 mils

Overall Average, .

For a confidence level of 99.9%, the random uncertainty of individual inspection sites is 20.2 mils x 4.297 = +87.0 mils.

The corrosion depth that corresponds to an overall confidence level of 99.9% in both the overall average and individual inspection sites is 277.3 mils (108.9 mils + 81.4 mils + 87.0 mils) and should be used for analysis of potential corrosion pit depth in the uninspected parts of the 20-mile pipeline segment when the data is analyzed as a symmetrical data set.

4.3	Analysis as a Non-Symmetrical Set of Data


The statistical analysis of the previous example when analyzed as a non-symmetrical distribution is illustrated in the following sections of this report.  This analysis of the potential maximum depth of corrosion only includes the inspection sites above the overall average, , of 107.33 mils.  The calculation of the single sided standard deviation is as follows.
Table 10
Calculation of Single Sided Standard Deviation

	Inspection Site No.
	
Average Depth of Deep Pits, 
	

	


	2
	120
	11.1
	   123.2

	4
	120
	 11.1
	   123.2

	9
	135
	 26.1
	    681.2

	10
	115
	   6.1
	      37.2

	
	
	
	 Ʃ964.8



The calculated standard deviation of the overall average of maximum pit depths as a non-symmetrical set of data is:


.				(Equation 1)

The estimated standard deviation of the overall average of the maximum pit depth as a non-symmetrical set of data is:


	.					(Equation 2)

The uncertainties in the overall average as a non-symmetrical data set using single sided standard deviation to conversion factors from Table 6 are:
1. 
At a 90% confidence level, 10% uncertainty level, of the overall average pit depth of 108.3 mils,  = 17.93 mils x 1.638 = +29.4 mils.
2. 
At a 95% confidence level, 5% uncertainty level, of the overall average pit depth of 108.3 mils,  = 17.93 mils x 2.353 = +45.4 mils.
3. 
At a 97.5% confidence level, 2.5% uncertainty level, of the overall average pit depth of 108.3 mils,  = 17.93 mils x 3.182 = +57.1 mils.
4. 
At a 99.5% confidence level, 0.5% uncertainty level, of the overall average pit depth of 108.3 mils,  = 17.93 mils x 5.481 = +98.3 mils.
5. 
At a 99.9% confidence level, 0.1% uncertainty level, of the overall average pit depth of 108.3 mils,  = 17.93 mils x 10.215 = +183.2mils.
6. 
At a 99.95% confidence level, 0.05% uncertainty level, of the overall average pit depth of 108.3 mils,  = 17.93 mils x 12.92 = +231.7 mils.
In this example the ten inspection sites were 10 feet in length and the pipeline segment being evaluated is 20 miles in length, the percent of the pipeline inspected is 0.095% and the percent not inspected is 99.905%.  The confidence level for the analysis of the overall average for the 20-mile segment should be at least 99.905% which is close to 99.9%.

The overall average pit depth to be used in the analysis should be increased from 108.9 mils to 292.1 mils (108.9 mils + 183.2 mils) to account for uncertainty in the overall average as a non-symmetrical set.

In this example of a non-symmetrical data set, the standard deviation of deep pits at each inspection site and the overall average deviation of the non-symmetrical data set is as follows.
1.   8 x 20 = 160 mils
2.   8 x 25 = 200 mils
3. 10 x 20 = 200 mils
4. 12 x 30 = 360 mils
    920 mils

The overall average .

For a confidence level of 99.9%, the random uncertainty of the average corrosion pit depth at each individual inspection sites of the non-symmetrical data is:


	.			(Equation 3)

The corrosion depth that corresponds to an overall confidence level of 99.9%, 0.1% uncertainty level, in both the overall average and individual inspections sites is 539.3 mils (108.9 mils + 183.2 mils + 247.2 mils) should be used for analysis of potential corrosion pit depth in the uninspected parts of the 20-mile pipeline segment when the data is analyzed as a non-symmetrical data set.

Because of the very high uncertainty in corrosion pit depth in this example, many more inspection sites are necessary to increase the confidence level of the inspection data.


5.0	Erroneous Pipeline Data Statistical Analyses

Pipeline personnel, their contractors, and regulatory personnel seldom apply proper statistical analysis to pipeline safety data.  Often times, only the average value of a set of data are used for an analysis of pipeline safety and integrity data.  In the previous example, the average corrosion depth of 0.100 mils would be used by pipelines for the analysis of corrosion integrity data.

If the variance in the data are analyzed, the typical erroneous pipeline practice would be to rank the corrosion data from Table 1 from lowest to highest value in our example from Table 1 as follows.

Table 10
Example of Maximum Corrosion Depth Ranking by
Lowest to Highest Value

	Inspection Site No.
	% of Total
	Maximum Corrosion Depth, mils

	  6
	  10
	  70

	  4
	  20
	  85

	  3
	  30
	  90  

	10
	  40
	  90

	  2
	  50
	100

	  8
	  60
	105

	  7
	  70
	110

	  1
	  80
	110

	  5
	  90
	115

	  9
	100
	125




Typical erroneous pipeline estimates of corrosion depth versus uncertainty or confidence level would be:

Table 11
Typical Erroneous Pipeline Corrosion Depth versus
Confidence Level

	Confidence Level
	Corrosion Depth, mils

	50
	100

	80
	110

	90
	115

	   99.9
	125



The recommended maximum corrosion depth versus confidence level using statistical analysis from section 2 is:
1. For 90% confidence level, 122.5 mils.
2. For 95% confidence level, 129.9 mils.
3. For 97.5% confidence level, 136.9 mils.
4. For 99.95% confidence level, 153.1 mils.

As shown above the typical pipeline method of data analysis consistently understates the confidence level in the data.


6.0	Extreme Value Analysis

6.1	Introduction

Extreme value analysis is a method of statistically extrapolating the average of a relatively small sample to predict the maximum value of a segment or system being evaluated.  The method has been used numerous times to evaluate a sample of corrosion pitting data and estimate the deepest corrosion pit for a storage tank bottom or a segment of pipeline.  The method is also applicable to uncertainty of a system not an individual spot in a pipeline system.

Currently, industry standards for gathering and interpreting corrosion and other piping integrity data such as API 570, API 579, and NACE Standard RP0502 on assessing the corrosion in piping and pipelines contain no methods to statistically analyze and interpret the results of corrosion inspection sample measurements.  These standards are severely lacking in content due to their failure to include appropriate statistical methods.   Extreme value analysis has been commonly used for this purpose.  The steps in performing extreme value analysis generally consist of:
1. Arranging the corrosive data from least corrosion depth to highest corrosion depth;
2. Calculate a probability plotting position for each corrosion data point;
3. Plot the corrosion data from lowest to highest value on extreme value probability graph paper;
4. Extrapolate the data to a probability point of the graph paper equal to the accumulated probability of a single inspection site;
5. Apply uncertainty ranges to the extrapolated corrosion data; and
6. Determine the maximum corrosion pit for the probability of a single inspection site adjusted for the range of uncertainty.

6.2	Graphical Method

A plot on semi-logarithmic graph paper is frequently used in extreme value analysis.  Extrapolation of a function such as probability is difficult, because the function in nonlinear.  To linearize the probability functions a term called “the reduced variate” is used so the measured variable can be linearized with probability on conventional graph paper such as Figure 1.

The reduced variate is calculated as follows:


							(9)
	where:
	RV	= reduced variate;

		= natural logarithm function, positive value; and 
	P	= probability of occurrence, fraction.

For example, if P = 0.99, RV, is:

	.	(Equation 9)

If the reduced variate is known, the corresponding probability of occurrence is:


							(10)
	
For example, if RV = 2.97, P is:
1. 
  and						(Equation 10)

2. 
.							(Equation 10)

The following example will be used to illustrate the extreme value analysis graphical procedure for a group of one (1) foot long random inspection sites in a one-mile (1-mile) pipeline segment.  The inspections sites include about 0.2 percent of the 1-mile segment.  In the 1-mile segment 99.8% of the pipe is not inspected and require a 99.8%/99.8 percent confidence level.

Table 12
Corrosion Pit Inspection Data Example

	Site No.
	Maximum Pit Depth, mils

	1
	17

	2
	15

	3
	52

	4
	30

	5
	32

	6
	17

	7
	25

	8
	20

	9
	25

	10
	25

	Average
	25.8








Table 13
Least to Deepest Sequence

	Site No.
	Maximum Pit Depth, mils
	Plotting Probability
	Reduced Variate

	2
	15
	9.1%
	-0.87

	1
	17
	18.2%
	-0.33

	6
	17
	27.3%
	-0.26

	8
	20
	36.4%
	-0.11

	7
	25
	45.5%
	0.29

	9
	25
	54.5%
	0.50

	10
	25
	63.6%
	0.79

	4
	30
	72.7%
	1.14

	5
	32
	81.8%
	1.61

	3
	52
	90.9%
	2.35



The ten values in Table 13 are plotted on linear graph paper in Figure 1 from least to maximum pit depth.  The slope of the extrapolation curves in Figure 1 can be calculated as follows:

									(11)

								(12)

							(13)		
where:
b	= slope of extrapolated maximum pit depth, mils per reduced
	   variate;
xmax	= maximum extrapolated pit depth;
xmin	= minimum extrapolated pit depth;
RVmax	= reduced variate at maximum extrapolated EVA of inspection data 
	   probability; and
RVmin	= reduced variate at minimum extrapolated EVA of inspection data 
	   Probability.

For the maximum extrapolated range of maximum corrosion pit depth measurement for the ten inspection sites, the value of b is:


	.    (Equations 11, 12, & 13)

For the graphical solution of the extreme value analysis the deepest corrosion depth for the 10 inspection sites are plotted on the probability graph paper as shown in Figure 1.  Straight lines are drawn through the data to define the slope of the data.  The curve is extrapolated beyond the plotted data to the 99.95% probability level.

Figure 1 includes minimum, average, and maximum extrapolated plots of the data for the 10 inspection sites listed in Table 13.  For a required 99.8% certainty or confidence level in the data (see circled o points), the corrosion pit depths for the ten inspection sites include:
1. Maximum extrapolation = 98 mils.
2. Average extrapolation    = 78 mils.	
3. Minimum extrapolation =  62 mils.
4. Data uncertainty             = 45 mils.

The conservative extreme value analysis is 143 mils (98 mils + 45 mils).  This extreme value is 5.72 times the average or median value of 25 mils.  If the extreme value analysis is too high, additional inspections need to be performed in an attempt to lower the extrapolated values using outlier methods and the uncertainty in the data.  However, an extreme value maximum corrosion pit depth below 100 mils is unlikely.

Calculated values of reduced variates for various probabilities using equation 9 are:

Table 14
Probability vs. Reduced Variate

	Probability, P
	Reduced Variate, RV

	50
	  0.37

	75
	  1.25

	90
	  2.25

	95
	  2.97

	   97.5
	  3.68

	                      99
	  4.60

	   99.5
	  5.30

	   99.8
	  6.21

	   99.9
	  6.91

	    99.95
	8.60

	    99.99
	  9.21

	     99.999
	11.51

	
	



For the midpoint of the inspection data of 25 mils at a probability of about 50%, the extrapolated average maximum pit depth at a probability of 99% would be as follows.

			(Equation 11)

The estimated standard deviation of 10 measurement sites with a range of maximum corrosion pit depths of 37 mils (52 – 15) using Table 5 is:


	                                                            (Equation 2)					
For a single sided 97.5% confidence level for example, the uncertainty ranges to apply to the extrapolated corrosion depth curves using Table 6 is:

     Extrapolated confidence level = 12 mils x 2.26 = +27.12 mils.  		(Equation 3)

However, if the correction factor is a function of the extrapolated quantity, the uncertainty increases as the extrapolated values increase.  The uncertainty correction factors to apply to the extrapolated value of s(x) would be:

Table 15
Uncertainty Corrections for Extrapolated Maximum Values

	Extrapolated Cumulative Probability
	Uncertainty Correction*,
s(x) x Factor

	90%
	12 mils x 1.38 = 16.6 mils

	95%
	12 mils x 1.83 = 22    mils

	   97.5%
	12 mils x 2.26 = 27    mils

	   99.5%
	12 mils x 3.25 = 39    mils

	     99.95%
	12 mils x 4.78 = 57.4 mils


		* From Table 6 for single sided uncertainty and 9 degrees of freedom.

For this example, the whole population of one-foot lengths of pipe in one mile was 5,280 one-foot lengths.  The probability of a single one-foot inspection site or segment having the maximum pit depth is 0.19% (ten 1-ft. lengths ÷ 5,280 ft. length) and the probability of the remaining 5,270 joints not having the maximum pit depth is 99.8%.   For a confidence level of 99.8%, the uncertainty of average of the extrapolated pit depths is about 45 mils.  When the uncertainty range of +45 mils is applied to the extrapolated depth of maximum corrosion (98 mils), the extreme value corrosion pit depth is 143 mils (98 mils + 45 mils) as shown in Figure 1.  The extreme value corrosion depth of 143 mils is 2.7 times the maximum measured pit in the ten inspection sites.


7.0	Trans Alaska Pipeline System (TAPS) Pipeline Inspection Program

7.1	Introduction

In the mid-1980s, a pipeline inspection program was executed in an attempt to estimate the extreme depth of corrosion pits in about 400 miles of buried pipelines.  About half of TAPS is aboveground and about half of TAPS is belowground.  Thirty-three excavations were made under a modified random selection basis.  Random site inspection locations were selected, but because of limited accessibility, minor adjustments were made in the selection of some of the inspection sites.

In-line inspection devices or smart pigs were used to examine TAPS for mechanical damage and corrosion.  However, in the mid-1980s, in-line inspection devices were unable to inspect for corrosion through the full wall thickness of the pipeline that varied from 0.462 inches to 0.562 inches.  The ability to detect corrosion pits in TAPS was unknown at the time.

The maximum depths of corrosion pits found in each of the 31 inspection sites were:

Table 16
TAPS Maximum Corrosion Pit Depths

	Milepost
	Maximum Depth, mils

	  45.93
	  0

	  69.35
	15

	  73.56
	19

	105.73
	51

	106.82
	27

	184.63
	20

	186.71
	15

	234.52
	27

	279.59
	16

	284.67
	10

	290.78
	28

	293.94
	27

	332.93
	30

	363.45
	20

	363.52
	16

	403.21
	24

	403.32
	25

	459.73
	14

	469.19
	16

	476.30
	20

	516.56
	64

	516.81
	16

	585.93
	23

	593.71
	25

	600.99
	46

	646.83
	6

	737.05
	37

	740.01
	22

	759.10
	37

	770.35
	22

	798.36
	30

	Average
	
              = 24.13 mils



7.2	Statistical Analysis

The estimated standard deviation of the maximum corrosion depth at the 31 inspection sites was:

					(Equation 2)

Table 17
Lowest to Highest Sequence of Maximum Corrosion Pits

	Sequence
	Maximum Depth, mils

	  1
	  0

	  2
	  6

	  3
	10

	  4
	14

	  5
	15

	  6
	15

	  7
	16

	  8
	16

	  9
	16

	10
	16

	11
	19

	12
	20

	13
	20

	14
	20

	15
	22

	16
	22

	17
	23

	18
	24

	19
	25

	20
	25

	21
	27

	22
	27

	23
	27

	24
	28

	25
	30

	26
	30

	27
	37

	28
	37

	29
	46

	30
	51

	31
	64


			Median  = 22 mils
			Average = 24.13 mils

The median pit depth where half the data was lower and half the data was higher was in sequence No.16 or 22 mils.  This corrosion was slightly lower than the average or mean of 24.13 mils.

The distribution of corrosion pits is often characterized by two single sided bell distributions.  However, when determining the uncertainty adjusted high or low value in a data set, single sided uncertainty factors should be used around the average or mean.  One single sided distribution is 0 to the median and the other single sided distribution is the median and beyond.  For determination of the maximum corrosion pit depth, only the single sided distribution from the median or mean and beyond should be calculated.  For the low end single sided distribution below the median, the standard deviation can be calculated as follows:

Table 18
Low End Single Sided Standard Deviation Calculations

	Sequence
	Maximum Pit, mils
	

	



	  1
	  0
	22
	  484

	  2 
	  6
	16
	  256

	  3 
	10
	12
	  144      

	  4
	14
	  8
	    64     

	  5
	15
	  7
	    49

	  6
	15
	  7
	    49

	  7
	16
	  6
	    36

	  8 
	16
	  6
	    36

	  9
	16
	  6
	    36 

	10
	16
	  6
	    36

	11
	19
	  3
	      9

	12
	20
	  2
	      4  

	13
	20
	  2
	      4

	14
	20
	  2
	      4

	15
	22
	  0
	      0

	16
	22
	  0
	      0

	
	
	
	1211




The calculated standard deviation half for the lower single sided distribution was:


	.			(Equation 1)

For the high end single sided distribution above the median, half of the standard distribution can be calculated as follows:

Table 19
High End Single Sided Standard Deviation Calculation

	Sequence
	Maximum Pit, mils
	

	



	16
	22
	  0
	       0

	17
	23
	  1
	       1

	18
	24
	  2
	       4

	19
	25
	  3
	       9

	20
	25
	  3
	       9

	21
	27
	  5
	      25

	22
	27
	  5
	      25

	23
	27
	  5
	      25

	24
	28
	  6
	    36

	25
	30
	  8
	    64

	26
	30
	  8
	    64

	27
	37
	15
	  225

	28
	37
	15
	  225

	29
	46
	24
	  576

	30
	51
	29
	  841

	31
	64
	42
	1764

	
	
	
	3893



The calculated standard deviation half for the upper single sided distribution was:
	

			(Equation 1)

The inspection data is not symmetrical around the median of the maximum pipe corrosion depth.  Therefore, the uncertainty analysis of the data should be conducted on a single sided basis for the upper values of the corrosion pit data.	

The uncertainty of the data for the upper half of corrosion pit depths at 15 degrees of freedom versus various confidence levels are:









Table 20
Uncertainty in the Upper Half of the Data on Corrosion Pit Depths

	Confidence Level
	Uncertainty in Maximum Pit Depth

	                   90%
	1.341 x 16.1 = 22 mils

	                   95%
	1.753 x 16.1 = 28 mils

	97.5%
	2.131 x 16.1 = 34 mils

	                   99%
	2.660 x 16.1 = 42 mils

	99.5%
	2.947 x 16.1 = 47 mils

	  99.75%
	3.286 x 16.1 = 53 mils

	99.9%
	3.733 x 16.1 = 60 mils

	  99.95%
	4.073 x 16.1 = 66 mils



7.3	Extreme Value Analysis

The 31 ten feet long excavations represented only 0.0147% of the total buried segments of TAPS.  The remaining 99.985% of the ten feet sections were not inspected.  There was a total of 211,200 ten feet sections of pipeline and 211,169 ten feet segments were not inspected.  

[bookmark: _Hlk42951079]The plotting positions for the 31 TAPS inspections are provided in Table 21.

Table 21
TAPS Maximum Corrosion Depth Plotting Positions

	Sequence
	Maximum Depth, mils
	Plotting Probability
	Reduced Variate

	  1
	  0
	  3.1%
	-1.245

	  2
	  6
	  6.3%
	-1.017

	  3
	10
	  9.4%
	-0.861

	  4
	14
	12.5%
	-0.732

	  5
	15
	15.6%
	-0.619

	  6
	15
	18.8%
	-0.514

	  7
	16
	21.9%
	-0.418

	  8
	16
	25.0%
	-0.327

	  9
	16
	28.1%
	-0.239

	10
	16
	31.3%
	-0.150

	11
	19
	34.4%
	-0.065

	12
	20
	37.5%
	0.019

	13
	20
	40.6%
	0.104

	14
	20
	43.8%
	0.192

	15
	22
	46.9%
	0.278

	16
	22
	50.0%
	0.367

	17
	23
	53.1%
	0.457

	18
	24
	56.3%
	0.554

	19
	25
	59.4%
	0.652

	20
	25
	62.5%
	0.755

	21
	27
	65.6%
	0.864

	22
	27
	68.8%
	0.984

	23
	27
	71.9%
	1.109

	24
	28
	75.0%
	1.246

	25
	30
	78.1%
	1.398

	26
	30
	81.3%
	1.575

	27
	37
	84.4%
	1.774

	28
	37
	87.5%
	2.013

	29
	46
	90.6%
	2.316

	30
	51
	93.8%
	2.749

	31
	64
	96.9%
	3.458



The estimated overall standard deviation of the maximum corrosion pits in 31inspection sites was:

					(Equation 2)

The estimated uncertainty range of the 31 measured inspection sites at the 95% confidence level was about 2.00 x 16.4 mils = +33 mils.


					(Equation 3)

TAPS contained 211,200 buried ten feet sections of pipe.  The probability of any one 10-feet length of pipe selected at random having the maximum or extreme value corrosive pit was 0.000474% (1 ÷ 211,200 x 100%).  The cumulative probability of a single ten-feet section not having the maximum corrosive pit was:

					

Shown on Figure 2 are plots of the maximum corrosion pits for each of the 31 inspection sites.  Also shown are three extrapolations of the data covering the minimum, average, and maximum corrosion pit data.  Also shown on Figure 2 is a plot of the data uncertainty values versus confidence level.

Shown on Figure 3 are expanded plots of maximum corrosion pit depths versus reduced variate and increased confidence levels.  As shown in Figure 3, the maximum corrosion pit depth that conforms to the required confidence level of 99.9995%, uncertainty level of 0.000474%for the uninspected parts of the 400 miles of buried TAPS pipelines is 263 mils (171 mils + 92 mils) as follows.
1. Maximum extrapolated corrosion pit depth	= 171 mils
2. Corrosion pit depth uncertainty		=   92 mils
3. Total corrosion pit depth			= 263 mils

The extreme value analysis covers considerable statistical information that can be misapplied if an untrained person interprets the data.  For very small samples and small inspection areas which are normally performed, statistical misapplication will frequently occur.  For example, the extrapolation of the maximum pit depths from a single inspection site to thousands of uninspected sites involves large statistical uncertainties and risks.  For the TAPS inspection site data, a single inspection site of ten feet in length was only 0.000474% of the ten feet lengths in 400 miles of pipe.  The other 211,199 ten feet lengths represented 99.9995% of the pipe in 400 miles of belowground pipeline.  The reduced variate for 99.9995% is 12.206.

For the TAPS maximum corrosion pit data, the extreme value plotting positions for the extrapolated averages were:

Table 22
Extreme Value Extrapolated Plotting Positions for 
Maximum Corrosion Pit Depths

	Corrosion Depth, mils
	Extrapolated Probability, %

	  49
	90

	  57
	95

	  77
	              99

	104
	  99.9

	140
	    99.99

	160
	     99.999

	170
	       99.9995



7.4	Probability of Exceeding Analysis

The probability that a single ten feet long segment of uninspected buried pipe would contain a corrosion pit with a depth exceeding a value of 80% of the pipe wall (0.8 x 0.462 inch = 0.370 inches) is calculated as follows:
1. 
+ R(x) = 370 mils.							(Equation 4)
2. 370 mils = T (%, 30)(16.4 mils)					(Equation 3)
3. 
		     (Equations 3 & 4)
4. For n-1 = 30 degrees of freedom, T(%) = 12.13 corresponds to a single sided confidence level or probability of about 99.9995%.
5. The probability that a single uninspected 10 feet segment of pipe will have a depth of 370 mils or more is 0.005%.
6. The PNE that 211,169 inspected 10 feet pipe segments will not have a corrosion pit depth exceeding 370 mils is:
PNE = (0.999995)211,169 = 0.348 = 34.8%.				(Equation 7)

7. The POE of one of the remaining 211,169 10 feet uninspected 10 feet will have a corrosion depth exceeding 370 mils is:
POE = 1 – 0.348 = 0.652 = 65.2%.					(Equation 8)
8. The POE for TAPS should have been 95% or higher.

7.5 	Comments on the TAPS Pipe Inspection Survey

If a close interval corrosion potential survey had been conducted along TAPS and the buried segments were divided into four or more corrosion potential categories, the extreme value analysis for each of the corrosion potential categories would have likely yielded significantly different results and would have been significantly more accurate.  It is likely that many more inspection sites would have been required for a reasonable probability of exceedance analysis. 

Many untrained personnel may decide that a 99% cumulative probability and 69 mils of corrosion pit depth would be very conservative for TAPS.  However, extreme value analysis primarily deals with percentages and uncertainties of extrapolations and must be used for small sets of inspection data when extrapolated to the uninspected parts of the pipeline.

Another important issue with extreme value analysis involves the random selection of locations are to be inspected.  In many cases, the changes in a measured variable are random.  However, this is not likely to be the case with pipeline corrosion.  Pipeline corrosion depends on many variables including:
1. Surface preparation for coating,
2. Coating application,
3. Coating properties and deterioration,
4. Pipe to soil electrical potential
5. Cathodic protection history,
6. Soil pH,
7. Soil moisture history,
8. Soil resistivity, 
9. Microbiological species in the soil and water, and
10. Pipeline temperatures.

To cover these variables, a large number of data from numerous inspection sites should be used for data acquisitions.  For the TAPS corrosion inspection program, no extensive corrosion data survey was conducted before inspection sites were selected which was a primary weakness of this inspection program.  The following data were collected at each of the inspection sites and no data were collected at non-inspected sites:
1. Coating thickness;
2. Coating type;
3. Pipe to soil potential at three locations along the pipeline;
4. Soil resistivity;
5. Soil moisture, dry, wet, or moist;
6. Soil pH;
7. Water pH; and
8. Pipe temperature.


8.0	External Corrosion Direct Assessment

8.1	Introduction

National Association of Corrosion Engineers (NACE) Standard RP0502-2002, Standard Recommended Practice on Pipeline External Corrosion Direct Assessment Methodology, defines external corrosion direct assessment (ECDA) as:
A four-step process that combines pre-assessment, indirect inspections, direct examinations, and post statistical assessment to evaluate the impact of external corrosion on the integrity of a pipeline.

Pre-assessment involves:
1. Collection of data covering:
a. Pipe and coating;
b. Construction;
c. Soils and underground environment;
d. Corrosion control history;
e. Pipeline operations and maintenance history;
f. Determination of whether data is adequate;
g. Gather more information and perform pipeline inspections where necessary; and
h. Organize, integrate, and analyze data along the pipeline segments to determine
(1) Is ECDA feasible and
(2) If ECDA is feasible, what types of indirect inspections and tests should be performed and where the tests are to be performed along the pipeline.
2. Indirection inspection and testing involves:
a. Determine which types of inspections and testing will function properly along the pipeline;
b. Select at least two indirect inspections and tests for each part of the buried pipeline;
c. If at least two inspections and tests are not known to detect all the various external corrosion threats along the pipeline, 100% direct inspection should be employed in those areas.
3. Define each ECDA segment along the pipeline.
4. Select indirect inspections and tests to be performed for each ECDA segment:
a. Close interval surveys,
b. Current voltage gradient surveys,
c. Pearson surveys,
d. Electro-magnetic surveys, and
e. AC current attenuation surveys.
5. Determine the distance interval between each indirect inspection and test for each ECDA segment.

Indirect assessments involve:
1. Perform two or more of the indirect inspections and tests on each ECDA segment.
2. Organize, statistically analyze, and compare the inspection and test data for each ECDA segment.
3. Compare the indirect inspection and test results along each ECDA segment.  Identify where two or more different inspections and tests are in agreement and where the inspections and test disagree.
4. Perform direct examinations in areas where at least two indirect examinations do not agree.
5. After all pre-assessments and indirect assessments are completed, the operator shall decide whether direct assessments are feasible.
6. If ECDA’s are feasible, prioritize the direct assessment sites based on indirect assessment results and pipeline location considerations.

Direct assessments at least involve:
1. Perform at least two excavations, evaluate coating, remove coating, clean pipe, identify external corrosion and other integrity conditions, and measure external corrosion and other integrity conditions for each ECDA segment.
2. Evaluate and analyze each area of external corrosion and other integrity condition.
3. Determine the remaining strength of each external corrosion and other integrity condition.
4. Perform a root cause analysis for external corrosion and other integrity conditions.
5. Based on ECDA results, review the priorities and schedules for conducting ECDA’s to determine if changes should be made.

Post assessment statistical analysis activities include:
1. Define statistical uncertainty limits.
2. Analyze estimates of corrosion rate.
3. Analyze estimate of remaining half life and full life based on corrosion rate for maximum remaining area of corrosion or flaw.
4. Determination of reassessment interval based statistical analysis of maximum remaining flaw size.

The maximum remaining flaw or corrosion size shall be taken as the same as the most severe indication found at all excavated locations except:
1. If the root cause analyses indicate the most severe area of corrosion is unique, the size of the next most severe area of corrosion may be used for remaining life indications;
2. As an alternative, a pipeline operator may substitute a different value based on a statistical or more sophisticated analysis of the excavated severities; and
3. The remaining life of the maximum remaining flaw shall be estimated using a statistically sound engineering analysis.

Appendix D on post assessment contains the following information:
1. External corrosion rates are an essential variable for statistically estimating the internal between successive integrity evaluations and pipeline remediation needed to assure that integrity is maintained.
2. Actual corrosion rates are difficult to predict and/or measure.  Corrosion estimation techniques may not simulate actual field conditions.  Caution should be exercised when computing corrosion rates.
3. Assuming the external corrosion initiated at the time a pipeline went into service may result in non-conservative rate estimates.  A coating system may delay the onset of corrosion for a significant time period.
4. Corrosion initiation time estimates can be made considering the following:
a. Time periods when CP systems were not operational, were out of service, not functioning properly, or protective potentials were not maintained for significant time periods.
b. Use pipeline inspection and cathodic protection records to determine when the coating no longer provided effective protection.
c. Evidence the coating damage resulted from a known third party activity.
d. Evidence the coating occurred during original construction.
e. Statistical analysis of testing has demonstrated the probability of finding a larger pit increases when the test sample is a larger inspected area.
f. The larger the total area of coating damage, the greater the probability the actual maximum corrosion rate will be higher.
g. Pitting ranges in the area of localized coating defects may exceed the pitting rates of bare steel exposed to the same environment.
h. Soil characteristics measured at one point in time may not be representative of the soil corrosiveness at other times of the year.  Soils that undergo cyclic wetting and drying can be more corrosive than soils that are constantly wet.
i. The cyclic changes in moisture can cause soil stress that damages coatings and can result in cyclic diffusion of oxygen into the soil.
j. Microbiological activity can accelerate external corrosion rates and must be considered in evaluations.
k. Pipelines passing through different soils can be influenced by long-line corrosion cells that are not apparent in limited localized corrosion tests.   Long-line cells can result in higher corrosion rates on one segment of a pipeline, compared to corrosion rates measured on isolated samples buried in the same soil.
l. Statistically valid methods based on the actual corrosion data should be used for corrosion rate estimates.
m. When adequate corrosion data are not available, a pitting rate of at least 16 mils per year is recommended for determining re-inspection intervals.  This corrosion rate represents the upper 80% confidence level of maximum pitting rates for long term (up to 17-year duration) underground corrosion tests of bare steel pipe coupons without cathodic protection in a variety of soils including native and nonnative backfill at numerous locations.
n. The above corrosion rate may be reduced by a maximum of 24% provided it can be demonstrated statistically that the CP level of all pipelines or segments being evaluated have at least 40mV of polarization (including IR drop) for a significant fraction of the time since installation.
o. Coupon methodology provides a means to determine the corrosion rate of steel with and without the influence of cathodic protection.  Corrosion rate can be measured without excavating a pipeline.  Coupons must be in soil having characteristics representative of the environment in which the pipe is located.  Coupons should be located close to the pipe surface.
p. NACE TM0169 covers coupon methodology.

8.2	Comments

NACE RP0502-2002 contains significant amounts of very useful information developing corrosion measurement and statistical procedures for planning and gathering corrosion data on a pipeline.  The recommendation to only use the largest discovered corrosion condition found during inspection for integrity and service life calculations may provide useful results for applications where numerous ECDA areas are narrowly defined and each ECDA area contains numerous large inspection sites.  However, if ECDA areas are broadly defined and few small inspection sites are selected, the results will be subject to considerable uncertainty.   NACE RP0502-2002 only requires two inspection sites for each ECDA area which is grossly inadequate.

Statistical procedures such as extreme value analysis should be used to address the broad range of corrosion conditions and corrosion data encountered in buried pipelines.  As shown earlier, extreme value analysis is not extremely difficult to perform and is essential in addressing the uncertainty of small data sets as allowed by NACE RP0502-2002.

TAPS planning and execution of the mid 1980’s corrosion inspection plan would have been greatly enhanced if the ECDA procedures and process covered by NACE RP0502 had been followed.  The primary weakness of the TAPS inspection program was the gathering of data on corrosion conditions along the TAPS pipeline.  The program planners endeavored to consider the entire 400 miles of buried pipeline as one set of corrosion conditions or one ECDA.  TAPS used only thirty-one inspection sites and inspected only 0.015% of the buried pipeline and left 99.9985% of the pipeline uninspected.

Because of these limitations, it is impractical to place a high level of confidence on the TAPS corrosion pit depth analysis.  The statistical analysis was appropriate, but the inspection site planning and amount of collected data were inadequate because 400 miles of buried pipeline were considered as a single variable to be measured and analyzed.  TAPS should have been divided in numerous ECDA areas with an adequate number of inspection sites in each ECDA area. 

9.0	Statistical Analysis of Pipe Grade Data

American Petroleum Institute (API) Specification 5L, Specification for Line Pipe, requires that one tensile test be performed from each inspection lot of 100 pipe joints.  Each tensile specimen is about two inches wide.  Each tensile test is required to measure and report, yield strength, ultimate tensile strength, and elongation when the specimen is broken.

For X-60 pipe, the minimum yield strength during a tensile test is 60,000 psi.  The following set of pipe mill test data will be analyzed statistically to determine the extreme minimum value of yield strengths in a pipe order of 500 forty-foot joints of pipe.

Table 23
Pipe Yield Strength Example

	Lot No.
	Yield Strength, psi

	1
	62,000

	2
	65,000

	3
	64,000

	4
	68,000

	5
	70,000

	Avg.
	65,800



The estimated standard deviation for the above set is estimated as:


						(Equation 2)

For a single sampling rate of one out of 100 pipe joints (1%), a confidence level of 99.5%, uncertainty level of 0.5%, is recommended.  At a 99.5% confidence level, the single sided (see Table 3) random uncertainty in the above data set is:


				(Equation 3)			
For a 99.5% confidence level and the above example, there is a one in 200 chance (0.5%) that, the yield strength in a lot of 100 pipe joints is below 50,000 psi (65,800 psi – 15,800 psi) or above 81,600 psi.  							


10.0	Statistical Analysis of Remaining Strength of Corroded Pipe

10.1	Remaining Strength of Corroded Pipe Computational Procedures

Section 192.485 of 49 CFR Part 192 contains the following requirements on analysis and disposition of corroded pipe:
1. Each segment of transmission line with general corrosion and with a remaining wall thickness less than that required for the maximum allowable operating pressure (MAOP) must be replaced or the operating pressure reduced commensurate with the strength of the pipe based on actual remaining wall thickness.
2. Corrosion pitting so closely grouped as to affect the overall strength of the pipe is considered general corrosion for the purpose of this paragraph.
3. Generally corroded pipe may be repaired by a method that reliable engineering tests and analysis show can permanently restore the serviceability of the pipe.
4. Each segment of transmission line pipe with localized corrosion pitting to a degree where leakage might result must be replaced or repaired, or the operating pressure must be reduced commensurate with the strength of the pipe, based on actual remaining wall thickness in the corrosion pits.
5. For both localized and general corrosion, the strength of the pipe based on actual remaining wall thickness may be determined by the procedure in ANSI/ASME B31G or the procedure in American Gas Association (AGA) Pipeline Research Committee Project PR 3-805 (with RSTRENG disk).  Both procedures apply to corroded regions that do not penetrate the pipe wall, subject to the limitations prescribed in the procedures.

Comments on section 192.485 are:
1. Any amount of corrosion will lower the strength of the pipe; therefore, replacement of corroded pipe is the only real solution to section 192.485.  However, the U.S. DOT has allowed companies to operate pipelines with tens of thousands of areas of corrosion without replacing the pipe, repairing the pipe, or reducing the MAOP of the pipe with corrosion.
2. ASME B31G-1991 contained the following limits and requirements on the use of the procedure in this document:
a. Procedure was limited to weldable pipeline steels such as described in ASTM A53, A106, A381, and API 5L (including formally 5LX and 5LS).
b. Procedure is limited only to smooth areas of metal loss in the pipe body such as from corrosion and/or erosion.
c. Procedure was not to be used to evaluate corroded girth or longitudinal welds or related heat affected zones.
d. Procedure was not to be used to evaluate defects caused by mechanical damage, such as gouges or grooves, or pipe and plate manufacturing defects.
e. The criteria were only for structural integrity due to internal pressure.  When pipe was subject to significant stresses other than internal pressure, additional criteria were to be used to evaluate remaining strength, particularly if the corrosion has a significant transverse dimension.
f. The corroded pipe was to be capable of withstanding a stress level of 100% of the specified minimum yield strength (SMYS) based on the uncorroded dimensions of the pipe if the corroded pipe is not repaired nor have the MAOP/AMOP reduced (derated).
g. The length of corrosion in pipe not replaced or repaired or have a reduced MAOP was limited.
h. Depth of corrosion in unrepaired or underrated pipe was 80% of the nominal thickness of the uncorroded pipe.
i. Corroded areas up to 10% of the nominal pipe wall thickness did not require repair, analysis, or derating.
j. For long areas of corrosions, the derated pressure of a corroded area is:


(14)

					        
where:
Pd 	= derated MAOP, psi;
Pm	= MAOP, psi;
d	= depth of corrosion, in.;
t	= nominal pipe thickness, in.

3. AGA PR 3-805 contained a less conservative method of calculating the remaining strength of corroded pipe than ASME B31G.  The procedure is called RSTRENG.  This AGA report also contained a less conservative modification of the ASME B31G method.

10.2	Inaccuracies of RSTRENG and ASME B31G-1991

Predictions of the remaining strength of actual corroded pipe of each method were compared against failure pressure tests of corroded pipe.  The statistical data comparing the methods on 41 tests where the pipe ruptured and 45 tests where the pipe leaked was given in AGA PR 3-805.  The comparative data was calculated for ratios of predicted failure pressure divided by actual failure pressures.  The statistical data on the ratio of predicted failure pressure divided by actual failure pressure are:
1. For ruptures and RSTRENG:
a. Mean ratio = 0.850 and
b. Standard deviation = 0.150.
2. For ruptures and B31G:
a. Mean ratio = 0.537 and
b. Standard deviation = 0.178.
3. For leaks and RSTRENG:
a. Mean ratio = 0.992 and
b. Standard deviation = 0.180.
4. For leaks and B31G:
a. Mean ratio = 0.630 and
b. Standard deviation = 0.209.

For both leaks and ruptures, the mean of the ratio of predicted failure pressure versus actual failure pressure was less than 1.0 indicating conservatism of the averages of failure pressures.  However, the standard deviations of the predicted vs. failure pressures ratios also indicate there were numerous unconservative results and statistical uncertainty.

For RSTRENG, 3 out of 41 ruptures occurred at pressures lower than the predicted strength.  For RSTRENG, 20 out of 45 leaks occurred at pressures lower than the predicted strength.  This is very significant, because ruptures are a significantly greater risk than leaks.

For B31G, none of the ruptures occurred at pressures lower than the predicted pipe strength.  For B31G, only 2 out of 45 leaks occurred at pressures lower than the predicted pipe strength.

For RSTRENG the predicted acceptable condition is a failure pressure that created a hoop stress equal to 100% of the specified minimum yield strength of the pipe, the range of uncertainties at the 95% confidence level for ruptures and leaks are:
1. For ruptures, the range of uncertainty in predicted ÷ actual failure pressure ratios is 0.55 to 1.15.  There is a 2.5% probability that the predicted pressure strength to resist a rupture is overstated by as much as 15%.  There is a 25% probability that RSTRENG would overstate the strength of each corroded pipe to resist a rupture at a hoop stress of 100% of the specified minimum yield strength.
2. For leaks, the range of uncertainty in predicted ÷ actual failure pressure ratios is 0.632 to 1.352.  There is a 2.5% probability that the predicted pressure strength to resist a leak is overstated by as much as 35.2%.  There was almost a 50% probability that RSTRENG would overstate the strength of corroded pipe to resist a leak.

For B31G the predicted acceptable condition was a failure pressure that created a hoop stress equal to 100% of the specified minimum yield strength of the pipe, the range of uncertainties at the 95% confidence level for ruptures and leaks were:
1. For ruptures, the range of uncertainty in predicted ÷ actual failure pressure ratios was 0.181 to 0.893.  There was only a 0.5% probability that B31G would overstate the strength of corroded pipe to resist a rupture.
2. For leaks, the range of uncertainty in predicted ÷ actual failure pressure ratios was 0.21 to 1.05.  There was about a 4% probability that B31G would overstate the strength of corroded pipe to resist a leak.

The above information clearly shows ASME B31G is a preferable method of evaluating the strength of actual corrosion in pipelines.  However, both methods have questionable accuracy especially for pipelines in high consequence areas and when a pipeline contains many areas of corrosion, because the probability of exceedance will be low on the heavily corroded pipe.

10.3	Application of RSTRENG and ASME B31G

Both RSTRENG and ASME B31G require the corroded pipe have a calculated failure strength equal to the specified minimum strength of the pipe unless the pipe is replaced, is repaired, or is pressure derated.  If the pressure is derated, the predicted failure pressure divided by at least the pressure derated factor in Table 24 should be used as the maximum derated pressure.  For various class levels under 49 CFR Part 192 for gas pipelines, the minimum pressure ratio should be:


Table 24
Minimum Failure ÷ MAOP Pressure Ratio

	Class Location
	Calculated Failure Pressure ÷ MAOP

	1
	  1.39

	2
	  1.67

	3
	2.0

	4
	2.5



NACE RP0502-2002 in section 5.5.2 requires a corroded area to have a predicted failure pressure equal to its MAOP times a suitable factor of safety.  Unfortunately, the pipeline operator is allowed to determine the “suitable factor of safety”.   However, suitable safety factors and statistical analysis are seldom applied.

To maintain the conservatism intended with the class location hoop stress level limits, the factor of safety to apply to the MAOP of the corroded pipe should at least be equal to the predicted failure pressure divided by the MAOP ratios given in Table 24 above.

Title 49 CFR Parts 192 and 195 require ASME B31G or RESTRENG be used to evaluate the strength of pipe and both procedures place limits and factors of safety on their applications.   However, in section 192.933(d) on actions to be taken to address integrity issues in high consequence areas, the U.S. DOT only requires repair of corroded pipe if the calculated failure pressure is less than 1.1 times the MAOP.  This does not comply with ASME B31G or RSTRENG.

In section 192.485, corrosion found by ILI must be repaired if strength of the corroded pipe is not less than a pressure that corresponds to a hoop stress equal to at least the specified minimum yield strength of the pipe based on the actual remaining wall thickness.   However, in section 195.452(h)(4)(B), corrosion found by ILI must be repaired if the burst pressure is less than the allowable maximum operating pressure of the pipe (MOP).  

The “burst” pressure of pipe is not defined in Title 49 CFR Parts 192 nor 195, ASME B31.4, ASME B31.8, or ASME B31.8S.  Burst pressure can potentially be calculated as the internal pressure that creates a hoop stress equal to the ultimate tensile strength which is an extremely dangerous pressure report.  The ratios of specified minimum yield strength divided by specified minimum ultimate tensile strength in API 5L are shown in Table 25.






Table 25
Specified Minimum Tensile Strength ÷ Minimum Yield Strength

	Grade of Pipe
	Calculated Tensile ÷ Yield Strength

	B
	  1.70

	X-42
	  1.43

	X-52
	1.28

	X-60
	1.25

	X-70
	1.18



If, for example, a crude oil pipeline system of API 5L X-42 pipe has a maximum allowable operating pressure of 1000 psig at 72% of the specified minimum yield strength, the burst pressure of the pipe is 1988 psig [(1000 psig x 1.43) ÷ 0.72].

When the 10% overpressure allowance is considered, section 195.452(h) does not even require the corroded pipe to have a strength equal to the MOP plus the overpressure allowance.  However, section 195.587 requires the strength of corroded pipe be based on actual remaining wall thickness using ASME B31G or RSTRENG which require a suitable safety factor.

Authors of the pipeline integrity management (PIM) requirements in both 49 CFR Part 192 and 49 CFR Part 195, did not understand the inconsistencies of the PIM requirements with the remaining parts of the regulations.  These inconsistencies are the most significant oversights in the Federal pipeline safety regulations; however, these oversights have existed for years and there is no indication the U.S. DOT is aware of these oversights.

10.4	Probabilities of RSTRENG Failures with Multiple Anomalies

10.4.1	Introduction

The procedures in industry standards for evaluating the fitness for service or serviceability of areas of corrosion, mechanical damage, imperfections, and cracking are based on analysis of a single condition in piping or a vessel.  However, when multiple areas in piping or a vessel are involved, the probability of at least one failure increases as shown with probability of exceedance statistical analysis.  Probability of exceedance analysis has been used extensively for evaluating thousands of areas of external corrosion found in the Trans Alaska Pipeline Systems (TAPS).

The following example will be used to illustrate the probabilities of failure of leakage and of ruptures using RSTRENG:
1. MAOP = 1000 psig.
2. Class location: One.
3. Minimum strength of each corroded condition = 1389 psig.
4. Estimated pressure containment strength of corroded areas:
a. 1450 psig,
b. 1500 psig,
c. 1600 psig,
d. 1700 psig,
e. 1800 psig,
f. 1900 psig, and
g. 2000 psig.

10.4.2	Leakage Analyses

As shown in section 10.2 for RSTRENG, the standard deviation for leakage is 18% and the systematic error or mean ratio of predicted ÷ actual pressures is 0.992 or about 1.0.  The estimated probabilities of leakage each of the example pressure containment strengths are:

Table 26
Fail and Pass Probabilities at 1389 psig

					        		Probabilities, %*		
	Estimated Pressure Contained Strength, psig
	Fail
	Pass

	1450
	40.5
	59.5

	1500
	33.0
	67.0

	1600
	20.0
	80.0

	1700
	10.8
	89.2

	1800
	  5.1
	94.9

	1900
	  2.1
	97.9

	2000
	   0.73
	  99.27


* Estimated from “t” distribution single side tables.

If there were one anomaly for each of the seven conditions shown above, the estimated probability of at least one condition does not meet the minimum design of RSTRENG is:
1. Probability of all conditions passing = 
0.60 x 0.67 x 0.80 x 0.89 x 0.95 x 0.98 x 0.99 = 0.264 (26.4%).
2. Probability of at least one condition failing = 
1 – 0.264 = 0.73.6 (73.6%).

In many pipelines, the number of corrosion anomalies can be very high.  If, for example, there were 10 corrosion anomalies for each estimated pressure containment size, the probability that at least one will exceed the RSTRENG criteria is 1 – (0.736)10 = 1 – 0.05 = 0.95 (95%).

If all anomalies having a pressure containment strength within 1.25 times the MAOP were excavated and repaired, the probabilities of at least one failure are reduced to:
1. For one anomaly at 1800 psig, 1900 psig and 2000 psig, probability of at least one failing becomes 1.000 – 0.949 x 0.999 x 0.993 = 0.08 (8%).
2. For five anomalies each at 1800 psig, 1900 psig, and 2000 psig, probabilities of at least one will exceed the RSTRENG criteria becomes 1.000 – (0.92)5 = 0.34 (34%).

The estimated probabilities for each single anomaly to fail at the MAOP of 1000 psig are:

Table 27
Failure and Survival Probabilities at 1000 psig

					        			Probabilities, %*	        
	Estimated Pressure Contained Strength, psig
	Failure
	Survival

	1450
	2.0
	            98

	1500
	1.0
	98.5

	1600
	0.7
	99.3

	1700
	0.3
	99.7

	1800
	0.2
	99.8

	1900
	0.1
	99.9

	2000
	  0.04
	  99.66



Although the above survival probabilities are high, they only include the uncertainties on use of RSTRENG.  The above does not include the over-pressure allowances, in-line inspection errors, cracking, brittle material, other imperfections in the pipeline, and stress sources other than internal pressure and piping geometric irregularities.

If the over-pressure allowance is added to the 1000 psi MAOP for a total of 1100 psi, the RSTRENG required minimum design strength of each corroded area becomes 1528 psig.  The estimated probabilities for each single anomaly to fail or survive at 1100 psig are:

Table 28
Failure and Survival Probabilities at 1100 psig

					        			Probabilities, %*	        
	Estimated Pressure Contained Strength, psig
	Failure (POE)           
	Survival (PNE)

	1390
	69.2
	30.8

	1450
	61.3
	38.7

	1500
	54.0
	46.0

	1600
	39.6
	60.4

	1700
	26.6
	73.4

	1800
	16.1
	83.9

	1900
	  8.8
	91.2

	2000
	  4.3
	95.7





10.4.3	Rupture Analysis

As shown in section 1.11.2 for RSTRENG, the standard deviation for ruptures is 15% and the systematic error or mean ratio of predicted ÷ actual pressures is 0.85.  The estimated probabilities of rupture for each of the example containment strengths are:

Table 29
Estimated Fail and Pass Probabilities at 1389 psig

					      			Probabilities, %*	        
	Estimated Pressure Contained Strength, psig
	Fail
	Pass

	1450
	9.9
	  90.1

	1500
	6.3
	  93.7

	1600
	2.2
	  97.8

	1700
	0.6
	  99.4

	1800
	  0.15
	    99.85

	1900
	  0.03
	    99.97

	2000
	              0
	100.0



If there were one anomaly for each of the seven conditions shown above, the estimated probability of at least one condition does not meet the minimum design requirement of RSTRENG is:
1. Probability of all conditions passing RSTRENG =
0.901 x 0.937 x 0.978 x 0.994 x 0.9985 x 0.9997 x 1.00 = 0.844 (84.4%).
2. Probability of at least one condition failing RSTRENG =
1 – 0.844 = 0.156 (15.6%).


11.0	Systematic Variations in Data

Systematic errors or unmeasured variations create a bias or consistent error in a measured value.  Systematic errors will often have both a bias or consistent error in measured value and some randomness in the magnitude of the errors.  For example, temperature change effects that are not measured or the effects properly accounted for create a bias in many measured values.  However, temperature effects also exhibit variable or random effects because of the variable nature of temperatures.

The positive, negative, and random characteristics of systematic errors and effects on measured values must be known for accurate measurements and appropriate statistical analyses.  If systematic errors based on random variables are repeated over time, their effect on overall error may be diminished.

If a constant systematic error is known to exist, each measured value should be adjusted by the negative or positive effect of this bias.  If several constant systematic errors are known to exist, the arithmetic sum of these positive or negative systematic errors should be determined and applied to each measured value.

If systematic errors are unknown in value and/or sign usually due to changes in operating and environmental conditions over a long interval, the average systematic effects can be estimated for measurements repeated with time and different conditions.  However, it may not be appropriate to use average values of systematic errors to adjust a single set of repeated measurements.  Adjustment for systematic errors in a single set of repeated measurements should not be made and calculated uncertainties in the measured values should include systematic effects.

The following example of glass thermometer measurements will be used to illustrate the combination of random and systematic effects.  Glass thermometer measurements errors and uncertainties include:
1. Random errors due to temperature scale,
1. Systematic errors due to glass aging,
1. Systematic errors due to ambient temperature effects on the glass,
1. Systematic errors in scale divisions, and
1. Systematic errors in glass thermometer calibrations.

Random glass thermometer readings uncertainty to the nearest scale graduation is + half a scale division.  Temperatures of the glass which are different than the thermometer glass calibration temperature cause systematic effects due to differences in glass expansion or glass contraction.  Temperature differences between the calibrations both temperature and the temperature calibration air can cause systematic errors.  The calibration devices have both systematic and random errors that become systematic during the calibration process.

The following hypothetical errors will be used to illustrate the use of a glass thermometer for temperature measurements:
1. Scale division errors, + or – 0.5°F;
1. Scale division reading errors, +0.5°F;
1. Ambient temperature change effects on glass in thermometer, + or - 0.5°F;
1. Glass thermometer reading errors during calibration, +0.25°F;
1. Calibration temperature sensor reading errors, +0.1°F;
1. Ambient temperature changes on glass thermometer during calibration, + or - 0.2°F;
1. Temperature variations within the calibration bath +0.1°F;
1. Systematic errors of calibration temperature measuring device, + or - 0.1°F; and
1. Glass thermometer aging effects, + or - 0.25°F.

The glass thermometer calibration errors would be:
1. Glass thermometer calibration readings = +0.25°F.
1. Calibration sensor readings = +0.10°F.
1. Glass ambient temperature effects + or - 0.2°F.
1. Temperature bath variations, +0.1°F.
1. Calibration errors in temperature calibration standard device = + or - 0.1°F.

Random errors during a single glass thermometer calibration measurement would be:


	 (Equation 6)

Some glass thermometer calibration reports included data on several measured differences between the glass thermometer readings and the calibration temperature readings.  However, personnel making temperature measurements with glass thermometers seldom apply these calibration corrections when industrial measurements are made.

The random uncertainties of each glass thermometer industrial reading is:


	.			(Equation 6)

The systematic uncertainties in each glass thermometer reading is:


				

The overall uncertainty in a single glass thermometer industrial reading is:


				

Systematic errors during a single glass thermometer calibration measurement would be:


		

The overall single glass thermometer calibration uncertainty would be:


		

The calibration uncertainty should not be expressed as a + value, because there is no randomness in the calibration data once a calibration temperature measurement is completed.  If the same glass thermometer were calibrated several times, some randomness could be applied to the systematic calibration uncertainty values.


12.0	Statistical and Metrology Definitions

Metrology is the science of measurement and statistics is the science of evaluating measurements.  Relevant definitions include:
1. Accuracy is the ability to closely measure the true value of a variable.
1. Bias is a measured result that produces an incorrect approximation of the true value of the variable being measured.  Bias is the result of a predictable systematic error.
1. Confidence interval or range of uncertainty is the range and interval within which the true value is expected to lie with a stated degree of confidence.
1. Confidence level is the degree of confidence that may be placed on an estimated range of uncertainty.
1. Degree of freedom is the number of independent results used in estimating the standard deviation.
1. Direct measurement is a measurement that produces a final result directly from the scale on an instrument.
1. Error is the difference between true and observed values.
1. Indirect measurement is a measurement that produces a final result by calculation using results from one or more direct measurements.
1. Mean is the average of two or more observed values.
1. Measurement is a procedure for determining a value of a physical variable.
1. Observed value is the result obtained from a measurement.
1. An outlier is the result that differs considerably from the main body of results in a set.
1. Precision is the degree to which data within a set of data clusters together.
1. Calibration is the process of comparing the output of a device against the measured value of a standard capable of measuring the input of a device to a higher level of accuracy than the device.  The readings of a calibrated device are normally corrected to match the measurements of the standard when practical.  To minimize the influence of variables affecting a measurement device or instrument of calibration measurements should be performed using the same source of input, same procedures, same operator, at the same location over a short period of time.
1. Standard is device or known quantity used in calibrations.  Standards must be capable of providing higher accuracy determinations or measurements than the devices.  Primary, working secondary, and transfer standards are used for calibration measurements.
1. Primary standard is usually a standard maintained by a national laboratory such as the National Institute of Standards and Technology.  These standards are normally kept in environmentally control areas in a single location and used sparingly to eliminate any wear and tear and maintain stability.  These standards normally provide the highest accuracy of measurement known to man.
1. Working secondary standards are usually standards maintained by state or private calibration laboratories.  These standards are used to calibrate transfer standards used in the field or on site to calibrate field devices.  Working secondary standards are not generally capable of measuring to the accuracy of primary standards, but are capable of being transported to other locations without experiencing a significant loss in accuracy.  Working secondary standards are generally used in environmentally control areas to minimize the effects of temperature changes and corrosion on these standards.  Working secondary standards should be capable of calibration measurements ¼ to ½ of the inaccuracies of transfer standards.
1. Transfer standards are usually standards used to calibrate instrumentation at factories or critical operating facilities such as oil and gas custody transfer facilities.  The facilities are portable and capable of calibration measurements ¼ to ½ of the inaccuracies of the instrumentation calibrated with transfer standards.  Transfer standards are not normally used enough to experience wear and tear, but can experience significant undetected inaccuracies due to temperature change effects and also be affected by corrosion if not maintained in environmentally controlled facilities when not in use.
1. Prove or proof is one or more comparison measurement(s) between a working instrument and a transfer standard to determine whether a full calibration is needed or the working instrument.  The differences between the measurements are normally compared to a predetermined tolerance level for the particular measurement activity.
1. Linearity or non-linearity is a measure of variation in output versus measured input over the range of inputs.
1. Hysteresis is a measure of the non-linearity between input to a measurement instrument and the output or response to the input over the range of inputs.  Hysteresis is often caused by a lag in response of an instrument or material.  Hysteresis is also a measure of the input rate sensitivity of an instrument or material.  Since hysteresis can be dependent on the rate of change in input, calibration methods to measure hysteresis should be capable of providing input change rates in which the measuring instrument is used.
1. Random error is an error that varies in an unpredictable manner when measurements of the same variable are made under effectively identical condition.
1. Range is the region between limits within which a quantity is measured.  Usually the difference between measured high and low values.
1. Repeatability is a measure of the agreement between the results of successive measurement of the same variable carried out by the same method, with the same instrument, at the same location, and within a short period of time.
1. Reproducibility is a measure of the agreement between the results of measurements of the same variable where individual measurements are carried out by the same methods, with the same types of instruments, but by different observers, at different locations, and after a long period of time.
1. A result is the observed value of a variable determined by a single measurement.
1. A spurious error is a gross error in procedure or equipment.
1. Standard deviation is the root mean square deviation of the set of observed values from the average.
1. A systematic error is one that, in the course of a number of measurements made under the same conditions, on material has the same true value of a variable, either remains constant in absolute value and sign or varies in a predictable manner.  Systematic errors result in a bias.
1. Variance is the measure of the dispersion or scatter of the values of the random variable about the mean.



13.0	Calibration Laboratories

13.1	Introduction

There are numerous private and public laboratories that calibrate working measurement devices and transfer standards used to calibrate working measurement devices.  The National Institute of Standards and Technology (NIST) has created and manages a voluntary laboratory accreditation program.  Users of calibration services should require manufacturers of measurement equipment and critical safety equipment use laboratories that participate in this program. 

Information on this program is available in NIST Handbook 150-2G and calibration measurements include:
1. Pressure calibration of microphones,
1. Accelerometer calibrations,
1. Air speed calibrations,
1. Flow measurement of inert cryogens,
1. Flow calibrations,
1. Force calibrations,
1. Mass calibrations,
1. Volume calibrations,
1. Hydrometer calibrations, and
1. Rockwell hardness.

Although not specifically mentioned in Handbook 150-2G, NIST also has standards and calibration services for pressure, temperature, and density that are critical to pipeline custody measurements and pipeline safety.

13.2	Traceability

All critical pipeline measurements should be traceable to primary standards by establishing an unbroken chain of periodic comparisons or calibrations.  Working measurement devices should be proved and calibrated periodically against field transfer standards.  The field transfer standards should be calibrated against secondary standards and secondary standards should be calibrated against primary standards.  A pipeline company should establish a written calibration program on each critical measurement equipment that at least covers:
1. Identification of each critical measuring device,
1. Description of transfer standard(s) used to prove and calibrate the measuring device,
1. Calibration procedures,
1. Documentation of each proof and calibration measurement, and
1. Statistical control charts of calibration data on each critical device.

Each pipeline company should require each calibration laboratory to complete the above list of traceable calibration steps by preparing and following a written program that at least includes:
1. Description of each secondary standard used to calibrate transfer standards,
1. Calibration procedures for each transfer standard,
1. Documentation of each transfer standard calibration,
1. Statistical control charts of calibration data on each transfer standard,
1. Description of each primary standard used to calibrate each secondary standard,
1. Calibration procedures for each secondary standard,
1. Documentation of each secondary standard calibration, and
1. Statistical control charts of calibration data on each secondary standard.

Proper performance of each of the above activities should ensure traceability of each critical pipeline measurement device.

13.3	Use of Care of Standards

Standards used for calibration activities must be cared for to avoid any corrosion, mechanical wear or damage to the standards.  Each standard should be inspected for deterioration or alteration prior to being used.  Any standard found to have experienced any deterioration should be replaced or at least recalibrated before being used.

Care must also be taken to control or account for the effects of temperatures, humidity, atmospheric pressure, gravity, and other environmental variables on measurements made by calibration standards.  For these reasons, primary standards are usually maintained in environmentally controlled spaces at one location.

1.3.4	Assessing and Evaluating a Laboratory

A National Voluntary Laboratory Accreditation Program (NVLAP) lead assessor will conduct an on-site evaluation of the laboratory.  The NVLAP general operations checklist will be completed.  The assessment may include observing calibrations in progress and repeated measurements of calibration measurement or just listening to the laboratory staff describe the calibration process.  The depth of the assessment depends on the number of calibration activities and the time required to perform a given calibration.  Therefore, the depth as assessments unfortunately will depend on the time spent by the laboratory assessors.

Proficiency tests are conducted as part of the assessment process.    The applicant laboratory is required to perform a single measurement or a series of measurements on an artifact using the same calibration method, apparatus, and personnel that it uses to calibrate a customer’s equipment.  The laboratory must also identify and quantify all sources of uncertainty that affect the calibration measurement.  The laboratory must combine all uncertainty contributions in their type A and type B components and combine the uncertainties in the root-sum-squared methods as described in the NIST “Guide to the Expression of Uncertainty in Measurements”.   A 95% confidence level     (+ two standard deviations) will be used to determine uncertainties.

The proficiency test requires the artifact to be measured by the applicant laboratory and be separately measured using a standard provided by the assessor.  The difference in the measured values of the artifact must be within the root sum square of the laboratory overall uncertainty and the reference laboratory’s overall uncertainty to measure the artifact.

If a single calibration measurement is made, the precision of the proficiency test may be poor.  For this reason, pipeline companies should request the results of laboratory proficiency tests when critical measurements are involved.


14.0	Repeatability and Reproducibility of Measurements

Repeatability is a measure of the random error associated with a single operator or device at a given location, obtaining successive measurement on the same substance over a short time period, with the same measuring devices, and under constant operating conditions.   Repeatability is the range of uncertainty (normally at the 95% confidence level) for the difference between two measurements obtained under the same conditions.

The short time interval between measurements is essential to ensure that external conditions are kept as nearly constant as practical.  The time interval should be of the same order of magnitude as the duration of a single measurement.  Repeatability, Repeat(x), is calculated as:


							(15)

Reproducibility is a measure of the random error associated with different operators working at different locations with different instruments, with each operator obtaining single measurements of the same body of material by using the same methods and same types of measuring devices.  When all uncertainties are random, reproducibility,    Reprod (xn), is calculated as:



	  (Equation 6)

Reproducibility is a measure of the potential disagreement between sets of measurements of the same variable.  The uncertainties between sets of data must be included in addition to the uncertainty within each set of measurements.  If additional variables are involved, the uncertainties effects of these variables must be addressed in the reproducibility analysis and the calculated value will be higher.



15.0	Pipeline Safety Statistical Application

Applications of statistics on pipeline safety matters are numerous.  A clear understanding of risk requires an effective statistical analysis of the available data and implications of missing data. An understanding of the statistical uncertainty in the analytical methods such as ASME B31G and RSTRENG and the role of fracture mechanics are also critical.  Without a clear understanding of statistical data affecting risk, pipeline integrity management programs cannot be effective.

Numerous requirements in pipeline safety regulations and industry standards are not based on sound statistical principles that can be related to risk to public safety, property, and the environment.
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