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Abstract:
Studies on external corrosions in offshore pipelines have not received much attention as compared to the internal corrosions.  The prediction models for internal corrosions, however, are mostly derived using the knowledge of traditional statistical methods such as the Analysis of Variance (ANOVA).   Unfortunately, the nature of corrosion data which are random may not always comply with the assumptions made in ANOVA.  This paper then proposes another statistical approach in estimating external corrosions (d, unit %) in offshore pipelines by using the Exploratory Data Analysis (EDA) techniques.  The EDA techniques are simple and are not based on strict assumptions which are rarely fulfilled in real world situations.  The median polish model is an alternative to Analysis of Variance (ANOVA) and is used in the analysis in this paper.  The proposed model was developed based on a recent discovery which conforms that external corrosions are not uniform along the circumference of the pipe but has got specific influence on the o’clock orientations.  A prediction table was also developed to guide users on the estimate of external corrosions in offshore pipelines with regards to the o’clock orientations of the pipe circumference.
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1. Introduction
Offshore pipelines play a significant role in the oil and gas industry in Malaysia as a means of hydrocarbon transportation.  In some cases, pipeline is found to be more economical as compared to the tankers especially when the locations of offshore platforms are not too far away from the onshore.  In 2007 for instance, Malaysia encompasses a total length of 7,438 km pipelines that carries different products such as condensate (282 km) gas (5,273 km), oil (1,750 km), oil/gas/water (19 km) and refined products (114 km).  
Pipelines deteriorate with time and corrosion is known to contribute almost up to 50% of pipeline failures.  Corrosions in offshore pipelines, however, are random, unique, complicated and describing these is not something straight forward.  Corrosions can be observed from the internal and external surfaces of the pipe.  An intelligent pig (IP) tool is normally used to provide information on the condition of a corroded pipe. The tools are not only able to provide information on the magnitude of corrosions, but also their location and orientation along the pipe.  The most common parameter used to describe corrosion is the depth, (d).  The amount of d is described by depth of penetration (mm) or amount of wall loss with respect to pipeline wall thickness (%) while the location can be described by two means, namely (i) distance as measured along the pipeline longitudinal view (Fig. 1a), and (ii) orientation as described by the o’clock position with respect to pipeline cross section view (Fig. 1b).  
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(a) Longitudinal view



        (b) Cross section view

Fig. 1 Corrosion defect distributions as captured by an IP tool
Studies in the past are more favorable to internal corrosions as compared to the external.  Thus, not many literatures can be found for the latter.  The work by [1] for instance, exhibited one of the earliest studies of external corrosion prediction in space.  Their work revealed that corrosions do not occur uniformly across a circumference of the pipeline (refer Fig 1b) but are likely to develop at specific points rather.  One way of studying this problem is by using the Analysis of Variance (ANOVA) method. However, this method relies on stringent assumptions.  It will be shown in this paper later that these assumptions do not hold and therefore there is a need to employ another alternative method known as the Median Polish.  Therefore, this paper attempts to illustrate the application of median polish approach in building up a model to predict external corrosions in offshore pipelines as measured with respect to the circumference of the pipe.  Note that the corrosion parameter d (unit %) as measured from the circumference o’clock position is used throughout the analysis presented in this paper. 
2. Data and Methodology
The analysis in this paper utilized a 28’’ diameter steel offshore pipeline type API 5LX-65 containing external corrosions placed on the sea bed.  The unburied pipeline transports gas from shallow water of approximately less than 70 m to onshore. The site was at Kerteh, Terengganu, the east coast of Peninsular Malaysia, about 130 km in the South China Sea (5°50’30”N, 104°07’30”E).  Fig. 2(a) shows the location of the pipeline area, circled near Kerteh while Fig. 2 (b) provides an overview of pipelines layout near Kerteh shore line.  The pipeline was installed in 1999 and has been in operation for more than ten years.  A total of 307 external corrosion defects of various types were reported by the IP tool along the 128 km long pipe. The minimum, average and maximum wall losses were 4, 15 and 42%, respectively, calculated with respect to the actual wall thickness. 
The analysis presented in this paper was fully carried out using a statistical approach called the Exploratory Data Analysis (EDA) techniques which are largely due to [2].  There are many other excellent references to the techniques of EDA far too many to mention.  The tools of EDA are applied to discover new knowledge and in this respect outliers would play a central role [3].   The tools of EDA techniques which are applied in this paper are Stem and Leaf Display, Letter Value Display, Box Plot, and Median Polish.  Details on these can be found in [3] and [4].
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 Fig. 2 Layout of pipeline API 5LX-65 in Peninsular Malaysia [Mustaffa et al. (2011)]

3. Results and Discussion
Results obtained from the EDA techniques are discussed in more details in this section. At first, an overview on the statistical summary of the corrosion data will be presented. Outcomes from the stem and leaf display is as shown in Fig. 3, letter value display in Fig. 4 and box plot in Fig. 5. The mean and median of the 307 corrosion data are 15% and 12%, respectively.  In traditional statistics the mean plays a central role but in the EDA techniques, the median is given higher priority.  The median of the data seemed to be slightly smaller than the mean.  This is because the median is a resistant measure which is resistant to outliers.  The presence of outliers usually skews the data set. The standard deviation of the data is 8.98.  The minimum value of the corrosion data is 4% while maximum is 42%. 

N = 307
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Fig. 3 Stem and Leaf display for corrosion depth parameter, d (unit %)
     Depth       Lower        Upper           Mid        Spread

 N=307

 M   154.0            12.000                 12.000

 H    77.5        8.000       19.000         13.500       11.000

 E    39.0        7.000       28.000         17.500       21.000

 D    20.0        6.000       32.000         19.000       26.000

 C    10.5        5.000       36.500         20.750       31.500

 B     5.5        4.000       39.500         21.750       35.500

 A     3.0        4.000       41.000         22.500       37.000

 Z     2.0        4.000       42.000         23.000       38.000

       1          4.000       42.000         23.000       38.000

Fig. 4 Letter Value display for corrosion depth parameter, d (unit %)
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Fig. 5 An overview of box plot for corrosion depth parameter, d (unit %)

From these figures, it is obvious that the data are skewed to the right due to the presence of high outliers as evidence in the box plot.  These high outliers cause the data to be skewed to the right.  This skewness can also be seen by examining the mid values in the letter value display where the values are steadily increasing from 12 to 23%.  It can also be observed that the median does not cut the box into half which is further evidence of skewness to the right.
The analysis presented so far has provided sufficient information about the characteristics of corrosions observed as a whole.  The next intention of the analysis in this paper is to expand this knowledge by looking at the spread of corrosions as seen from the cross section view (recall Fig. 1b).  This can also be further portrayed by making use of the o’clock information reported by the IP tool, as illustrated in Fig. 6.  [Note that the 6 o’clock orientation is a point when the pipeline touches the sea bed.]  For offshore pipelines laid in shallow water, the environmental loadings like waves and/or current may play significant role to the formation of corrosions on the external surface of the pipe.  The pipeline utilized in this paper was considered free from any external interference like anchor drags, vessel collisions, drop objects and even extreme marine habitats [5].

Fig.6 Cross section view of a pipeline with details of o’clock orientation as reported by the IP tool
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Fig. 7 Box plots for corrosion depth parameter, d (unit %) as captured at each o’clock orientation 

In Fig. 7, box plots comparisons were plotted was prepared to show the distribution of corrosions with respect to the o’clock orientation.  [Note that 1 o’clock orientation for instance, represents values from 1:00 to 1:59 o’clock.]  It was noticed from Fig. 7 that corrosion depth does not uniformly occur at the circumference of the pipeline but has got certain orientation.  For instance, depth of corrosions at orientation 1, 9 and 10 are higher compared with other orientations.  Outliers are also present in the data, resulting data to be more skewed to the right and not normally distributed.  There are unequal variances for different orientation.  Due to the violation of these assumptions, the traditional ANOVA method is not meaningful.  Therefore, the median polish technique was used in order to fit a model.  It is a more suitable technique used to develop a relationship (model) which is able to estimate external corrosion development with respect to its o’clock orientation in the pipeline, as given by
,
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with, 
i = 1, 2, ……., nj
j = 1, 2, ……., 12 o’clock orientations

where, 
dij is the external corrosion depth (unit %), 
( is the overall effect, (j is the orientation effect, 
eij is the residuals, and nj is the sample size of the jth orientation.

The fitting of the model as in Eq. (1) was done by using the Minitab Statistical package Released 11.2.  The fitted model is given by, 
dij = 11.5 +(j  
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where, (1 (1 o’clock) = 10.0

(7 (7 o’clock) = -3.0
 (2 (2 o’clock) = 0.5

(8 (8 o’clock) = 2.0
(3 (3 o’clock) = -1.5

(9 (9 o’clock) = 9.5
(4 (4 o’clock) = -2.0

(10 (10 o’clock) = 9.5
(5 (5 o’clock) = -3.5

(11 (11 o’clock) = -0.5
(6 (6 o’clock) = -4.0

(12 (12 o’clock) = 0.5
The eij term can be addressed using the H-spread value (H-spr) of the residuals, which is determined as 9% in this analysis.  It is computed as ± (H-spr) of the predicted value, i.e. (µ + (j) ± (H-spr).  Thus the final predicted value for external corrosion depth (unit %) is given by,
dij = 11.5 +(j ± (1.5 × 9)

       
                                           (2)

For instance,
a. For 1 o’clock orientation, 
Corrosion, d = 11.5 + 10 ± (1.5 × 9) = 21.5 ± 13.5 = (8 %, 35 %), which implies that the 1 o’clock orientation is likely to have corrosion depths in the range of 8 and 35% of the pipeline wall thickness.
b. For 8 o’clock orientation, 
Corrosion, d = 11.5 + 2 ± (1.5 × 9) = 13.5 ± 13.5 = (0 %, 27 %), which implies that the 8 o’clock orientation is likely to have corrosion depths in the range of 0 and 27% of the pipeline wall thickness.  Note that the 0% corrosion is considered to be free from defects, thus the 27% value is more reasonable to be applied in the prediction. 
Based on this model, the following Prediction Table as given by Table 1 is prepared.
Table 1 Prediction Table for external corrosions (d, unit %) in offshore pipelines 
at different o’clock orientations 

	Orientation
	Predicted value
	Prediction interval

	1 o’clock
	21.5 %
	8 – 35 %

	2 o’clock
	12.0 %
	0 – 25.5 %

	3 o’clock
	10.0 %
	0 – 23.5 %

	4 o’clock
	9.5 %
	0 –23 %

	5 o’clock
	8.0%
	0 – 21.5 %

	6 o’clock
	7.5 %
	0 – 21 %

	7 o’clock
	8.5 %
	0 – 22 %

	8 o’clock
	13.5 %
	0 – 27 %

	9 o’clock
	21.0 %
	7.5 – 34.5 %

	10 o’clock
	21.0%
	7.5 – 24.5 %

	11 o’clock
	11.0%
	0 – 34.5 %

	12 o’clock
	12.0 %
	0 – 25.5 %


Conclusions

The objective of this paper is to investigate the external corrosions (d, unit %) in offshore pipelines and to provide a model by using the median polish techniques.  It was found that corrosions are not uniform along the circumference of the pipe but has got specific influence on the o’clock orientations.  Based on this fact, a linear model was proposed using the median polish approach and a prediction table was prepared from it.   The table provides some overviews on the estimate of external corrosions, d (unit %) in offshore pipelines at different o’clock orientations.  From the model, it was noticed clearly that the 1, 9 and 10 o’clock orientations experienced higher values as compared to the other orientations.  This exhibits strong orientation effect at those respective points for which the characteristics of corrosions might have been influenced by other factors like the waves and/or current activities.  Pipeline operators would then expect a pipeline to be heavily corroded at these points and special precaution should be given to these o’clock orientations.  The usefulness of this model is that it is simple and is not based on stringent assumptions which are rarely fulfilled in real world situations.  This research provides new knowledge on understanding the characteristics of external corrosion prediction in shallow waters under the environmental influence of currents and waves.  In the absence of analytical or empirical equations to describe such prediction, the application of EDA to operational pipelines is believe to be able to provide estimate on the depths of corrosion of those pipes. Further research would be to investigate the increase of corrosion depth, d with respect to time, which will be investigated by the authors in the near future and reported. 
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