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A B S T R A C T

This paper presents an assessment of the failure of a seam-welded pipeline under fatigue and 
thermal loading. The investigation concentrated on analyzing several factors potentially influ
encing pipeline failure. Both experimental analysis and numerical simulations utilizing the finite 
element method (FEM) were conducted to understand potential failure modes of a seam-welded 
SS304L pipeline. The experimental and FEA analyses investigated various failure factors 
including weld defects, fatigue and thermal loading, residual stresses, and overloads. The study 
concludes that substandard welding procedures and inadequate post-weld treatment, coupled 
with elevated residual stresses in the heat-affected zone (HAZ) of the weld, were the primary 
contributors to failure. The paper systematically outlines the utilization of experimental and FE 
analyses in examining practical engineering failure instances. This approach strengthens the 
ability to avert failures and navigate risks with precision. Furthermore, the results highlight the 
critical significance of adhering to code and standard guidelines concerning pipe seam welds and 
post-weld treatment practices.

1. Introduction

Pipeline transportation systems is one of the most efficient and reliable transportation modes and play a critical role in various 
industries, such as oil and gas transportation, petrochemical industries, and power plant and power generation industries [1–3]. A 
good portion of these pipeline systems are made of carbon and stainless steels with optimum mix of strength and toughness certified 
and classified by the American Petroleum Institute (API) [2]. These steels provide good combination of strength and toughness to carry 
various fluids and gases under practical ranges of pressure and temperature. Fusion welding has been the preferred joining process 
during the fabrication of these long pipeline systems. Submerged arc welding (SAW) and gas metal arc welding (GMAW) have been 
traditionally used for the welding process [3]. Another commonly used method of fabrication used in oil and gas industry is the Electric 
Resistance Weld (ERW) in which the edges of the seam are heated up electrically to the coalescence temperature and then joined by 
mechanical pressure without the addition of extraneous metal [4]. The welding process creates a challenge on the reliability and 
structural integrity of the pipeline and places an important role on the assessment and testing of the mechanical properties of parent 
metal and welded joints for good service life [5–7].

There are many common issues and problems that can result in pipeline leaks and failure. These include mechanical damage, seam 
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weld defects, stress corrosion cracking (SCC), hard spots, fatigue, corrosion, dents and thickness reduction. Additionally, operating 
stresses resulting from live loads play a critical role on the integrity of the pipelines. These loads may include pressure, fatigue, thermal, 
and other loads. However, material and weld failure constitute the largest percentage of failures in transmission pipelines. As indicated 
above, the most common method of fabrication for these pipeline systems is to bend sheet metals and use seam weld along the axis of 
the pipe. The longitudinal seam weld along the axis of the pipe is oriented perpendicular to the main hoop stress and provides a fertile 
area for weld defects and discontinuities that can greatly affect the pipeline integrity. In most pipeline failures, this area is the site for 
crack initiation and propagation.

There are many guidelines and standards that ensure producing a reliable and robust weld. Factors like material compatibility, joint 
design, welding procedures and techniques, post welding treatments, welding inspection and testing, and welders training are care
fully considered and discussed in details in these standards to produce seamless welds with exceptional strength and durability. The 
most commonly used standards in industry are: the AWS D1.1: Structural Welding Code, published by the American Welding Institute, 
AWS [8], and the British Standard BS EN ISO 15614: Specification and Classification of Welding Procedures for Metallic materials pub
lished by the British Standards Institute, BSI [9]. Additionally, the NACE MR0175 / ISO 15156 standards concentrate on the selection 
of materials, procedures and testing for welds in oil and gas production services with special attention to preventing sulfide stress 
cracking, stress corrosion cracking, and other forms of corrosion in these environments [10]. Quality control measures, including non- 
destructive testing, are implemented to guarantee that the weld meets the stringent criteria for pipeline construction, safeguarding 
against structural flaws and potential hazards.

Adhering to the guidelines in the above standards will normally produce a reliable weld connection. However, weld defects are 
generally inevitable and eliminating weld defects completely is a difficult and costly process. Weld defects in seam-welded pipes can 
significantly compromise the structural integrity and reliability of the pipeline, potentially leading to failure. Common defects include 
lack of fusion, incomplete penetration, porosity, and cracks. These defects create weak points in the weld, reduce load-bearing ca
pacity, and act as potential sites for crack initiation. These cracks will eventually propagate under operating stresses and lead to leaks, 
ruptures, or complete failure [11–14]. Overloading frequently occur due to fluctuation of the operating pressure, severe variation in 
operating temperatures, and plugging of the pipeline during operation. Such overloads may lead to localized plastic deformation 
especially at the weld toe and the separation line between the weld and the parent metal. Eventually these localized plastically 
deformed areas will create localized grooves that will act as stress risers and crack initiation sites. It is worth noting that, to minimize 
the above problem, the existence of filler material (weld material) and weld separation lines in these pipe sections is considered non- 
compliant with Clause 6.1.3 of ASTM A312 which states that “welded pipe shall be made using an automatic welding process with no 
addition of filler material during the welding process” [15].

Residual stresses in the Heat-Affected Zone (HAZ) of seam-welded pipes is another important factor that can significantly impact 
the failure and overall integrity of the pipeline. The welding process essentially heats up the metal locally to a liquid or highly plastic 
state, fused, and then allowed to cool. The cooling and contraction process creates a zone of residual stresses that extends out into the 
heat affected zone (HAZ) with stresses that may be up to the yield stress of the material [16–20]. In the case of pipelines, operating 
stresses from pressure, suspended loads, vibrations, and other sources would be directly added to the existing residual stresses. These 
stresses, if not properly managed, creates weaker areas that will be potential initiation points for fatigue cracks and stress corrosion 
cracking and escalate the rate of crack initiation and propagation. Welding residual stresses are inevitable and various post-welding 
treatments to control or eliminate them are costly and may not be feasible. Pipe sections fabricated by rolling and seam welding 
longitudinally may have residual stresses from both the forming to the cylindrical shape and the welding of the pipe along the seam. 
Generally, the significant impact of weld residual stresses on the failure of seam welded pipes emphasizes the critical importance of 
careful welding procedures and comprehensive post-weld treatment practices in ensuring structural integrity and preventing failures 

(a)                                                                    (b) 

Fig. 1. (a) Failed and intact sections of the pipe, and carrier pipe, (b) Closer view of the crack seen at the toe of the weld on OD (top) and seen from 
the root of the weld on ID.
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[16–22].
The objective of this paper is to systematically investigate and outline the utilization of experimental and FE analyses in examining 

a practical engineering failure case. The present study considers the effect of weld imperfection and residual stresses on the integrity 
and reliability of seam welded pipes. An actual failed portion of a pipeline is thoroughly examined experimentally to assess the mode 
and cause of failure. A three-dimensional finite element model is then created to simulate the failure process and the conditions of 
failure. Results from the experimental study and the numerical simulation are compared and discussed.

2. Experimental study and Methodology

2.1. Introduction and Background of the Failure

A leak and a long penetrating crack have been detected on a 3.5″ outer diameter (OD) stainless steel pipe carrying Ammonium 
Nitrate (AN). The pipeline section is constructed from AISI 304L stainless steel manufactured to ASTM A312 Specification [15]. It was 
situated inside a 5″ carrier pipe, where the annulus between the failed line and the carrier pipe contained steam at a temperature of 
approximately 175ÂºC and a pressure of approximately 750 kPa. The leak was discovered through high readings shown on the steam 
conductivity monitoring program, where an ensuing investigation indicated that AN leaked into the steam jacket. The failed AN line 
operated at a temperature between 144 ºC and 153 ºC at an internal normal operating pressure of approximately 1,013kPa. Both the 
failed and the intact sections of the pipe were cut-out nearby the weld and the carrier pipe was split and opened. Fig. 1a shows an 
overview of all sections just before carrying the investigation.

The objective of the experimental investigation is to carry out: 

• Visual examination of external and internal surfaces of the fracture surfaces.
• Performing X-Ray diffraction (XRD) analysis to check for crystalline corrosion products.
• Performing scanning electron microscope (SEM) and energy-dispersive X-ray spectroscopy (EDS) examination.
• Preparing metallographic cross-sections (micros), and evaluating material microstructure of failed and intact area micros, trans

versely across the weld cross-section.
• Perform hardness measurements as per NACE MR0175/ISO 15,156 [10] on failed and intact area micros, transversely across weld 

cross-section.

2.2. Visual Inspection

Fig. 1b shows a closer view of the failed samples just before carrying the investigation focusing on the crack area from outside (OD) 
and inside (ID) of the pipe. The samples were split in the longitudinal direction at the 3o’clock and 9o’clock locations away from the 
failure and weld. The following describes the results of the visual examination on the failed sample: 

• The length of the examined part or the failed sample was approximately 23 cm. The OD of the sample was 3.5″ (88.9 mm). The wall 
thickness (WT) of the sample was 0.120″ (3 mm) on average.

• The location of failure was along the weld with evidence of a bulge and a slight “fish mouth” rupture appearance from the external 
surface indicating presence of plastic deformation. The length of the ruptured crack/opening was approximately 60 mm on the 
outside diameter, Fig. 1b (top).

• The crack partially penetrated the wall thickness of the pipe along the weld. The length of this non-penetrating crack was 
approximately 170 mm long on the ID and extended on both sides of the rupture/opening location, indicating initiation from the 
ID, Fig. 1b (bottom).

• A linear groove was evident on one side of the weld along the full length of the sample, seen from the ID.

Table 1 
XRD Quantitative Results*.

Mineral Name Compound Name Chemical Formula Weight %

Failed Sample Un-failed Sample

Gwihabaite Ammonium Nitrate (NH4)(NO3) / 62.0
Hematite Iron Oxide Fe2O3 83.9 27.4
Quartz Silicon Oxide SiO2 0.6 1.2
/ Zinc Oxide ZnO / 0.6
Rutile Titanium Oxide TiO2 0.5 0.3
/ Chromium Iron Nickel Cr0.05Fe0.90Ni0.05 / 0.5
Troilite Iron Sulphide FeS 1.0 0.9
/ Aluminum Oxide Al2O3 / 2.3
/ Chromium Iron Oxide Cr1.6Fe0.4O3 7.7 4.7
Bohmite Aluminum Oxide Hydroxide AlO(OH) 6.2 /

* Complete EDS and XRD spectrum graphs are given in Appendix-A.
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• The internal surfaces were uniformly covered with a dark well-adhered scale, but no evidence of any significant corrosion or metal 
loss was observed on internal surfaces or at the rupture/opening location.

2.3. XRD and EDS Analysis

Corrosion product/scale and deposits were taken from the internal surfaces of the failed and intact samples to perform X-ray 
diffraction (XRD) and energy-dispersive X-ray spectroscopy (EDS) analyses. The XRD quantitative results are shown in Table 1.

The XRD results shown in Table 1 provide valuable information about the compounds present and their percentages. However, 
these results are not sufficient to conclude on the mechanism and reason for failure until it is combined with fractographic analysis 
using scanning electron microscopy (SEM) and possibly carrying slow strain rate mechanical testing (SSRT), to assess the susceptibility 
of the material to specific fracture modes like stress corrosion. Nevertheless, the following important observation that will be helpful in 
finding out the mode of failure may be deducted from the table: 

• Fe, Ni, Cr, and Si: Likely originated from the 304L SS base metal. Iron (Fe) constitutes the base element of stainless steels. Chromium 
(Cr), Nickel (Ni), and Silicon (Si) are common alloying components of 304L stainless steel.

• Zn, Ti, and Al: These elements are present in small amounts in the XRD results. They may originate from alloying or inclusions in the 
stainless steels pipe, although 304L SS manufactured to specification does not contain these alloying elements. Alternatively, these 
elements may originate from the aqueous phase of the AN solution.

• The iron and chromium iron oxide scales were protective to the base metal pipe since no significant wall thinning or metal loss were 
found underneath, on both the failed and intact un-failed samples [23–25]. Similarly, iron sulphide (FeS) is known to form a 
tenacious protective scale layer and the presence of FeS on both the failed and intact samples is consistent with the base metal pipe 
experiencing no significant wall thinning or metal loss [26].

• The Ammonium Nitrate was only found in the intact sample. This is a remnant of the dominant AN in the internal media of the pipe 
and is consistent with the AN solution still being present in the intact pipe after failure. In contrast, the AN solution leaked 
completely into the steam jacket at the failed pipe section, explaining why it was not found in the corresponding XRD results.

Fig. 2. (a, c) Crack Starting at the root of the weld and propagating in the base metal, Mag. 1.6X; (b, d) Crack propagating in the base metal and 
reaching weld metal, Mag. 50X.
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• No chlorides (Cl, Cl2), sulphates (SO3), or phosphates (PO3) were seen in the XRD results, which is consistent with the absence of 
such compounds in the internal media and the base metal. This finding is important in identifying the specific degradation 
mechanism of the pipe as discussed in the following sections.

2.4. Metallographic/Microstructural Examination

2.4.1. Microscopic Examination
Two metallographic cross-sections (micros), one for the failed and the other for the intact sample, were examined microscopically. 

Results of the examination are shown in Fig. 2. The following observation may be drawn from the figure: 

• A crack penetrating approximately half of the wall-thickness (WT) was clearly visible at low magnification (1.6X) in the failed 
sample. Similar smaller crack was only seen at 50X magnification for the intact sample.

• Both cracks initiated from the ID at the root of the weld where a groove was found between the weld and the pipe wall and the pipe 
wall thickness (WT) was noticeably smaller on the crack-side of the weld compared to the opposite un-cracked side.

• Both cracks initiated and propagated in the base metal very close to the weld line in the HAZ area indicating possible high tensile 
stress in the area. This may be attributed to high residual stresses due to the lack of post-welding treatment to relieve or reduce 
residual stresses.

• There was no significant corrosion product build-up found inside the crack and smaller secondary cracks were seen emanating out 
from the main crack. This secondary cracking does not appear to be branching in the transgranular stress corrosion cracking (TG- 
SCC) sense [27–29].

• The crack propagation and the crack tip ended at the separation line between the weld metal and the pipe. This behavior is expected 
due to hardness variations as will be explained in the following sections.

2.4.2. Metallographic Examination
The fracture faces of the failed sample were separated and prepared for fractography and EDS examinations. The fracture face was 

cleaned using a procedure involving boiling Alconox, inhibited hydrochloric acid (HCl), and mechanical brushing with baking soda. 
Using a Zeiss Stemi 2000-C stereo-microscope, the cleaned fracture face was analyzed in four sections as shown in Fig. 3 which shows 

Fig. 3. (a) Fracture surface cleaned and ready for SEM examination – Mag. 1.0X. (b) Detailed view of left-most area of fracture face, (c) Detailed 
view of left-center area, (d) Detailed view of central area, and (e) Detailed view of right-center area (e).
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the initial investigation with magnification 1X. Figs. 4 and 5 show the fractography from the SEM. The following observations are 
concluded from Fig. 3: 

• The left-most area (Fig. 3b) of the sample showed a distinct two-feature fracture face with a flat light-colored area on the bottom 
which is characteristic of cleavage due to crack propagation, and a protruding darker-colored area above which is characteristic of 
the plastic deformation caused by ductile overload.

• The center-left and right areas (Fig. 3c, e) and the center-most area (Fig. 3d) of the sample show similar trend but with smaller 
plastic zone.

2.4.3. SEM Examination
Microscopic examinations at higher magnifications were conducted under a scanning electron microscope (SEM) using secondary 

electron images and backscatter electron techniques. The SEM images further confirmed the observations and findings from the lower 
magnification images discussed above. As shown in Fig. 3, the SEM examination was divided into three sections at and around the 
center of the fracture face. Figs. 4-6, show overviews of the three examination areas at various magnification factors using Secondary 
Electron Detection (SED). In addition to the validation of above-mentioned points, the SEM images indicate the following: 

• Microvoid features in the protruded “shear lip/bevel” type region of the fracture face near the OD (Fig. 4a, 5a, 6a). Microvoid 
formation and coalescence is characteristic of ductile overload at the final stage of fracture.

• Striations in the circumferential direction were clearly visible in the cleavage region of the fracture face closer to the ID (Fig. 4c, 4d, 
6c, 6d). Striations are characteristic of fatigue failures where crack propagation occurs intermittently under cyclic tensile loading.

• Secondary cracking of small and large sizes, with lengths in the circumferential direction and penetration in the axial direction, 
were seen throughout the cleave region of the fracture face closer to the ID (Fig. 4c, 4d, 5d, 6c, 6d).

Fig. 4. (a) SEM Image of left-center area of Fig. 3a showing cleavage (bottom) and ductile overload (top) features; (b) SEM image of ductile 
overload area showing microvoid; (c) SEM image of cleavage area showing flat ridges and secondary cracks; and (d) Higher magnification SEM 
image showing striations and secondary cracks.
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• The thin band of tenacious corrosion product/scale was observed at the ID edge of the sample using Backscatter Electron Detection 
(BED) for higher image contrast and feature visibility (Fig. 5e, 5f). This region was investigated with EDS that is discussed in the 
following section. Nonetheless, it is confirmed here that this thin band near the ID indeed contained a more tenacious scale that was 
not removed through cleaning unlike the remaining fracture faces

2.5. EDS Analysis

The elemental composition at different locations of the fracture face, specifically the base metal and remaining corrosion product/ 
scale not removed during cleaning, were determined under an SEM using an EDS technique. It should be noted that the EDS 

Fig. 5. (a) SEM Image of center area of Fig. 3a showing cleavage (bottom) and ductile overload (Top) features; (b) SEM image of ductile overload 
area showing microvoid; (c) SEM image of cleavage area showing striations; (d) SEM image of linear crack; (e) SEM image (using backscatter 
electron detection for contrast) of tenacious scale near ID not removed through cleaning; and (f) Higher magnification SEM image of Fig. 5e.
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examination cannot determine elements lighter than carbon (e.g., hydrogen). Results for elements with low atomic numbers (e.g., 
carbon) and/or with low concentrations are semi-quantitative and therefore were not provided. Table 2 shows results of elemental 
composition of the base metal measured in the cleavage feature area and the microvoid feature area. Comparisons are listed for the 

Fig. 6. (a) SEM Image of right-center area of Fig. 3a showing cleavage (bottom) and ductile overload (top) features; (b) SEM image of ductile 
overload area showing microvoid; (c) SEM image of cleavage area showing flat ridges and secondary cracks; (d) Higher magnification SEM image of 
Fig. 6c showing striations, flat ridges and secondary cracks.

Table 2 
EDS of base metal in weight %, compared to 304L SS specification*.

Element Base Metal 304L SS

Cleavage Feature Area Microvoid Feature Area

Fe 61.67 61.34 Balance
Cr 18.42 18.69 Min: 18.0; 

Max: 20.0
Ni 8.56 8.79 Min: 8.0; 

Max: 12.0
O 4.76 4.40 /
Na 3.56 4.03 /
Mn 1.29 1.15 2.0 max
P 0.69 0.76 0.045 max
Si 0.56 0.65 0.75 max
Cu 0.30 / /
Al 0.19 0.19 /
S / / 0.03 max
N / / 0.10 max
C Excluded Excluded 0.03 max

* Complete EDS and XRD spectrum graphs are given in Appendix-A.
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corresponding specification for SS grade 304L.
The examination of Table 2 shows that: 

• Chemical compositions of both areas examined are consistent with 304L stainless steel specifications [30].
• Sodium (Na) was found in concentrations of approximately 4 wt% in both locations examined, although 304L SS should not contain 

any. Since sodium is in small amounts at both locations, it is most likely from remnants of the cleaning agents used (sodium silicate 
and sodium carbonate in Alconox, and sodium bicarbonate or baking soda).

• Phosphorous (P) was found in concentrations of approximately 0.7 wt% in both locations examined, although 304L SS should only 
contain a maximum of 0.045 wt%. Since phosphorous is in equal amounts at both locations examined, it is likely to be from 
remnants of the cleaning agents used (complex phosphate in Alconox). Alternatively, it could be from phosphorous in the 308L 
filler wire/rod or equivalent metal used in welding the 304L pipe.

• Copper (Cu) was found in a concentration of approximately 0.3 wt% in the cleavage fracture area. This is likely from copper in the 
308L filler wire/rod or equivalent metal used in welding the 304L pipe.

• Aluminum (Al) in a concentration of 0.19 wt% was found in both locations examined. It is likely present in small quantities as an 
alloying component in this 304L SS pipe.

EDS spectra were also taken at the band on fracture face near the ID where corrosion product/scale was still present. The results 
didn’t reveal any new findings and are similar to those discussed above.

2.6. Hardness Testing

Hardness at different locations was measured on the surface of the metallographic cross-section of the failed and intact section 
micros after etching. The locations are based on the butt weld survey method prescribed in ANSI/NACE MR0175-ISO 15,156 [10]. 
Micro hardness readings were measured by Shimadzu hardness Tester Type M, under the load of 500 g (HV500g). Vickers hardness 
readings were converted to Rockwell C hardness in accordance with the ASTM A370 [31]. Table 3 compares the hardness of the 
different locations and the following observations are concluded: 

• The highest hardness was measured near the crack tip of the failed sample. This is expected due to high plastic deformation around 
the crack tip. The second highest overall hardness region was in the left toe/root. This is where localized WT reduction (necking) 
was observed. Thus, it is expected to have a higher hardness due to plastic deformation of the area overall and around the crack in 
specific.

• All the base metal hardness results were well below the maximum hardness specified for 304L SS (approximately 200 HV).
• Aside from the increased hardness around the crack, no significant differences are found in hardness results between failed and 

intact samples.

It should be noted that NACE MR0175 indicates that the material limits for austenitic stainless steels shall have a maximum 
Rockwell C (HRC) of 22. No conversion between HRC and the HV used in the present examination is available for austenitic materials 
in ASTM E140, yet a conservative value based on carbon-manganese steel is 250 HV. The highest hardness value measured in Tables 3
above is well below this conservative limit.

3. Remarks on failure Mechanisms

From the above experimental study, several possible mechanisms for the observed failure in the 304L stainless steel pipe were 
considered: 

• Stress corrosion cracking (SCC) and corrosion fatigue.
• Weld defects or violations of the approved welding procedure, and post weld treatment.
• Failure due to internal overpressure
• Fatigue failure due to cyclic loads, vibration, and high residual stresses combined with initial imperfection around the seam weld.

Table 3 
Vickers micro hardness (HV500g) comparison.

Location Failed Sample Hardness, HV500g Intact Sample Hardness, HV500g Note

Pipe Base Metal 158 ± 12 157 ± 12 Close to average hardness
Left Toe/Root 212 ± 5 185 ± 20 Close to average, scattered hard spots (crack)
Right Toe/Root 183 ± 6 175 ± 19 Close to average, scattered hard spots (crack)
Weld Metal 194 ± 21 187 ± 13 Close to average, scattered hard spots
Fusion Zone 195 177 ± 6 Close to average, increased hardness
Crack Tip 226 − —— Highest hardness point on micro
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SCC and corrosion fatigue were discarded as the failure mechanism: 

• 304L SS is an austenitic SS, which is not susceptible to corrosion or SCC from the internal media (AN solution) or the external media 
(steam) of the present situation [27–29].

• Although the internal media contained an aqueous phase, dissolved chlorides were absent as indicated by the XRD results. 
Austenitic SS will not experience SCC in water without dissolved chlorides at the service temperature of the present situation.

• Cracking at and near the failure location was in singular transgranular (TG) form. Characteristic SCC is typically either branched TG 
or intergranular (IG) form, depending on the service conditions and material [28].

Weld defects or violations of the approved welding procedure were discarded as the primary failure mechanism; however, 
improper post-weld treatment is likely to be one of the main factors contributing to the failure: 

• The fracture did not occur or pass through the weld metal, and did not initiate at the separation line between the weld and the pipe, 
indicating no apparent lack of fusion.

• The use of low carbon base metal variants (i.e., 304L SS) minimizes the susceptibility of weld decay, sensitization, or cold-cracking. 
Additionally, the maximum hardness in the weld and surrounding regions, even at locations plastically deformed, was less than a 
reference conservative material limit of 250 HV (or 22 HRC) established by NACE MR0175.

• A filler material (weld metal) was used in the weld of both samples analyzed. This is clear from the differing microstructures on the 
base metal versus the weld metal. The existence of a filler material in these pipe sections is non-compliant with Clause 6.1.3 of 
ASTM A312 [15] which states that “welded pipe shall be made using an automatic welding process with no addition of filler material 
during the welding process”.

• Another important reason for considering weld procedure and post weld treatment to be a contributing factor to the failure is the 
existence of main crack leading to failure as well as secondary crack in the HAZ area very close to the weld line where high residual 
stresses are expected if no post weld treatment is performed [16–20]. These residual stresses are tensile stresses that can reach up to 
the yield point of the material. This point will be investigated more in the finite element simulation section to follow.

• The existence of linear groove on both samples near the weld line and the reduction in wall thickness may have resulted from weld 
procedures. These cause stress concentration and present a potential source for crack initiation.

Internal overpressure was discarded as the main failure mechanism: 

• The fracture surface at the failure location exhibited both cleavage and ductile overload features. The ductile overload feature was 
approximately 10 % of the WT, suggesting the pipe could not contain the pressure when the crack grew to a critical length, not due 
to overpressure.

• It is possible that the localized WT reduction at the crack initiation points occurred due to an overpressure causing plastic 
deformation. This may have also been due to improper weld procedure, inadequate post weld-treatment, and other manufacturing 
defects.

Based on material evidence, fatigue from pressure cycles was also found to be a contributing factor to the failure: 

• Fatigue results in a single, non-branched, transgranular crack perpendicular to the surface, consistent with what was found at the 
failed location.

• Striations in the axial direction were clearly visible in the cleavage region of the fracture face closer to the ID. This is characteristic 
of fatigue failures where crack propagation occurs intermittently under cyclic loading.

• Cyclic tensile stresses could be the result of pressure variations in the line due to pump pressure pulsations and mechanical 
vibrations.

• No significant corrosion products were found on the fracture faces or embedded in the cracks in the micros. However, high stresses 
at the crack tip are expected to affect the protectiveness of the oxide film generated on stainless steel surfaces, in a mechanism 
known as film-rupture.

• A groove was present at the weld toe before the crack initiation and propagation. The internal surfaces of the groove exposed to 
media developed a much more tenacious corrosion product/scale, compared to the fracture faces gradually exposed afterwards. 
There are a few possibilities which can explain the existence of this groove prior to crack initiation, listed below in order of 
likelihood:

• A pre-existing manufacturing artifact of the butt-weld end preparation prior to the actual welding. The WT ratio for both the 
fractured and intact samples was approximately 10 % less in WT than the nominal. This may be a result of butt-weld end prep
aration, prior to bending the plate for welding.

• An internal overpressure event, possibly from previous plugging of the line plastically deformed the area near the weld seam, 
leaving behind the groove.

• The groove near the weld toe created the necessary stress concentrations to initiate the fatigue crack. In the ASME B31.3 code for 
pressure piping [32], the pressure design thickness for a straight pipe under internal pressure is calculated using the following 
equation:
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t =
PD

2(SEW + PY)
(1) 

Where: D = 88.9 mm is the outside diameter of the pipe, E is the quality factor from Table A-1A [32], P = 1.323 MPa is the 
maximum operating internal pressure, S is the allowable stress value for material from Table A-1 [32], t = 2.55 mm (0.85*WT, based 
on 15 % WT groove) is the design thickness, W = 1 (for 3xx SS at temperature < 300F) is the joint strength reduction factor, E = 0.80 
(single butt seam), and Y = 0.4 is the coefficient from Table 3 04.1.1 [32]. Solving equation (1) for the stress value, we get S =

28.1 MPa. 

• Based on an allowable stress value of 16.7 ksi or 115 MPa for 304L SS pipes [32] and tubes at 150 ◦C or 300◦F, the ratio of nominal 
stress to maximum stress is:

Rσ nom =
σnom

σmax allow
=

28
115

≅ 25% (2) 

However, in the presence of a crack, and using a stress concentration factor of 3, the ratio of stress at the crack tip to maximum 
allowable stress is: 

Rσ crack = 3 • Rσ nom =
3 • σnom

σmax allow
=

84
115

≅ 75% (3) 

The Rσ crack value of 75 % in this situation is greater than the typical fatigue threshold stress of 30 % specified minimum yield strength, 
hence fatigue crack propagation was possible.

4. Calculation of fracture measures in finite Elements

Finite element analysis finds extensive application in simulating fracture mechanics problems across diverse fields of engineering. 

Fig. 7. (a) Local coordinate system at the crack tip for 3D crack, (b) Contour around a crack tip and the nomenclature for the J-integral, and (c) 
Domain used to compute the volume integrals at crack-front for 3D cracks [36,37].
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Both two-dimensional and three-dimensional structures featuring various crack types can be effectively modelled using FEM tech
niques. Several fracture mechanics measures are employed to assess the criticality and the of cracks on the overall integrity and 
performance of the structure. Among these measures, the stress intensity factors serve as key indicators, quantifying stress concen
tration severity at crack tips and facilitating crack growth and failure prediction. Additionally, the J-integral and energy release rates 
are instrumental in evaluating failure and crack propagation in structures subjected to complex loading conditions. The current study 
utilizes the above measures to investigate the failure conditions of the seam weld.

In finite elements, calculating the stress intensity factors usually require the use of singular crack-tip elements, whereas parameters 
that are based on the energy of the system such as the J-integral may be calculated with or without the use of singular elements. There 
are many different ways to calculate the stress intensity factor in FEA. Each is preceded by analysis of the cracked body. The stress 
intensity factor can, then, be calculated using the stiffness-derivative method, the displacement extrapolation method, the J-integral 
method, the direct displacement substitution method, etc. Ansys uses the displacement extrapolation method for calculating the stress 
intensity factors [34]. One important advantage of this method is that it can be used in calculating the stress intensity factor for cases of 
mixed mode fracture. The method is based on calculating the stress intensity factor at different nodes that share the same angle θ (refer 
to the coordinate system in Fig. 7a) but different radii r. The results are then extrapolated to get the stress intensity factor value at the 
crack tip. The displacements used for extrapolation near the crack tip for elastic isotropic materials are given by: 

ux =
KI

4G

̅̅̅̅̅̅
r

2π

√ [

(2κ − 1)cos
θ
2
− cos

3θ
2

]

−
KII

4G

̅̅̅̅̅̅
r

2π

√ [

(2κ + 3)sin
θ
2
+ sin

3θ
2

]

uy =
KI

4G

̅̅̅̅̅̅
r

2π

√ [

(2κ + 1)sin
θ
2
− sin

3θ
2

]

−
KII

4G

̅̅̅̅̅̅
r

2π

√ [

(2κ + 3)cos
θ
2
+ cos

3θ
2

]

(4a) 

uz =
2KIII

4G

̅̅̅̅̅̅
r

2π

√
̅̅
r

√
sin

θ
2 

The factor κ is given by: 

κ =

⎧
⎪⎨

⎪⎩

(3 − 4ν), forplanestrain
(

3 − ν
1 + ν

)

, forplanestress
(4b) 

Where u, v,w are the displacements in the local Cartesian coordinate system (refer to Fig. 7a), r, θ are coordinates in the local cylin
drical coordinate system measured from a 3D crack front as shown in Fig. 7a, G is the shear modulus, KI,KII,KIII are the stress intensity 
factors for mode I, II, and III, and ν is Poisson’s ratio.

As indicated above, the J-integral is another fundamental measure in fracture mechanics and it represents the total energy required 
to propagate a crack in a material under complex loading conditions. The measure was initially introduced by Rice [35] by applying 
the minimum potential energy concept to crack problems. Referring to Fig. 7b, the J-integral takes the following form for two- 
dimensional crack problems: 

J =

∫

Γ

(

Wdy − T •
∂u
∂x

ds
)

=

∫

Γ

(

σijdεijdy − Ti
∂ui

∂x
ds
)

(5) 

Where the coordinate system is shown in Fig. 7b, T is the traction vector (independent of crack size and assuming crack faces to be free 
of traction), the contour Γ is an arbitrary contour enclosing the crack tip, S is the arc length along the contour, u is the displacement 
vector, σij, εij are the stress and strain tensors, respectively, and W is strain energy density.

For 3D cracks, Shih et al. [36] generalized Eqn. (5) into volume integrals suitable for numerical evaluation in the form: 

J(s) =
∫

V

(

σij
∂uj

∂x
− Wδ1i

)
∂q
∂xi

dV +

∫

V

∂
∂xi

(

σij
∂uj

∂x
− Wδ1i

)

qdV (6) 

In Eqn. (6) the J(s) is the energy released per unit advance of crack front segment Lc (refer to Fig. 7c [37]), surfaces S+, S− , S1, St , 
S2andS3 shown in Fig. 7c, enclose the simply-connected volume of integration V, and surface St shrinks to the crack front (i.e., r→0). 
The above development is carried for elastic, homogeneous materials under quasi-static, isothermal loading with no body forces and 
assuming that the crack-faces are traction free. In Eqn. (6) the factor q is a scalar weight-function that may be assigned a smooth 
variation from zero on surfaces S1,S2, and S3 to a value of 1.0 at location s on St. Shih et al. [35] assumed that the energy release rate 
varies slowly along crack segment Lc, and thus obtain an expression for the J-integral value at point b on the 3D crack front as: 

J(s) =
J(s)

∫

Lc
q(s)ds

(7) 

In conclusion, the use of the J-integral method has proved to a powerful measure in the analysis of linear, nonlinear, plasticity, and 
large strain problems. In particular, the conjunction with adaptive meshing and Arbitrary Lagrangian-Eulerian (ALE) formulations, 
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represents a crucial advancement in computational fracture mechanics [38].

4.1. Finite element modeling and Results

In order to assess the conditions leading to the failure of the pipeline and the conclusions of the experimental study, a finite element 
model was developed using the Ansys software package [38]. Based on the experimental findings discussed above, the model focusses 
on two main issues: investigating the effect of small initial cracks, and examining the impact of the residual stress level on the life 
prediction of the pipeline. First, the model considers a very small thumbnail crack on the inside surface of the pipe (ID), and examines 
various factors affecting the failure and fatigue crack propagation. Second, the model considers the actual final crack that led to the 
failure of the pipe and the impact of residual stresses on the stress intensity factor and the final fracture. Prior to carrying the 
simulation, a mesh sensitivity analysis was performed by solving an initial textbook problem of a thumb-nail crack using various mesh 
intensities.

4.2. Mesh sensitivity Analysis

In this study the actual pipeline dimensions and load were used to assess the accuracy of various mesh intensities on the calculation 
of the stress intensity factor at the tip of a small thumb-nail crack. Fig. 8 shows the modelled portion of the pipeline with details of the 
assumed crack for mesh sensitivity analysis.

The actual dimensions and material properties of the pipe (for stainless steel 304L) is used in this analysis. The data used along with 
the dimensions of the assumed crack are given below:

Internal diameter: Di = 83 mm External diameter:.Do = 89 mm
Length of pipe portion: L = 280 mm Young’s modulus:.E = 193 GPa
Poisson’s ratio: ν = 0.31 Crack length:.2c = 6 mm
Crack depth:.a = 0.6 mm
The dimensions of the assumed crack have been selected to approximate the characteristics of the actual crack observed in the pipe. 

This alignment ensures that the modeled crack is representative of the practical defect, allowing for more accurate analysis and 
comparison. Conventional finite elements can be used to model cracks, but they do not accurately represent the singular stress field 
near the crack tip unless an extremely dense mesh is employed. This results in inaccuracies in modeling deformation and the stress 
fields. To address this, special singular finite elements have been developed to more effectively simulate the stress concentration and 
the singularity at the crack tip, making it easier to evaluate fracture parameters. These specialized elements eliminate the need for an 
excessively dense mesh around the crack tip. One such element, the quarter-point tetrahedral isoparametric element, is straightfor
ward to use [39]. It is created by adjusting the mid-point of a regular higher-order isoparametric element by moving it a quarter of the 
element’s side length toward the crack tip.

For the Semi-elliptical crack, the tool provided by Ansys [38] was used to generate the crack by providing major radius, minor 
radius, and largest contour radius. The loading is assumed to be internal pressure. Results are shown for two different conditions; one 
with no pressure on the crack faces and the other with pressure on the crack faces. Fig. 9 illustrates the mesh configuration and 
generation at the crack tip. Fig. 9a provides a schematic of the mesh generation using the Ansys program. At the crack edge, three 
circumferential divisions are specified, and six mesh contours are defined. Additionally, divisions along the crack front must be set. 
Fig. 9b and 9c offer close-up views of one of the crack edges. The innermost layer, shown in Fig. 9d, uses quarter-point tetrahedral 
elements oriented towards the crack tip. The remaining layers and the surrounding mesh consist of standard second-order tetrahedral 
isoparametric elements. The objective here is to study the impact of mesh intensity on the accuracy of calculating the stress intensity 
factor at the crack tip and arrive at an intensity that optimizes the accuracy and the CPU time. For this analysis, three different meshes 
were used with element counts of: 105,000; 176,831; and 556,494. As indicated above, tetrahedron second order elements were used 
in all meshes. The selection of the optimal mesh configuration was based on the model that provided the most reliable predictions 
when compared to the analytical solution. Table 4 shows a comparison between the FE results and the analytical results [40,41]. The 
analytical results are obtained by using the following relation [41]: 

Fig. 8. Portion of the pipeline and assumed crack for mesh sensitivity analysis.
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KI = MMkσ
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(πa/Q)

√ [
sin2θ + (a/c)2cos2θ

](1/4)
(8) 

Where: M is the magnification correction factor, Mk is the front face correction factor, σ is the applied hoop stress, Q id the shape factor 
for surface flaw, and θ is the angle measured from the major axis of the semi elliptical flaw with θ = (π/2) giving the peak value. 
Various factors have been obtained from charts and tables in reference [41] for the specific case. The maximum value of KI obtained 
analytically is 165,792 Pa

̅̅̅̅
m

√
.

Results indicated that grid 2, with an element count of 176,831, demonstrated an acceptable percentage error of 2.71 %, with 
reasonable cost. The difference between the FE results and the analytical results is considered acceptable since the analytical results are 
based on approximate solutions with inherent assumptions and correction factors such as the flaw shape parameter and free surface 
correction factors. Increasing the nesh density by 215 % (from 176,831 to 556,494 elements) only decreased the error from 2.71 % to 
1.55 %. Accordingly, grid 2 was adopted for the remaining analysis in this work. The results are summarized in Table 4, and Fig. 10
shows the variation of the stress intensity factor along the crack edge. An additional verification is carried out by calculating the J- 
integral along the crack front, then calculating the stress intensity factor utilizing the following relation for linear elastic fracture 
mechanics: 

KI =

{ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

EJ/(1 − ν2)
√

for plane strain
̅̅̅̅̅
EJ

√
for plane stress

(9) 

The results are shown in Fig. 10 and Table 4, and further indicates the reliability of the analysis.

(a) (b) (c) 

(d) 

Fig. 9. Mesh details at the crack tip, (a) Schematic of mesh generation, (b, c) Zoom at the crack tip, (d) More zoom showing circumferential di
visions and mesh contours.

Table 4 
Mesh sensitivity analysis.

CASE Elements KI(kPa
̅̅̅̅
m

√
) Error % 

(Reference to analytical solution)
JN/m KI(From J)kPa

̅̅̅̅
m

√

No pressure on crack faces With pressure on faces

Case 1 105,000 121,960 137,442 17.1 0.079 129,877
Case 2 176,831 141,520 161,290 2.71 0.112 154,642
Case 3 556,494 142,450 163,220 1.55 0.114 156,017

M. Gadala et al.                                                                                                                                                                                                        Engineering Failure Analysis 167 (2025) 108934 

14 



4.3. Effect of initial imperfection on the fatigue Life

The effect of initial imperfections in welded joints on the fatigue life is a critical aspect in structural integrity assessment. Welding 
introduces inherent imperfections such as weld toe cracks and irregularities, weld misalignment, and weld profile variations, which 
can act as stress concentrators and significantly influence the fatigue behaviour of the structure. In the example in hand, the exper
imental study indicated the existence of a groove along the seam weld, secondary hairline cracks, as well as reduction in the wall 
thickness across the weld for both fractured and intact samples. These initial imperfections serve as nucleation sites for fatigue cracks, 
accelerating the initiation and propagation of cracks during cyclic loading. This section investigates the effect of the existence of a 
small hairline thumbnail crack on the inside surface of the pipe on the fatigue life.

An initial hairline thumbnail crack is assumed on the inside surface of the pipe as shown in Fig. 7. The dimensions of the crack are: 
2c = 3 mm, a = 0.2 mm. The loading is assumed to be the operating internal pressure, p = 1, 013 kPa, with ±15% pulsation. This 
pulsation was based on the manufacture specification for the operating pump which specifies the maximum pressure and pulsation that 
may be supplied by the pump. A simple Paris law for crack propagation is assumed in the form [41]: 

da
dN

= c(ΔK)m (10) 

Where: (da/dN) is the crack growth rate per cycle, N is the number of cycles, ΔK is the variation in the stress intensity factor due to 
fatigue loading, c and m are material constants. The values of the Paris law constants are taken as: m = 2.25 and c = 2.5e − 19 
[41,42]. The chosen values are for stainless steel 304L tested in air and will be different in another environment. However, the intent is 
to get a qualitative assessment rather than exact values.

Fig. 11 shows the progression of the thumbnail crack through the thickness under the assumed pressure pulsation. It is noted that 
the crack quickly propagated to cover the whole thickness while the crack opening in the circumferential direction at the inner surface 
is very small (approximately 1.2 mm when the crack tip reached the OD). The crack length in the axial direction at the ID at this stage is 
approximately 2c = 6.5 mm. Fig. 12 a, c shows the crack depth progression versus the number of cycles for no residual stresses and for 
a residual stress value equal to 40 % of the yield strength, respectively; whereas Fig. 12 b, d shows the variation of the stress intensity 
factor with the crack depth for the same two cases. Fig. 11 a, c shows the high impact of residual stresses on the crack propagation. The 
number of cycles reduced from 3.75 × 105cycles to 0.11 × 105cycles for a residual stress level of 40 % of the yield strength. On the 
other hand, the maximum stress intensity factor increased from 0.7 MPa

̅̅̅̅
m

√
to 18 MPa

̅̅̅̅
m

√
. This clearly indicates that the stress 

pulsations alone cannot cause the fracture since the value of 0.7 MPa
̅̅̅̅
m

√
is far below KIC of 65 MPa

̅̅̅̅
m

√
which is the critical value of 

stress intensity for stainless 304L [41]. The existence of residual stresses significantly increases the stress intensity value to 18 MPa
̅̅̅̅
m

√
. 

This is still much lower than KIC which may be explained by two reasons. First, the level of the residual stress in the pipeline may be 
higher than 40 % of the yield. Second, the final crack in this analysis is much smaller than the one found experimentally that caused the 
failure (experimentally 2c = 170 mm on the ID, as opposed to 2c = 6.5 mm in this analysis). These two factors are investigated in the 
following section.

4.4. Effect of residual stresses on the fatigue Life

Applying residual stresses in the present finite element model for the seam-welded pipe presents several challenges. One major 
difficulty lies in accurately replicating the complex distribution and magnitude of residual stresses that develop due to the welding 
process. These stresses are influenced by various factors such as weld procedure and type, weld geometry, thermal cycles, and material 
properties. Additionally, the detailed picture of the residual stresses can vary significantly along the length and thickness of the pipe. 
Accurately incorporating these stresses requires computationally advanced and intensive modeling techniques, such as thermo- 

Fig. 10. Variation off stress intensity factor and J-Integral along crack edge.
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mechanical simulations coupled in many cases with experimental or empirical data integration. In finite element modeling, several 
approaches can be employed to incorporate known residual stresses into a simulation. One common method involves directly inputting 
residual stress data as initial stress or initial strain or eigen strain conditions in the model. Another approach is to apply a thermal 

Fig. 11. Thumbnail crack propagation through the thickness under fatigue loading.

M. Gadala et al.                                                                                                                                                                                                        Engineering Failure Analysis 167 (2025) 108934 

16 



gradient that replicates the thermal history of the welded component, then residual stresses can be simulated indirectly. For welded 
structures, residual stresses can also be incorporated through a thermo-mechanical weld simulation process that involves sequentially 
applying weld passes and allowing for thermal contraction to generate stresses similar to those produced during actual welding.

Another practical approach for calculating the stress intensity factor (SIF) in seam-welded pipes with residual stresses is to treat the 
residual stress (RS) as crack face traction (CFT) on the crack face and apply the principle of superposition [33]. This method effectively 
captures the impact of pre-existing stress fields, which is particularly important in welded structures. By modelling RS as CFT, the 
approach simplifies the analysis by breaking down the problem into more manageable components, allowing for a clearer isolation of 
the RS contribution to the overall SIF. The accuracy of the CFT method can be further enhanced by employing a specific crack-block 
mesh density around the crack. Studies have shown that using the CFT method with an optimized crack-block mesh density yields 
results within 1 % of those obtained through analytical methods [33].

In the current analysis, the primary objective is to determine the stress intensity factor (SIF) for a crack located in the Heat-Affected 
Zone (HAZ) of the pipe, and detailed stress distribution in the entire pipe is not a concern. Accordingly, a practical and simple approach 
is to apply a uniform tensile hoop stress that represents the residual stress in the HAZ. By doing so, the model can focus on the local 
effects around the crack and the analysis of the SIF without the need for a detailed representation of residual stresses across the entire 
pipe. This approach reduces computational complexity and resource requirements. Although this method does not capture the intricate 
stress variations within the HAZ or the rest of the pipe, it is often sufficient for evaluating the crack’s influence on structural integrity.

To assess the stress intensity factor at the final stage before the failure and the effect of residual stresses, a final crack is modelled 
with the following dimensions: 2c = 170 mm, a = 2.75 mm. These dimensions are taken from the experimental investigation of the 
final fracture surface (Fig. 3). The analysis is performed for various levels of residual stresses; 10, 20, 30, 40, 50, 60, 70, and 80 % of Sy 

(Fig. 13). The figure shows that even with these crack dimensions (taken at fracture), the maximum stress intensity factor without 
residual stresses is only about 1.79 MPa

̅̅̅̅
m

√
which is again far below the critical value indicating that the operating stress level alone 

could not be attributed as the cause of fracture. The maximum values of the stress intensity factor escalated to 51.8 MPa
̅̅̅̅
m

√
and 

59 MPa
̅̅̅̅
m

√
for residual stress levels of 70 % and 80 % of the yield, respectively. These are much closer values to KIC for the material 

Fig. 12. (a) Crack depth progression vs. number of cycles for an assumed initial thumbnail with no residual stresses, and (c) with 40% of Sy residual 
stresses. (b) Variation of maximum stress intensity factor at the crack tip vs. crack progression with no residual stresses and (d) with 40% of Sy 

residual stresses.
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and supports the conclusions arrived at from the experimental investigation.
Accordingly, both the experimental and finite element investigation support the proposition that the factors leading to the failure 

are the existence of high-level residual stress values along with the pressure load pulsations. The residual stress values certainly 
contributed much higher influence to the fracture than the pressure pulsation. This indicates that there was no post-weld heat 
treatment to eliminate or reduce the level of residual stresses which is a violation of the code requirements [32].

5. Conclusions

This study examined the impact of residual stresses and weld imperfections on the reliability and lifespan of SS304L seam-welded 
pipeline. Through experimental analysis and numerical simulations using the finite element method (FEM), the study examined 
various factors contributing to pipeline failure, such as weld defects, stress corrosion cracking, corrosion fatigue, internal overpressure, 
and fatigue failure from cyclic loads. The experimental failure analysis identified the existence of linear groove near the weld line and 
reductions in wall thickness which likely resulted from weld procedures. It was shown through ASME B31.3 calculations that this cause 
stress concentration and present a potential source for crack initiation. The absence of a stress-relieving post weld heat treatment and 
dampening of centrifugal pump pulsations upstream were main factors in fatigue crack propagation until ductile overload.

Numerical simulations highlighted the significant effect of residual stresses on the pipeline’s lifecycle, emphasizing the importance 
of accounting for these stresses in design and analysis. The study also found non-compliance with ASTM A312 Clause 6.1.3 due to the 
use of filler material in welds, which led to procedural issues. Both experimental and numerical findings concluded that the main 
factors leading to failure were high residual stress levels and pressure load pulsations. The lack of post-weld heat treatment to mitigate 
residual stresses significantly contributed to the failure. This research emphasizes the need for proper welding procedures and post- 
weld treatments to improve pipeline reliability and lifespan.

The paper systematically outlines the utilization of experimental and FE analyses in examining practical engineering failure in
stances and strengthens the ability to avert failures and navigate risks with precision. Furthermore, the results highlight the critical 
significance of adhering to code and standard guidelines concerning pipe seam welds and post-weld treatment practices.
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Fig. 13. Stress intensity factor along the crack edge for various levels of residual stresses.
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EDS and XRD complete spectrum graph 
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Fig. A1. The XRD spectra for the “Intact ”Good“ Sample” in Table 1.

Fig. A2. The XRD spectra for the “Failed ”Bad“ Sample” in Table 1.
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Fig. A3. The EDS location and spectrum for the “Cleavage Feature Area” in Table 2.

Fig. A4. The EDS location and spectrum for the “Microvoid Feature Area” in Table 2.
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