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Abstract: A recent audit of oil and gas (O&G) production and process facilities (P&PFs) 
functioning on the Norwegian Continental Shelf (NCS) revealed that inadequate 
classification of equipment tends to increase the probability of maintenance induced 
failures. Hence, to mitigate the problem, this manuscript suggests a fuzzy inference system 
(FIS) to further revise and fine-tune an existing static mechanical equipment classification 
which has been utilized for the inspection and maintenance of a North Sea P&PF. Such a 
revision and  fine-tuning of the existing classification enables the equipment in a sub-
system of a P&PF to be identified by its degradation mechanism and classified under 
common degradation groups (e.g., corrosion loops, erosion loops, etc.). A case study has 
been performed using condition monitoring data and historical in-service inspection data 
retrieved from the piping inspection database (PIDB) belonging to a P&PF located on the 
NCS.  

Keywords: Mechanical equipment classification, fuzzy inference system, 
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1. Introduction  

Managing and maintaining the technical integrity of aging offshore O&G P&PFs on the 
NCS has become a vital task for operating authorities [1]. The aged platforms need to 
satisfy the health, safety, environment and quality (HSE & Q) requirements imposed on 
their operations by the petroleum safety authorities. Therefore, considerable attention is 
placed on the concepts of maintainability, reliability and safety in the O&G P&PFs. 
Hence, classification procedures are used to identify the critical equipment in order to 
improve the quality of inspection and maintenance. 

In this context, analytical procedures are used in the equipment level hierarchy to 
categorize the equipment from plant level to the functional level [2]. A plant is classified 
into systems and sub-systems according to the designed system functionality and the 
process conditions encountered in the equipment. The present classifications of sub-
systems are called equipment groups; have common pressure, similar media and common 
degradation behavior. Due to the expected common degradation behavior, the equipment 
groups are also known as corrosion loops in the O&G industry [2]. The degradation 
behavior of the equipment group is summarized into corrosion rate. However, in real state, 
the equipment within an equipment group is undergoing different degradation 
mechanisms, for instance, corrosion, erosion, microbiological induced corrosion, etc. 
Therefore, within the equipment group, identifying the correct equipment, causing heavy 
degradation, for inspection and maintenance is a challenge.  
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A recent audit from the Petroleum Safety Authority Norway on the maintenance 
management of seven oil companies revealed that some non-conformities occur in all or 
most of the companies’ cause for maintenance deficiencies. The result of the audit carried 
out in the period of 2006-2008 revealed that insufficient classification of equipment in 
P&PFs is one of the main deficiencies, causing improper inspection and maintenance. 
This leads to the less critical equipment being over-maintained while the critical 
equipment is under-maintained. Therefore, it is necessary to use the correct classification, 
the correct use of classification and to update the classification on a regular basis [3]. 

Different approaches have been developed by researchers for equipment classification 
in inspection and maintenance [4].  However, the equipment classification approaches are 
given less priority in relation to the specific failure mechanisms (e.g., various degradation 
mechanisms) in classifying equipment. The FISs are suitable in integration of expert 
knowledge and representation of vague and imprecise data for reasoning [5]. Therefore, 
this manuscript suggests a FIS to identify the degradation level of sub-system equipment 
in relation to various degradation mechanisms. The approach enables further classifying 
the sub-systems into sub-groups according to the degradation mechanisms. The 
implementation of the FIS has been illustrated using a case study and the suggested 
approach has been verified using the case study sub-system. 

2.  Methodology 

The eleven input degradation parameters affecting degradation in static mechanical 
equipment of the production and process flow lines are selected from the extensive 
literature survey and verified by the inputs from the field experts in the O&G P&PFs’ 
inspection planning discipline. The selected degradation parameters are formulated as 
fuzzy variables for the use of FIS. 

The data and information are acquired from the carbon steel flow lines of a matured 
offshore P&PF on the NCS. In this study the effect of chemical injection, adding 
corrosion inhibitors, cathodic protection etc., which used in the industry to mitigate the 
degradations were not considered during the development of the system. The study is 
limited to the corrosion and erosion degradation mechanisms. The schematic structure of 
the proposed approach is illustrated in Figure 1.  
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Figure 1: The Schematic Structure of the Proposed Approach 

2.1     Selecting Degradation Parameters 

The parameters relevant to CO2 and H2S corrosion were identified from corrosion models 
developed by researchers. Degradation parameters for CO2 corrosion are illustrated 
extensively by Nesic, Li, Huang & Sormaz [6], Singh & Markeset [5] and NORSOK M-
506 [7]. The degradation parameters for H2S corrosion are explained by Nesic, Li, Huang 
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& Sormaz [6]. The parameters for the erosion behavior of equipment are explained in 
DNV RP O501 [8] standard.  

2.2    Fuzzy Inference System 

The Mamdani-type fuzzy inferencing is similar to the reasoning process of the human 
experts, where the consequences are explained in rules consisting of linguistic variables 
[5]. The If-Then rules used in the Mamdani implication are local, where the rule base 
incorporates the field experts’ experience, knowledge and the theoretical inputs [9]. A set 
of imprecise linguistic If-Then rules in an imprecise system state is used to generate the 
acceptable outputs of degradation rates. The Mamdani inference uses the Max-Min 
inference, where maximum for accumulation and minimum for activation [10]. 

3. Case Study 

In order to develop the FIS, a piping equipment section of a production flow line from 
choke valve to second separator of a mature offshore O&G P&PF was studied to identify 
degradation behavior and process flow conditions. The aforementioned section of 
equipment was selected by observing the variations of corrosion and erosion behavior in 
the internal walls of the equipment. The process of developing the system by gathering 
data/information, field experts’ expertise, developing a knowledge base and selecting 
inferencing tools for the case study is illustrated in Figure 2. 
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Figure 2: The Development Process of FIS for the Case Study 

3.1    Implementation of the FIS 

The identified degradation parameters for the corrosion and erosion of the equipment are 
water content, gas content, oil content, H2O/CO2 content, sand production, flow line 
pressure, liquid flow velocity, gas flow velocity, flow line pressure, impact angle and flow 
line temperature. The data from the eleven degradation parameters are input to the FIS to 
generate the two outputs (i.e., corrosion and erosion rates). Hence, the FIS is considered to 
be a multi-input multi-output system (MIMO). Once the corresponding data of the 
degradation parameters of the equipment is given to the system, the FIS is intended to 
deliver the corrosion and erosion rate of the particular equipment. Therefore, the 
equipment can be classified as corrosion group equipment or erosion group equipment by 
defining appropriate thresholds for corrosion and erosion rates. The complete system 
block diagram is given in Figure 3. 
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Figure 3:  FIS for Predicting Corrosion Rate and Erosion Rate 

3.2    Membership Function Development 

The development of MFs (MFs) for the input and output degradation parameters for FIS 
are designed according to the information surveyed from the research literature, condition 
monitoring data from O&G P&PF and the inputs from the field experts. Fuzzy variable 
characterization is very important in defining the MFs. Figure 4 shows the GUI of a 
condition monitoring information for the gas flow velocity in a flow line. The fuzzy 
variable characterization limits (very low, low, medium, high, very high and extremely 
high) for the fuzzy variable, gas flow velocity, are allocated according to the variation 
shown in the graph of Figure 4. 
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Very High (4.5)

 
Figure 4: The GUI of the Condition Monitoring System for Selecting the MF Characterization 

The selected and verified input and output fuzzy variables for the FIS is given in Table 
1.The fuzzy characterization limits of the variables and references of data for the limits 
acquired are also arranged in Table 1. The fuzzy variable characterization limits are 
verified with field experts to suit the P&PF on the NCS.  

The triangular profile MFs are used for all the fuzzy input and output variables in the 
FIS. The developed MFs for input variables are presented in Figure 5, while the output 
MFs for the FIS are shown in Figure 6. The rule base for the FIS consists of 319 rules, 
which were generated by the inputs from the inspection planning field experts. 
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Table 1: The Input and Output Fuzzy Variable Characterizations and Limits 
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Figure 5: Input MFs for the FIS 

 

REFERENCE
Very Low Low Medium High Very High Extremely 

High
INPUT FUZZY VARIABLES
Water Content fraction ____ [0.1,0.5] [0.1,0.9] [0.5,0.9] ____ ____ [11]
Gas Content fraction ____ [0.1,0.5] [0.1,0.9] [0.5,0.9] ____ ____ [11]
Oil Content fraction ____ [0.1,0.5] [0.1,0.9] [0.5,0.9] ____ ____ [11]
Flow Line Pressure bar [10,120] [10,230] [120,340] [230,450] [340,450] ____ [5]
Flow Line Temperature Centigrade ____ [60,110] [60,160] [110,160] ____ ____ [12]
Sand Production Kg/day*Well ____ [1,2] [1,3] [2,3] ____ [13]
Liquid Flow velocity [0.5,1.5] [0.5,2.5] [1.5,3.5] [2.5,4.5] [3.5,4.5] ____ [5]
Gas Flow Velocity [0.5,1.5] [0.5,2.5] [1.5,3.5] [2.5,4.5] [3.5,4.5] ____ [5]
Impact Angle Deg [0,15] [0,30] [15,30] [8]
pH Value ____ [4,5] [4,6] [5,6] ____ ____ [5]
H2S/CO2 Content fraction ____ [0.1,0.25] [0.1,0.4] [0.25,0.4] ____ ____ [12]

OUTPUT FUZZY VARIABLES
Corrosion Rate mm/year [0.0,1.5] [0.0,3.0] [1.5,4.5] [3.0,6.0] [4.5,7.5] [6.0,7.5] [5]
Erosion Rate mm/year [0.0,1.5] [0.0,3.0] [1.5,4.5] [3.0,6.0] [4.5,7.5] [6.0,7.5] [5]

OPERATING RANGE
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Figure 6: Output MFs for the FIS 

4. Results 

The degradation parameter data relevant to the selected thickness measurement locations 
(TMLs) are obtained from the PIDB is fed into the FIS model in a discrete manner and 
simulated in the MATLAB Simulink environment. The selected degradation parameter 
data is presented in Table 2. The predicted corrosion and erosion rates are retrieved as a 
crisp values after the defuzzification. 

Table 2: Input degradation parameter values for the FIS 

 
 

Table 3: Equipment Group Categorization (Threshold: IF 3.25< Erosion_rate THEN 
Erosion_Group ELSE Corrosion_group) 

TML Type of Component Corrosion  rate/ 
mm/year 

Erosion rate/ 
mm/year 

Corrosion 
group 

Erosion 
group 

1 Bend 1.97 2.99 X  
2 Bend 2.92 1.30 X  
3 Bend 1.5 0 X  
4 O-let 2.25 3.39  X 
5 Spool 1.71 4.59  X 
6 Spool 1.71 4.71  X 
7 Spool 2.32 3.51  X 
8 Fabrication weld 2.25 4.02  X 
9 Fabrication weld 2.25 1.85 X  

10 Field weld 3.48 4.45  X 
11 Field weld 2.22 3.18 X  
12 Field weld 2.93 4.29  X 
13 Field weld 2.25 2.86 X  

Measuring 
point

Type of 
Component

Water 
Content/ 
fraction

Gas 
Content/ 
fraction

Oil 
Content/ 
fraction

H2S/CO2 

Content/ 
fraction

Liquidflow 
Velocity/ 
ms-1

Gasflow 
Velocity/
ms-1

Flowline 
Pressure/ 
bar

Sand 
Production/ 
Kg/day*well

Flowline 
Temperature
/ C0

pH Value Impact 
Angle/ 
deg

1 Bend 0.2 0.2 0.5 0.1 1.5 3.4 120 1.9 91 4.50 30.00
2 Bend 0.1 0.2 0.4 0.3 2.5 2.3 67 1.5 90 5.00 30.00
3 Bend 0.3 0.4 0.25 0.05 4.5 4.5 172 0 75 5.00 30.00
4 O-let 0.8 0.1 0.1 0 3.5 3.8 130 2 96 4.00 30.00
5 Spool 0.6 0.1 0.2 0.1 4.1 4.5 115 2.5 65 6.00 0.00
6 Spool 0.5 0.2 0.2 0.1 4.3 4.5 145 1.9 65 4.50 0.00
7 Spool 0.4 0.2 0.3 0.1 3.2 3.9 165 1.7 88 5.50 0.00
8 Fabrication weld 0.7 0.05 0.2 0.05 4.2 4.4 65 2.1 85 5.00 0.00
9 Fabrication weld 0.9 0 0.1 0 2.3 2.9 152 0.8 110 4.00 0.00
10 Field weld 0.5 0.25 0.1 0.15 2.9 3.2 124 3 115 4.50 0.00
11 Field weld 0.5 0.2 0.2 0.1 3.7 4 68 1.3 80 5.50 0.00
12 Field weld 0.4 0.25 0.2 0.15 2.8 3.2 67 2.9 90 6.00 0.00
13 Field weld 0.3 0.2 0.4 0.1 3.9 4.2 170 1.1 100 5.00 0.00
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Table 3 illustrates the output of the FIS (i.e., corrosion and erosion rates) according to 
the given degradation parameter values. A threshold value is defined to classify the 
equipment into corrosion groups and erosion groups. For this specific case study, the 
equipment with erosion rate of 3.25 mm/year or higher is classified  into an erosion group, 
and rest of the equipment is classified into a corrosion group. The selected equipment for 
corrosion group and erosion group is indicated in Table 3. The current degradation rates of 
the selected equipment are calculated using the PIDB data. 

5. Discussion 

The developed FIS consists of identified critical degradation mechanisms’ behavior whilst 
the flow condition parameters have been utilized as rules. The FIS is flexible in generating 
the existing condition thresholds for classifying the equipment under corrosion and 
erosion groups. Table 3 illustrates the classification of a selected section of equipment in a 
mature offshore O&G P&PF on the NCS. The threshold limits are decided on the 
conditions, quality and requirements that need to be achieved during the classifying 
process for the particular sub-system. In an existing process flow line, the factors, such as, 
chemical injection, control of the choke valve etc., as well as constants used in the 
degradation equations can have an effect on the differences in degradation rates. 
Moreover, it should be noted that fuzzy systems can tolerate some noise in the inputs in 
predicting the outputs.  However, the MFs for the FIS have been constructed by 
considering the simplified triangular MFs. Therefore, the profile of the MFs also affects 
the deviations in the output values. 

6. Conclusion 

The proposed FIS has been tested for a flow line sub-system with the help of flow 
condition parameter data. The FIS shows acceptable performance in generating the 
degradation rates of the equipment, which leads to the classification of equipment by 
degradation mechanisms. The implementation of the proposed classification and 
identification approach in an offshore O&G P&PFs would result in: proper identification 
of the critical equipment for inspection and maintenance, a reduction in human error, an 
understanding of the degradation behavior of the equipment, a reduction in inspection and 
maintenance planning costs, and a reduction in unnecessary analysis of historical data as 
well as process and production flow data. Therefore, the proposed FIS helps in prioritizing 
the equipment in the in-service inspection process, reducing the time spent on identifying 
critical equipment by analyzing historical data and improving both inspection and 
maintenance efficiencies. In this context, the proposed approach supports establishing 
optimal risk-based inspection programs whilst enhancing the quality of in-service 
inspection programs. 
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