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 Abstract - Underground buried gas pipelines are 

protected from corrosion and rusting by applying 

Cathodic Protection (CP). Moreover, pipes are 

coated with different types of coatings including 

Coal Tar (CT) enamel coating, fusion bonded epoxy, 

cold applied tapes etc. Out of which, CT coating 

technique is the oldest one. The current study is 

executed to perform the Root Cause Analysis (RCA) 

of one of the pitted mild steel (MS) pipe segment at 

one of the sites, with the help of several NDT 

techniques. The MS pipe with CT enamel coating 

was installed in 1966 and was cathodically protected 

against corrosion. Several defects in the form of deep 

cavities were observed during the recoating process 

on the underground transmission line on 10″ 

diameter main pipeline with a wall thickness of 0.250 

inch (6.35 mm). Visible pitting-like cavities were 

found on more than two locations with a maximum 

depth of approximately 50% of the wall thickness. 

Some linear indications were found and measured on 

4 different locations. The maximum depth of these 

crack-like indications was noted to be 1.8 mm. The 

non-destructive metallography results showed that 

both transgranular and intergranular cracking is 

present on inspected sites. The analysis results show 

that these cracks have appearance similar to the 

stress corrosion cracking (SCC). This was supported 

by the soil chemistry report showing an upper bound 

of near-neutral pH condition. These observed cracks 

due to SCC may be classified as stage 3 and stage 4 

of “Four Stage Process of SCC Growth”. In addition 

to soil conditions, coating disbondment and weak CP 

may have also played role in SCC.   

                                                                                   

 Index Terms –Pipeline, Cathodic Protection Stress 

Corrosion Cracking, Root Cause Analysis, Non-

Destructive Testing 

I.  INTRODUCTION 

Pipelines may be considered as blood vessels function to 

bring necessities of life such as water or natural gas and 

they are considered to be the most efficient mode of 

transportation of gas/liquid in large quantities [1]. 

Failures of various forms in piping industry at the source 

sites, refineries, or along the transmitting lines is not an 

unusual event even within the modern times. Every year 

hundreds of pipeline failures are reported which cause 

pollution, loss in transportation capacity, loss of gas 

availability and expensive repairs [2] [3]. Most in-

service failures of buried pipelines have been found to 

initiate at a surface defect [4]. 

There are certain factors affecting pipeline failure 

mechanisms such as pipes and material properties, 

environmental conditions, internal and external loads 

[5]. For the underground buried gas transmission 

pipelines coating disbondment, cathodic protection (CP) 

conditions, soil conditions etc are also very important. 

In this course, extensive research and guidelines are 

presented by National Association of Corrosion 

Engineers (NACE), Materials Technology Institute 

(MTI) and other researchers [6], [7] for underground 

piping material. For the industrial applications, pipelines 

surfaces are protected by using a variety of coatings e.g 

metal deposition, coal tar enamel, polymeric tapes, 

fusion-bonded epoxy (FBE), spray-applied liquid 

coatings, and two- and three-layer polyolefin coatings 

etc [8]. In addition to coating, CP is also applied for the 

pipe protection using electrochemical cell and sacrificial 

anodes [9]. A combination of both cathodic protection 

and coating protection allows minimum current 

requirement for CP with an added advantage of the most 

economical corrosion protection. 

The present study explains the failure mode analysis of 

underground pipe segment of main transmission pipeline 

of the natural gas supply. The pipeline was protected 



with enamel coating with a service age of more than 

forty years.  During the recoating process several defects 

in the form of deep cavities were observed on the outer 

side of a 10 inch diameter pipe segment of main gas 

pipeline. Based on these observations, several non-

destructive testings (NDT) and in-situ material study 

techniques were applied on the affected pipe segment to 

investigate the cause of the damage. The NDT 

inspection techniques included the visual inspection, 

surface techniques and ultrasonic testing for flaw depth 

monitoring and thickness measurement. Following the 

initial inspection, the observed indications were 

thoroughly examined using non-destructive in-situ 

metallography. Several other tests such as soil chemistry 

and hardness measurement of the pipe section were also 

performed to support the study. The paper discusses the 

detail of inspection, condition of material, causes of 

defect initiation and the possible growth mechanism. 

Based on the inspection results and evaluation of the 

data, a four stage process of stress corrosion cracking in 

the underground pipe section has been presented. 

 

II. PIPELINE DETAILS 

The damaged portion of the pipe is part of one of the 

transmission lines of cross country natural gas pipeline. 

The pipeline material is API 5L X46 which is a low 

carbon steel. According to API Specification [10], the 

material requires a maximum of 0.28% carbon, 1.40% 

manganese, 0.03% phosphorus and 0.03% sulfur. 

Moreover, minimum yield and tensile strength 

requirement is 317 MPa and 434 MPa respectively. 

Such material has wide application in both oil and 

natural gas industries for conveying water, oil and gas. 

Furthermore, the pipeline is cathodically protected (CP) 

and the affected segment is about 9 km from one of the 

CP station and about 6 km from the next CP station. The 

CP system is of impressed current cathodic protection 

(ICCP) type. Coal-tar base enamel coating was also used 

for pipe protection. Table 1 shows the necessary details 

concerning this pipeline.  

 

 

 

 

 

 

 

 

 

 

TABLE I: Pipeline details  

 

Figure 1 shows general taxonomy of the damaged 

segment of pipeline. 

 

 
Figure 1: General taxonomy of pipeline 

 

III. FAILURE HISTORY 

  

 A number of factors are needed to be considered for 

the recoating of pipelines including prior coating 

integrity, soil chemistry, bonding quality and coating 

lifetime. Moreover, previous record of any damage of 

coating on pipeline is also one of the decisive factors for 

the coating replacement. In the present case, the pre-

assessment step of external corrosion direct assessment 

(ECDA) was applied as per NACE practice. The coating 

condition of the pipeline was stated to be poor. Based on 

these circumstances, the recoating of the 30 km long 

pipeline was started. During the cleaning process, few 

surface defects in the form of deep cavities were 

observed. During initial inspection, the depth of these 

cavities was reported equal to half of the wall thickness 

of the pipeline. Figure 2 shows different portions of 

pitted pipe segment where deep pitting/ditching can be 

seen at locations 1 and 2 of the inspected pipe segment.  

 

Parameter Description   

Pipe diameter 10 inch ( 250mm) 

Thickness 0.250 inch (6.35mm) 

Length under 

observation 
30inch ( ~750mm) 

Material  API 5L Grade X46 

Manufacturing Seamless  

Max. allowable 

operating pressure 
1440 psi 

Current operating 

pressure 
550 psi 

Operating temperature 70°F to 95°F ( 21°C to 35°C) 

Coating type Coal tar enamel 



 
 

 

 
 

Figure 2 Portions of the pipeline showing the failure area at (a) 

Location 1 and (b) Location 2 (Also see figure 3) 

 

IV. INSPECTION APPROACH 

 

Approximately 30 inches of affected pipe segment was 

thoroughly examined. For the purpose of inspection, the 

pipe was divided into five locations. These locations are 

shown in Figure 3. 

 

 
Figure 3 Distribution of pipe segment for inspection data acquisition 

 

The RCA of the pitted pipeline segment was performed 

using several NDT techniques. These NDT techniques 

include:  

 

i. Visual testing (VT) 

ii. Penetrant testing (PT) 

iii. Magnetic particle testing (MT) 

iv. Ultrasonic Thickness measurement (UTM) 

v. Crack depth measurement 

 

V. RESULTS 

 

The visual inspection of the damaged surface revealed 

pitting-like cavities as shown in Figure 2. Such cavities 

were observed on more than two locations. The depth of 

pitting at location 1 was measured to be equal to around 

3 mm which is approximately half the wall thickness of 

the pipe (6.35 mm). The length of this pitted portion was 

measured to be approximately 3 inches. Liquid 

penetrant testing (PT) was performed on five locations 

of the pitted pipe segment, figure 4 shows presence of 

linear indications as a result of PT. Overall, linear 

indications having intermittent or continuous 

appearance were found on four locations. Details of all 

PT indications on various locations have been drawn on 

sketch as shown in Figure 5. 

 

 
 

 
 

Figure 4 Linear indications noted on Location 2 and Location 5 of 

the pipe segment 

 



 
 

 

 
Figure 5: Sketch of 1-5 PT Locations on the pitted pipe segment (c.f 

Figure 3) 

 

These linear indications were revealed in detail with the 

help of fluorescent magnetic particle testing (MT). 

Figure 6 shows a linear indication found at location 5 

using MT.  

 

 

 
 

Figure 6: MT indication on Location 5 

 

Thickness measurement is among the important 

parameters for the condition assessment of pressurized 

components. For this purpose, ultrasonic thickness 

measurement (UTM) was performed for the damaged 

pipeline segment on all five locations. The UTM results 

have shown slight variation in thickness of the pipe 

sample in the affected area. The thickness values are 

ranging from a minimum value of 5.88 mm to a 

maximum value of 7.18 mm.  

 

Crack depth measurement (CDM) was performed for the 

surface linear indications that were detected during PT 

and MT, before metallographic testing. CDM results are 

tabultaed and compared as well with PT and MT results 

in Table 3. 

 
TABLE 2: Results for Crack Depth Measurement (CDM) 

 

 

Indication 

No. 

 

Location 

 

Length 

by PT 

(mm) 

 

Length 

by MT 

(mm) 

Depth by 

CDM 

(mm) 

1 

2 

13 16 0.5   ̴ 0.8 

2 17 20 0.8   ̴ 1.2 

3 30 40 0.7   ̴ 1.7 

4 45 46 0.7   ̴1.7 

5 

3 

18 20 Not 

detected 

cy CDM 

6 Not 

detecte

d 

25  

7 19 18 

8 4 52 58 0.2   ̴ 0.5 

9 5 60 70 0.4   ̴1.8 

 

VI. DISCUSSION 

 

The pipeline integrity monitoring is one of the major 

requirements of the regulatory bodies. For the 

underground buried pipelines, NACE standard practice 

SP-0502 defines a four step process for the external 

corrosion assessment. One of these step is to perform 

direct examination of the exposed pipe. The status of 

exposed pipe is represented in Table 2 as a result of 

NDT inspection. It can be seen that the length of surface 

cracks as attained by fluorescent MT is somewhat 

greater than PT results. It is because of the fact that 

fluorescent MT is more sensitive as compared to PT 

[11].  It can be seen from Table 2 that at location 1, the 

surface crack has negligible depth. On the other hand, 

for location 2, 3 and 5, higher depth of cracks has been 

noted. Additionally, it can also be seen that maximum 

crack size having length upto 70 mm and depth upto 1.8 

mm has been found at location 5.  

In order to find out the cause of the failure in pipeline 

coating some additional tests were also performed. In 

order to check the material embrittlement status, on-site 

hardness testing was done for the pitted pipe segment. 

The hardness value of the unaffected area of the pipe 

portion is 110-125HB. The hardness values for the 

pitted region are ranging from a minimum value of 108 

HB to a maximum value of 128 HB. It is evident that the 

hardness results are in coherence with the hardness 

values given in literature for grade X46 material [10]. 



 

The in-situ metallography was done on different points. 

Three points namely R1, R2 (from location 2) and R3 

(from location 3), were selected on the pitted pipe 

segment as shown in Figure 7. For in situ metallography 

microstructure is taken on plastic replica foils and is 

viewed under microscope. For the present work, the 

microstructures were observed on-site using portable 

microscope and afterwards these replicas were studied 

in detail using inverted digital microscope. The 

microstructure for the un-affected area as shown in 

Figure 8 consists of ferrite and pearlite, which is typical 

microstructure of mild steel material. Moreover, no sign 

of material degradation was observed in this region. 

 

 
 

Figure 7: Points for replicas (a) and (b): Replicas at Location 2, 

 (c) Replica at Location 3  

 

 

 

 
  

 
Figure 9: Path of cracking at replica point R1 

 

 

Figure 8: Microstructure of un-affected area at 100X 

 

Figures 9 and 10 represent the cracking pattern at 

replica point R1 and R2, whereas, figure 11 shows 

cracking pattern at replica point R3. It was observed that 

both transgranular and intergranular cracking behavior 

is present.   

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
Figure 10: Cracking path at replica location R2 

 

 



 
 

Figure 11: Path of cracking at replica location R3 

 

The enlarged images of encircled portions of cracking 

path in Figure 11are shown in Figure 12. In Figure 12 

crack branches can be seen. It was also noticed that the 

crack coalition is mostly along the longitudinal axis of 

the pipeline. Another enlarged image from cracking path 

at R2 is shown in Figure 13, indicating the intergranular 

cracking. Therefore, fracture mode can be classified as 

both intergranular and transgranular. It is shown from 

the wall thickness data that insignificant metal loss 

occurred on the pipe surface. Additionally, no general or 

local corrosion was observed during visual testing. The 

pH of soil was reported as 8.5, which can be taken as 

upper bound of near-neutral pH or as close to high pH 

condition [12]. In the absence of general corrosion, the 

transgranular cracking represents the mode of stress 

corrosion cracking [13]. 
 

 

 

 
Figure 13: Microstructure at replica location R2 shown at 

 100 X 

 

SCC in pipelines is a class of environmentally assisted 

corrosion (EAC) [14]. For SCC three conditions must be 

satisfying simultaneously, i.e., corrosive environment, 

SCC susceptible material and tensile stress. The tensile 

stress opens up cracks in the metal and can be either 

directly applied or residual stress. SCC cracking is 

developed perpendicular to the direction of the 

maximum tensile stress. A high length to depth ratio is 

typically associated with SCC, often in the range 20-

50:1 (length to depth) [12]. In our case, same scenario 

has been observed with crack lengths up to 60-70 mm 

and depth up to approximately 1.8 mm (cf. Table 2). 

Water chemistry can largely influence the corrosivity of 

the underground soil. For this reason, water chemistry 

analysis was performed. Water chemistry reports 

indicated presence of bicarbonates along with other 

cations such as magnesium, calcium and sodium. 

However, the resistivity was noted to be around 1500 

ohm-cm. In addition, two soil samples from different 

depths were taken to know the resistivity and soil 

alkalinity. Soil chemistry showed that resistivity was 

between 1300 to 1100 ohm-cm. Literature [15-17] 

shows that the soil resistivity above 2000 ohm-cm has 

moderate corrosivity effects whereas values below 500 

ohm-cm represents very severe susceptibility to 

corrosion. In the present case, it can be seen that the soil 

chemistry corresponds to above moderate corrosive 

environment. Flowing water may help to maintain the 

near neutral pH by supplying CO2 to the electrolytic 

solution in a disbonded area. For near-neutral pH SCC, 

the cracking environment appears to be a dilute 

groundwater containing dissolved CO2. The source of 

Figure 12: Enlarged images of cracking portion of R3 

 



the CO2 is typically the decay of organic matter and 

geochemical reactions in the soil [18]. The presence of 

organic matter is also evident from the reported 

percentage value i.e 1.08 which is an intermediate value 

for the organic matter. The crack growth rate increases 

with the increasing amounts of CO2 and on the other 

hand the cracking becomes sluggish in CO2 free 

environments [18]. 

 

For the buried piping SCC is generally categorized into; 

(i) High pH SCC and (ii) near-neutral pH SCC. For high 

pH SCC the material micrograph contains intergranular 

cracking whereas for near-neutral pH transgranular 

cracking prevails. In the present case, both transgranular 

and intergranular cracking is present due to the above 

near-neutral pH of 8.5, which may also be expected to 

show behavior of high pH SCC. In addition to pH value, 

the characteristics of Cathodic Protection (CP) and the 

pipe coating also plays important role for SCC in the 

underground piping [19]. 

 
Figure 14: Four stage process of SCC growth [12], [22] 

 

One of the most noticeable features of SCC in pipelines, 

in spite of pH, is the presence of patches or colonies of 

parallel cracks on the external surface of the pipe [12] 

[21]. These types of parallel cracks or colonies have 

been clearly observed in PT and MT results [cf. Figure 

4-6]. However, as the depth is smaller, their coalescence 

may result in the removal of material.  Consequently, a 

very shallow crack or a large pit can be seen on location 

1 and 2 [cf. Figure 2]. 

The cycle of SCC crack growth is in general represented 

as a four stage process as shown in Figure 14 [12], [22]. 

In the 1st stage, conditions conductive to SCC are 

developed and is followed by the crack initiation stage. 

By the time, these cracks continue to grow and coalesce, 

while further crack initiation also happens during stage 

3. As a final point, stage 4, large cracks coalesce and 

failure takes place. 

SCC crack growth mechanism for the current case, can 

also be described. The removal of coating from the 

pipeline at the effected segment represented poor 

coating conditions. The same was reported in pre-

assessment step of ECDA. In addition to the coating 

disbondment, soil conditions and the water chemistry 

played its role for the crack initiation stage. The local 

conditions became severe between the pipeline and 

disbanded coating because of the interaction of the 

electrolyte presence. The CP requirements were 

reported to be adequate for this pipeline section. 

However, once the coating is being disbanded the 

current requirements increases for the safe operation of 

pipeline. In the present case, the increased CP current 

requirements were not achieved and resultant of which 

caused crack growth. This situation of effected pipe 

segment is shown as stage 1. Small pits were found on 

the effected pipe segment. In the next stage coalescence 

of these pits was occurred.  These pits grew in size and 

joined to form large cracks/cavities. The final stage of 

this SCC crack growth model is the large pit seen at 

Location 2 [cf. Figure 2].  These cracks come out to be 

damaging for the pipeline operation because these 

cracks may gradually be combined together and may 

lead to create failure in the pipeline.  

 

 
 

Figure 15: Pipe segment adjacent to the pitted pipe segment 

 

In order to look for similar indications, two of the 

adjacent areas of the same pipeline were also examined. 

No such pitting or linear indications in these areas were 

observed visually or by performing PT as can be seen 

from Figure 15. 

 

 



V.  CONCLUSION 

 

Cavity-like cracks in the natural gas transmission 

pipeline were developed as a result of pitting corrosion 

and SCC. According to the testing results, theses 

cavities have been forme due to coasting disbondment 

and soil chemistry factors.  The root cause analysis 

(RCA) was performed for the affected mild steel 

pipeline segment. The Microstructural analysis reveals 

the presence of both transgranular as well as 

intergranular cracking, which is due to the mixed nature 

of pH (8.5) categorized as upperbound of near-neutral 

pH or close to high pH condition. The formation of 

pitting-like cavities may be due to the fact that the 

observed micro cracks may have combined to form a 

macro pit or crack. In addition to soil conditions and 

coating disbondment, weak CP may have also played 

role in SCC cracking.    

 

VI. RECOMMENDATIONS 

 

On the basis of above conclusions, it is recommended 

that: 

1. The pipe coating may be inspected periodically 

during service with reliable tools and qualified 

inspectors. 

2. The coating may be replaced after its design life 

time. 

3. The CP system and the soil conditions may also 

be periodically monitored. 

4. For integrity, the pipe line segments may be 

hydrostatically tested, in accordance with 

ASME/ API guidelines [23]. 

5. The pitted segment may be protected with 

installation of pipe sleeves, before coating as 

per code recommendations. 

6. The internal surface of this aged pipeline may 

also be inspected. 
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