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ABSTRACT

This manuscript presents a comprehensive failure analysis of welded joints in heavy-duty structures,
focusing exclusively on technologies and practices available up to 2014. Welded joints are critical stress-
bearing elements in bridges, offshore platforms, pressure vessels, and industrial cranes. Failures in
these joints can lead to catastrophic structural collapse and significant economic losses. This study
reviews common failure modes—fatigue cracking, brittle fracture, corrosion fatigue, and hydrogen-
induced cracking—and correlates them with metallurgical factors, welding procedures, and service
conditions. Three detailed case studies illustrate real-world incidents investigated between 2005 and
2014. Methodologies include non-destructive testing (NDT), fractographic examination, chemical
analysis, and finite element stress simulation using software available before 2014. Results reveal that
improper preheating, joint design with high stress concentrations, and suboptimal filler materials were
primary contributors to failure. Recommendations for improved welding procedure specifications
(WPS), enhanced NDT protocols, and design modifications are provided to mitigate future failures. Ten

pertinent references up to 2014 are included.
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INTRODUCTION

Welded joints serve as fundamental load-transfer interfaces in heavy-duty structures such as bridges, offshore
platforms, pressure vessels, and industrial cranes. In contrast to bolted or riveted connections, welded joints
provide continuous metal continuity, enabling efficient transmission of tensile, compressive, and shear forces.
However, the metallurgical transformations induced by welding—rapid heating and cooling cycles—
inevitably alter microstructures in the weld metal and heat-affected zone (HAZ), potentially introducing
residual stresses, hardness gradients, and microstructural inhomogeneities. These factors, combined with
geometric stress concentrators and environmental aggressors, can precipitate premature failures. Numerous
high-profile incidents prior to 2016 underscored the need for systematic failure investigations to inform robust

design and fabrication practices. This manuscript synthesizes knowledge on welding metallurgy, joint design
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principles, and failure mechanisms up to 2014, illustrated by case studies, and elucidates analytical

methodologies employed at that time to diagnose root causes.
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CASE STUDIES

Case Study 1: Fatigue Crack in Bridge Girder Weld (2008)

In 2008, a fatigue crack was discovered in a steel bridge girder weld during routine inspection. The structure,
commissioned in 2002, used single-V butt joints welded by shielded metal arc welding (SMAW) with E7018
electrodes. NDT by magnetic particle testing (MPT) revealed a surface-breaking crack of 20 mm length in the
top flange weld toe. Fractographic examination under optical microscopy showed multiple fatigue striations
with secondary cracking. Chemical analysis indicated diffusible hydrogen levels above 7 mL/100 g. Finite
element analysis (FEA) using ANSYS 11 (released 2007) simulated cyclic stress distribution, revealing peak
stress concentration at the weld toe of 350 MPa under service loads of 100 kN. Root causes included
insufficient preheating (actual 50 °C vs. required 150 °C), causing high residual tensile stresses, and hydrogen
pickup from damp electrodes. Remedial measures included revising WPS to mandate preheat of 150-200 °C

and post-weld heat treatment (PWHT) at 560 °C for stress relief.

Case Study 2: Brittle Fracture in Offshore Platform Brace (2012)
An offshore oil platform brace failed suddenly in low sea temperatures (~2 °C) in 2012. The brace used ASTM
AS572 Grade 50 steel welded with flux-cored arc welding (FCAW) using AWS E71T-1C wires. Charpy V-
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notch impact tests on weld metal at —10 °C yielded toughness of 15 J, below the minimum 27 J specified by
DNV standards then. Fracture surfaces exhibited cleavage facets and river markings, indicative of brittle
fracture. Metallographic micrographs revealed coarse acicular ferrite colonies with martensite-austenite (M-
A) islands in the weld metal. The combination of low toughness, high residual stresses from rapid cooling,
and dynamic tensile loads induced brittle failure. Recommendations included selecting low-hydrogen
electrodes, optimizing deposition parameters to refine microstructure, and performing critical impact testing

at service temperature.

Case Study 3: Corrosion Fatigue in Crane Boom Weld (2014)

In 2014, a heavy-lift crane boom weld exhibited a mid-span crack during load testing. The crane had been in
service since 2005 in a marine port environment. The boom used fillet welds joining S355 steel plates. Visual
inspection showed corrosion products around the crack. Dye-penetrant testing (DPT) identified multiple small
fatigue cracks emanating from weld root defects. Scanning electron microscopy (SEM) of fracture surfaces
showed corrosion pits acting as crack initiation sites. Electrochemical impedance spectroscopy (EIS) revealed
low polarization resistance of 1.2 kQ)-cm?, confirming aggressive chloride-induced corrosion. The cyclic load
amplitude of 150 kN caused crack growth rates of 1x10~° mm/cycle. Mitigation included applying duplex
epoxy coatings, ensuring proper weld toe grinding to remove undercuts, and implementing cathodic

protection.

METHODOLOGY

This study adopts a multi-technique approach consistent with heavy-duty structural engineering practices prior
to 2016. Sample collection involved on-site coring of failed weld sections, preserving as-welded geometries.
Non-destructive testing comprised magnetic particle testing (MPT), dye-penetrant testing (DPT), and
ultrasonic testing (UT) following ASTM E709, E165, and E164 respectively. Metallographic preparation
included standard grinding, polishing, and etching with 2% nital. Optical microscopy (OM) was conducted at
magnifications up to 500% to examine microstructural features in weld metal and HAZ. Hardness profiles
were recorded using Vickers microhardness testers with 500 g loads across weld cross-sections. Fractography
employed scanning electron microscopy (SEM) with secondary electron imaging to characterize crack
initiation and propagation modes. Chemical composition analysis utilized optical emission spectroscopy
(OES) compliant with ASTM E415, and diffusible hydrogen measurement via the glycerin gas collection
technique per ISO 3690:1984.

Finite element stress analysis was performed using ANSYS 11 and ABAQUS/Standard 6.7-1 (released 2006),
modeling weld geometries with higher-order tetrahedral elements (SOLID92) and applying boundary
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conditions replicating service loading. Mesh densities were refined around weld toes and root transitions to
capture stress concentrations. Elastic-plastic material behavior was defined using von Mises yield criteria with
input from tensile tests conducted per ASTM ES. Fatigue life estimation used S-N curves for welded joints
from IIW guidelines (Y.1000-3:2006). Dynamic impact toughness evaluation involved Charpy V-notch testing
per ASTM E23 at service and sub-zero temperatures. Corrosion fatigue testing utilized rotating bending with

specimens taken adjacent to actual weld defects.

RESULTS

Microstructural analysis across case studies revealed key insights. In Case Study 1, the HAZ exhibited grain
coarsening up to 150 pm due to lack of preheat and rapid cooling, correlating with hardness peaks of 270 HV
compared to base metal hardness of 180 HV. Diffusible hydrogen content averaged 8.5 mL/100 g in weld
metal, exceeding the recommended maximum of 5 mL/100 g for E7018 electrodes. Fatigue crack growth rates

extracted from fractography matched predictions from Paris’ law for Mode I loading.

In Case Study 2, weld metal impact toughness at —10 °C was 15 J, well below the DNV requirement. The
presence of M-A islands (volume fraction ~8%) and coarse acicular ferrite contributed to low toughness.
Coupons from the weld root exhibited hardness values of 320 HV, indicating martensitic constituents. Fracture
surfaces displayed transgranular cleavage with river patterns oriented perpendicular to loading. Finite element
analysis showed residual tensile stresses up to 350 MPa in the root region, significantly raising the effective

stress intensity factor K 1.

Case Study 3’s corrosion fatigue specimens exhibited pitting densities of 20 pits/mm? with average pit
diameters of 0.25 mm. Crack initiation occurred at drill-hole-like pits at weld toe under alternating bending,
with growth rates increasing by 30% in saline environments compared to laboratory air. Electrochemical tests
confirmed chloride concentrations above 10,000 ppm on surface films. Fatigue S—N testing indicated a 50%

reduction in endurance limit in the presence of synthetic seawater.

FEA simulations across all case studies emphasized the severity of stress raisers at weld toes versus butt
transitions. Peak elastic stresses reached 400 MPa in high-load scenarios, exceeding 70% of yield stress,
facilitating fatigue initiation. Stress intensity factors computed for semi-elliptical surface cracks of 10 mm
length at weld toes were in the range of 25-35 MPaVm under service loads, approaching threshold levels for

rapid crack propagation.

CONCLUSION

Failure analysis of welded joints in heavy-duty structures up to 2014 underscores the interplay of
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metallurgical, mechanical, and environmental factors. Key findings include: improper preheat and PWHT
protocols leading to high residual stresses and HAZ grain coarsening, suboptimal filler metal selection and
deposition parameters causing low toughness and hard microstructural constituents, and environmental
aggressors—chlorides and hydrogen—promoting corrosion fatigue and hydrogen-induced cracking. Robust
failure prevention demands stringent adherence to WPS specifying preheat, interpass, and post-weld heat
treatments, selection of low-hydrogen consumables, rigorous NDT regimes incorporating MPT, UT, and
periodic fractographic sampling, and design refinements to minimize stress concentrations at weld toes and
roots. Additionally, protective coatings and cathodic protection are vital in marine and corrosive service.
Incorporation of fatigue-resistant joint geometries (e.g., smooth toe transitions), along with model-based stress
assessments using FEA tools available by 2014, can further enhance structural integrity. Future research—
beyond this manuscript’s temporal scope—may explore advanced consumables, novel welding processes such
as laser and friction stir welding, and in-situ structural health monitoring, however, the recommendations

herein remain foundational best practices for engineering heavy-duty welded structures as of 2014.
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