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ABSTRACT 

The ageing of water supply infrastructures has become a common challenge for the sustainability of 

urban water systems. Cast iron pipelines buried between the 1840s and 1980s still account for a 

significant proportion of water supply systems, and failures of these vital infrastructures are frequently 

recorded. The majority of large-diameter cast iron water mains fail by longitudinal barrel fracture, 

primarily due to corrosion and internal pressure, and bursts of large-diameter cast iron water mains lead 

to extensive financial losses and impacts on transportation and society.  

In Australian cities, the manufacturing methods and corrosion mitigation techniques used in cast iron 

pipes are strongly correlated with the pipeline burial year. An approach is proposed to summarise the 

remaining in-service life of cast iron trunk mains in static and spun cast iron cohorts, in order to identify 

critical pipelines with high potential of longitudinal fractures in pipe barrels. A statistical analysis 

confirmed that spun cast pipes have higher burst rates and relatively shorter life spans than statically 

cast pipes, due to thinner wall thickness. 

This study investigates the fatigue resistance of cast iron pipes and identifies the assets at high risk of 

fatigue damage predominantly caused by extensive corrosion and cyclic pressures (i.e. pressure 

transients). A correlation between tensile and fatigue strength (S-N curves) is established for the tested 

cast iron pipes. A methodology is provided to estimate the time to initiate failure considering the impact 

of fatigue and to compare asset life against limit state failure. A sensitivity analysis was conducted using 

time-driven simulations. The results of the analysis show that pipe assets subjected to frequent pressure 

transients may experience higher levels of fatigue damage. 

Recent failures and burst tests indicate that leakages of water trunk mains tend to occur before 

catastrophic fracture. This study explores the cumulative damage process and fatigue properties of 

corroded CI pipes under the tension to tension stress range. A full-scale bursting facility has been 

established to simulate the varying internal water conditions and record the crack propagation in CI 

pipe barrels. A through-wall crack in a corrosion patch of a CI pipe barrel could propagate by cyclic 

pressure.  

The leak-before-break time window in practice is between an occurrence of detectable leakage and a 

burst, and this period is mainly dependent on operating pressures and transient frequency, corrosion 

patch configuration and leak detection methods. In order to reduce fatigue damage, operational 

transients and dramatic pressure changes need to be mitigated. 
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NOTATIONS 

𝐴 Crack opening area 

2𝑎    Length of corrosion patch in longitudinal direction 

𝐴𝑓 Fatigue ration coefficient 

𝐴𝑅 Aspect ratio of corrosion patch 

𝜎𝑐 Stress in the corrosion patch centre 

𝑎𝑒 Half of embedded crack length in longitudinal direction 

𝑎𝑖 Half of initial crack length induced by leak pressure 

𝑎𝑡    Through wall crack length 

ACD    Average corrosion depth  

𝐴𝑝    Long-term corrosion constant 

𝜎 Applied stress 

𝜎𝑎 Alternating fatigue stress 

𝜎𝑏 Soil bending stress in uncorroded pipes 

𝜎𝑐 Hoop stress in the corrosion patch centre 

𝜎𝑐,𝑡 Stress in the age of a circular perforation 

𝜎𝐸 Hoop stress from external loads 

𝜎𝐸
′     Longitudinal stress from external loads 

𝜎𝑒 Endurance limit 

𝜎𝑒
′ Corrected endurance limit 

𝜎𝑓
′    Parameter that scales with tensile strength obtained by fitting experimental data 

𝜎ℎ    Hoop stress from internal pressure 

𝜎ℎ
′     Longitudinal stress from internal pressure 

𝜎𝑖 Stress in the crack tips of an initial crack 

𝜎𝑚 Mean fatigue stress 

𝜎𝑚𝑎𝑥    Maximum stress in a fatigue cycle  

𝜎𝑚𝑖𝑛    Minimum stress in a fatigue cycle 

𝜎𝑛,𝑖 Nominal stress for the pipes with an initial crack 

𝜎𝑛𝑡 Nominal stress for a pressurised pipe with a longitudinal crack within a corrosion patch 

𝜎𝑟 Remaining strength of a corroded pipe section  

𝜎𝑢 Ultimate material strength 

𝜎𝑢,𝑠 Tensile strength of spun cast iron pipes 

𝜎𝑢,𝑠𝑡 Tensile strength of static cast iron pipes 

𝛥𝜎   Stress difference (fatigue stress range) 

ε𝑓
′     An empirical constant known as the fatigue ductility coefficient 

𝛥휀𝑒/2    Elastic strain amplitude 

𝛥휀𝑝/2    Plastic strain amplitude 

𝛥휀𝑡/2    Total strain amplitude 

𝐵 Beam thickness of SENB specimen 

2b Length of corrosion pit/patch in circumferential direction 

𝐵𝑓 Fatigue ration exponent 

𝐵𝑝    Corrosion scaling constant 

𝛽 Shape factor for calculating the stress concentration factor caused by a perforation 

c    Corrosion depth 

𝐶𝑑 Discharge coefficient 
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𝑐𝑒 Embedded crack depth in thickness direction 

𝐶     Paris’ constant 

𝐶𝑝    Corrosion rate inhibition factor 

𝐶𝑠 Long-term corrosion intercept 

𝐷𝑐𝑟 Critical fatigue damage factor 

𝐷𝑖    Internal pipe diameter 

𝐸    Modulus of elasticity 

𝐹 Geometric factor for evaluating intensity factors of pipes with a circumferential crack 

𝑓1 Frequency of burst-refill events 

𝑓2 Frequency of transient events 

𝐹𝑚𝑎𝑥 Maximum bending load for SENB specimen 

𝐹𝑚𝑖𝑛 Minimum bending load for SENB specimen  

𝐹(𝜆) Geometric factor for evaluating intensity factors of pipes with a longitudinal crack 

𝑓 (
𝑎

𝑊
) Geometric factor for the SENB specimen 

G Energy release rate 

𝐺𝑐 Fracture energy 

𝐺(𝜆) Geometric factor for crack opening area 

k Different stress spectrums 

K Penalty stiffness 

𝐾𝑏    Bending moment parameter 

𝐾𝑓𝑐 Corrosion fatigue reduction factor 

𝐾𝑓𝑛 Notch fatigue reduction factor 

𝐾𝐼 Intensity factor 

𝐾𝐼𝐶 Fracture toughness 

𝐾𝑚𝑎𝑥    Maximum stress intensity factor 

𝐾𝑚𝑖𝑛    Minimum stress intensity factor 

𝐾𝑧    Deflection parameter 

𝛥𝐾   Range of stress intensity factor 

ΔK𝑡ℎ Threshold toughness 

𝐿    Maximum allowable longitudinal extent of the corroded area 

𝐿𝐷𝑅 Length depth ratio of corrosion patch 

𝑚 Paris’ constant 

𝑁    Number of stress cycles 

𝑁𝑓    Cycles to failure 

𝑁𝑖  Number of failure cycles for a stress amplitude to cause a fracture 

𝑛𝑖 Number of cycles for a stress amplitude 

P    Internal water pressure 

𝑃𝐿    Limiting internal pressure 

𝑃𝐿,𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 Limiting pressure for pipelines with an external surface crack  

𝑃𝐿,𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 Limiting pressure for pipelines with an internal surface crack 

𝑃𝑙𝑒𝑎𝑘 Leak pressure 

𝑃𝑚 Maximum achieved pressures in full-scale burst tests 

𝑃𝑚𝑎𝑥 Maximum operating pressure 

𝑃𝑚𝑖𝑛   Minimum operating pressure 

PF    Pitting factor 

𝑄 Leak rate 
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q   Slope of the log-log curve again determined by fitting 

q’   Empirical constant known as the fatigue ductility exponent 

𝑅   Fatigue stress ratio 

𝑅𝑒 Endurance ratio 

𝑅𝑓 Fatigue ration   

𝑅𝑖 Internal pipe radius 

𝑟0    Initial slope of soil corrosion from the bi-linear model 

𝑟𝑠    Long-term corrosion rate 

𝑟𝑡 Radius of a circular perforation 

𝑆 Bending span of SENB specimen 

𝑆𝐶𝐹 Stress concentration factor induced by a corrosion patch  

𝑆𝐶𝐹𝑡 Stress concentration factor for a pipe with a circular perforation 

t   Exposure period 

𝑇𝑓 Exposure time to form a through crack by fatigue damage 

𝑡ℎ Holiday period of soil corrosion 

𝑡𝑖 Wall thickness in the tips of the initial crack   

𝑡𝑡 Wall thickness of the crack tip 

𝑡0    Nominal wall thickness 

𝑇𝑜 Exposure time to form a through crack by ignoring fatigue damage 

𝑡𝑡 Corresponding wall thickness in the crack tips 

𝑇𝑢 Ultimate traction stress 

𝛥𝑇 Reduced exposure period 

𝜈    Poisson’s ratio 

𝑊 Beam depth of SENB specimen 

𝑊𝐿    Critical external load to pipe failure 

𝑊𝑣    Vertical load from overburden soil and traffic load 

𝑌 Geometric factor about crack length and structure dimensions 

𝜆 Dimensionless factor for pressurised pipes with a through crack 

𝜆𝑖 Dimensionless factor for pressurised pipes with an initial through crack 

𝜆′ Dimensionless factor for corroded pipes with a through crack 

2θ Crack opening degree of a circumferential crack 

τ   Corrosion transient time  

𝛿 Threshold parameter 

𝛿𝑓  Separation at failure 

𝛿0 Separation at damage initiation 

𝛾 Threshold parameter 
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Chapter 1 Introduction 

 

 

 

 

 

1.1 Background  

One of the challenges for the water industry is the deterioration of pipeline assets. Cast iron (CI) 

pipelines installed prior to 1990 still represent a significant percentage of the Australian water 

transportation system. These vital infrastructures are close to their ultimate service life due to 

continuous corrosion and the increase of service loads. Bursts of large-diameter CI pipes result in 

significant financial losses and severe hazards in developed urban areas (Vitanage et al., 2014). 

Rehabilitation programs and condition assessments for CI trunk mains are costly for Australian capital 

cities (Gould et al., 2013; Vitanage et al., 2014), and  it has been estimated that at least 5 billion 

Australian dollars are required for the replacement  and repair of Australian CI water pipes in the next 

five years (Rathnayaka, 2016). 

In spite of the fact that a number of studies and investigations have been conducted worldwide in regard 

to the failure of CI pipes, the methods available for failure prediction and assessment management are 

still fairly inefficient and ineffective. One of the reasons for this situation is the lack of understanding 

of pipe failure processes. In order to propose appropriate solutions, more effort is required to explore 

the failure mechanisms of CI trunk mains. 
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A collaborative research project, Advanced Condition Assessment and Pipe Failure Prediction 

(ACAPFP), has been undertaken to improve the current procedures of condition assessment and failure 

prediction models for large-diameter CI pipes (diameters of 300 mm or above). Nine Australian water 

utilities participated in the ACAPFP project: Sydney Water (SW), Melbourne Water, Water Corporation, 

South East Water (SEW), City West Water (CWW), South Australian (SA) Water, Hunter Water (HW), 

Queensland Urban Utilities and Yarra Valley Water (YVW). This project also attracted two 

international partners: UK Water Industry Research Limited (UKWIR) and the Water Research 

Foundation. The research activities were completed by three Australian universities (led by Monash 

University). This project includes four major activities, which are briefly shown in Figure 1-1. The 

details of the ACAPFP project are summarised in Vitanage et al. (2014). Activity 1 attempted to answer 

“how, when and where large-diameter pipes fail within a water supply network”. The study summarised 

in this thesis is a component of Activity 1 of the ACAPFP project.  

The predominant failure mode of large-diameter CI pipes is longitudinal barrel fracture, which is caused 

by corrosion deterioration and hoop stress from internal operational pressures (Rajani, 2000). Soil 

corrosion in external pipe walls is normally considered to be the major reason for pipe deterioration 

(Petersen and Melchers, 2014). The corrosion pits generated by soil corrosion reduce the wall thickness 

and form corrosion patches that result in stress concentrations (Ji et al., 2015). Hence, the current 

condition assessments of water pipelines are mainly focused on the measurement of corroded depths.  

This study investigates the processes and failure mechanisms of longitudinal barrel fracture in 

pressurised large-diameter CI pipes. The internal pressure is considered as the primary source of hoop 

stress, and the effects of external loads and other stresses in pipeline are evaluated and analysed. An 

approach is proposed to identify critical CI pipes with high potential of failure, mainly based on 

construction dates, pipe sizes and operation pressures. The leak-before-break (LBB) concept is verified 

by evidence from site observations and experimental results, and LBB criteria are proposed and verified 

for longitudinal barrel fractures in large-diameter CI pipes. This study also investigates the impact of 

fatigue mechanisms on the initiation and propagation of longitudinal cracks in corroded CI pipes under 

cyclic pressures. The validation of full-scale burst tests and simulations was conducted to confirm the 

impact of fatigue mechanisms in corroded CI pipes. The detailed thesis outline is shown in Section 1.4. 
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Figure 1- 1 Governance structure of the ACAPFP project 
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1.2 Research objectives and scope 

The core hypothesis of this project is that the propagation of longitudinal cracks in large-diameter CI 

pipes is caused by fatigue caused by cyclic pressures. Apart from corrosion, fatigue or fatigue-related 

mechanisms play a vital role in the phase of crack propagation.  

In this research study, the first and foremost aim is to understand the failure processes of large-diameter 

CI pipes prior to catastrophic bursts. There are two research questions related to this aim: 

o 1. Does a through-crack generate in a corrosion patch base by a fatigue mechanism? 

o 2. Does a through-crack propagate in CI pipe barrels? If the answer to question 2 is yes, how 

long does it take for a through-crack to grow to the critical length to cause a catastrophic burst 

under the fatigue mechanism?  

The main objectives of this study are to explore the failure processes of the longitudinal barrel fracture 

of CI pipes and to provide engineering solutions to evaluate the impact of fatigue mechanisms on the 

deterioration of the structural capacity of CI trunk mains. An analytical approach to identifying critical 

CI pipes is proposed for Australian water utilities, and the validation criteria of the LBB concept are 

also verified based on experimental results. The objectives of this study are shown below: 

o To classify CI pipe cohorts and identify critical assets with high potential of failures:  see 

Chapter 3. 

o To validate the LBB concept for longitudinal barrel fracture in corroded large-diameter CI pipes: 

see Chapter 4; 

o To evaluate the impact of the fatigue mechanisms caused by cyclic pressures to form a through-

crack in corroded large-diameter CI pipes: see Chapter 5; 

o To evaluate the impact of fatigue caused by cyclic pressures to propagate a through-crack in 

corroded large-diameter CI pipes: see Chapter 6; and 

o To verify the impact of fatigue caused by cyclic pressures on corroded CI pipes based on full-

scale burst tests and finite element (FE) simulations: see Chapter 7. 

This research project focuses on the deterioration mechanisms of longitudinal barrel fractures in large-

diameter CI pipes. Cyclic pressures are considered as the primary source of cyclic stresses. The fatigue 

properties of ex-service CI trunk mains are evaluated, and models of fatigue analysis are adopted for CI 

trunk mains subjected to internal pressures. The significant factors for fatigue damage in CI pipes are 

identified on the basis of a time-dependent sensitivity analysis. A burst facility supplying cyclic 

pressures is established to evaluate the fatigue resistance of corroded large-diameter CI pipes. 

Furthermore, the results of failure analysis in small-diameter CI pipes with the failure mode of 

circumferential barrel fracture are summarised in this thesis. The findings from this study will assist in 
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modification of the current condition assessment of pressurised water pipelines, in order to prevent or 

predict bursts of CI trunk mains.  
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1.3 Contributions to the ACAPFP and the Smart Water Fund projects  

Since 2011, a series of research tasks have been completed by the ACAPFP projects. The other tasks 

competed by Monash University are summarised below: 

o 1. Historical information on large-diameter CI pipes 

o 2. Pipe traffic loading tests in Sydney Water test bed 

o 3. Pressure-transient monitoring and modelling 

o 4. Finite element modelling of pressurised corroded CI pipes 

o 5. Physical modelling for prediction of failure probability  

o 6. Distributed optical fibre sensors 

Task 1 provided the results of the statistical analysis of failure rates and pipe asset length based on data 

from five Australian water utilities and confirmed the predominant failure mode of large-diameter CI 

pipes is longitudinal barrel fracture. Tasks 2 and 3 found that internal pressure is the critical stress 

source of hoop stress contributing to longitudinal barrel fracture compared with external factors from 

soils and traffic loads. The patterns of pressure transient events have been simulated in Task 3. The 

stress concentration factors (SCFs) from corrosion patches were predicted through the FE simulations 

in Task 4. The outcomes of this study contributed the research scope of Task 5 and 6. 

The research of the Smart Water Fund (SWF) conducted by Monash University aims to develop an 

innovative integrated algorithm for cost-effective management of water pipe networks for the water 

utilities in Melbourne, Victoria. The analysis approach summarised in Chapter 3 contributes to the 

evaluation methods used in the SWF. 

The fatigue properties and analytical methods reported in this thesis will be used in the Failure 

Probability Prediction Implementation Sydney Water (FPPISW) project, which intends to validate the 

outcomes of the ACAPFP project using selected pipe cohorts in Sydney. 
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1.4 Thesis outline  

The thesis outline is shown below, and the links among the chapters are illustrated in Figure 1-

2. 

Chapter 1 Introduction  

In this chapter, the research background and the research objectives and scope are detailed. The 

contributions to the ACAPFP and the SMW project are summarised. A thesis outline is provided. 

Chapter 2 Literature review  

This chapter reviews the research on the following topics:  

o Introduction 

o Timeline of CI pipes and corrosion mitigation methods 

o Microstructural features and mechanical properties 

o Corrosion 

o Pipe stress analysis and failure modes 

o Pipe failure prediction models 

o Fatigue mechanisms in CI pipes 

o Leak-before-break (LBB) assessment 

Chapter 3 Classification of major cohorts of Australian pressurised cast iron water pipes 

In Australian cities, the manufacturing methods and corrosion mitigation techniques used in CI pipes 

depend strongly on the burial year. This chapter introduces an approach to summarising the remaining 

in-service CI trunk mains in several cohorts, in order to identify critical pipelines with high potential of 

longitudinal fracture in pipe barrels. Despite the various manufacturers and casting moulds used in 

Australian CI pipes, two major cohorts, static and spun CI pipes, are identified, based on manufacturing 

methods, material properties, microstructural analysis and wall thicknesses. A statistical analysis 

confirms that spun cast pipes have higher burst rates and shorter life spans than static CI pipes, due to 

their thinner walls.  

Chapter 4 Leak-before-break (LBB) in cast iron pipes 

The phenomenon of a leak occurring before a major burst (leak-before-break or LBB) within CI pipe 

barrels has been observed in both recent field failures and laboratory tests. In this chapter, common 

features of LBB in failures are illustrated. A LBB time window exists for most failures. The leak rates 

were verified throughout full-scale burst tests. According to the experimental results, the LBB 
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criterion is potentially applicable to CI water mains, and brief guidance on the LBB analysis approach 

is proposed for the water industry. Similarly, the LBB evidence and criteria for small-diameter pipes 

are also summarised. 

Chapter 5 Formation of a through-crack in corroded cast iron pipes by fatigue  

The majority of cast iron water trunk mains fail by the mode of longitudinal barrel fracture due to soil 

corrosion and internal pressure. This study investigates the fatigue resistance of cast iron pipes and 

identifies assets at high risk of fatigue damage caused by cyclic pressures. Stress-controlled fatigue tests 

were carried out on specimens from five CI pipes. A correlation between tensile strength and fatigue 

strength (S-N curves) was established for CI pipes. The notch effect of corrosion pits/patches on fatigue 

strength was found to be limited based on results from the literature and examination of corrosion patch 

configurations. A sensitivity analysis was conducted by time-dependent simulation. The analysis shows 

that assets in transient zones or with frequent failure rates may experience higher levels of fatigue 

damage. In addition, the long-term corrosion rates and stress ratios of transients also contribute to 

fatigue damage. 

Chapter 6 Propagation of through cracks in cast iron pipes by fatigue 

This chapter summarises the experimental results of fatigue crack growth rate (FCGR) of beam 

specimens taken from large-diameter CI pipes. These results are compared with data from the research 

literature. The fatigue crack growth model of Paris Law is adopted to evaluate the LBB time window 

based on the parameters from FCGR tests. The results of a fractography examination are also illustrated. 

Chapter 7 Full-scale validation tests and simulation 

The formation and propagation of a through-crack in a corrosion patch base are confirmed by full-scale 

bursting tests under cyclic pressures. A cohesive zone model is adopted to evaluate the damage 

processes for CI pipes with a corrosion patch using FE analysis (Abaqus). In this chapter, the results 

from full-scale tests and simulation are summarised. Selected case studies are also included. 

Chapter 8 Conclusions and recommendations   

This chapter summarises the key findings from this research project. In order to minimise fatigue 

damage and identify critical pipeline assets, recommendations are provided for water utilities, and some 

suggestions for future research to improve the efficiency of water asset management and failure 

prediction are made. 
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Figure 1- 2 Thesis structure and links among chapters 
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Chapter 2 Literature review 

 

 

 

 

 

2.1 Introduction   

This chapter provides background information and the significant outcomes from previous research on 

large-diameter CI water pipes. A state-of-the-art review of previous studies related to the fatigue 

mechanism in CI water pipes is also provided. In Section 2.2, the history of CI pipes used in Australian 

water networks is briefly introduced. The asset lengths and failure rates of large-diameter CI water pipes 

are discussed in Section 2.3. Section 2.4 outlines research studies on the microstructural features and 

mechanical properties of CI pipes. Research projects on corrosion deterioration in CI pipes are 

summarised in Section 2.5. The pipe stresses and typical failure modes of CI pipes are shown in Section 

2.6, and pipe failure prediction models from previous studies are evaluated and compared in Section 

2.7. Common research approaches and analytical methods are also discussed. 

Section 2.8 summarises previous research on fatigue mechanisms in CI water pipes, including case 

studies, fatigue tests and analytical models. A thorough review of the leak-before-break (LBB) in CI 

pipes and relevant standards from other industries are presented in Section 2.9. 

 

 

  



CHAPTER 2 

11 

 

2.2 Timeline of Australian CI pipes  

2.2.1 Manufacturing methods of CI pipes  

As a popular historical construction material, CIs have been used worldwide in underground water 

transportation systems for more than 300 years (AIS, 1941). They were  eventually phased out of the 

piping market in 1980s due to the invention of ductile iron, which has superior mechanical properties 

in terms of ultimate strength and fracture toughness (Nicholas and Moore, 2009). According to archived 

standards and documents, most of the CIs used in the piping industries are identified as Grey CI, which 

is characterised as an inter-notched material due to the pre-existing graphite flakes (Makar and Rajani, 

2000).  

There are two major types of CI pipes in Australia, depending on the manufacturing method: static and 

spun CI pipes. Prior to 1930, CI pipes were statically (horizontally or vertically) cast (Rajani, 2000). 

This casting method generally led to low material strengths and non-uniform wall thickness (Nicholas 

and Moore, 2009; Rajani and Kleiner, 2013b). Based on the results of previous metallurgical 

examinations, the graphite normally shows the pattern of flakes (Makar and Rajani, 2000). 

Due to the invention of the spun (centrifugally) cast method in the 1920s, CI pipes with uniform wall 

thickness and higher strengths were produced throughout the worldwide piping markets after 1930 

(Nicholas and Moore, 2009). Spun CI pipes and contain rosette- patterned graphite  (Makar and Rajani, 

2000). 

In Australia, CI pipes were no longer installed in the 1980s due to the introduction of ductile iron pipes 

(AIS, 1941; Nicholas and Moore, 2009). Figure 2-1 shows the timeline of major manufacturing methods 

of CI pipes used in Australia (Nicholas and Moore, 2009; Scott, 1990; AIS, 1941).  

 

Figure 2- 1 Governance structure of the ACAPFP project 
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2.2.2 Internal cement lining  

Cement mortar linings have been used to preserve internal pipe walls from corrosion damage since the 

1920s (Bonds, 2005; AIS, 1941). Pipes laid after 1930 were internally lined with cement mortar in 

factories, and these pipes were designed to avoid internal corrosion (Nicholas and Moore, 2009; AIS, 

1941). Most large trunk mains installed before the 1930s were relined in situ in the period between 1930 

and 1960 (Nicholas and Moore, 2009; Scott, 1990). Thereafter, the growth of internal corrosion pits 

had been suspended in these unlined CI pipes (pipes without internal linings).  

Currently, unlined metal pipes are relatively rare in Australia (Rajeev et al., 2014). To minimise internal 

corrosion, relevant rehabilitation programs are highly recommended for unlined mains. 

2.2.3 External coating 

Coatings have been designed for metallic pipes in corrosive environments. Two types of coatings have 

been widely used throughout the timeline of CI pipes: paint coating (tar or bitumen) and polyethylene-

encased (PE) coating. Almost all CI pipes were buried with paint coating in the 20th century, but limited 

protection is provided by this coating type in aggressive environments (Bonds et al., 2005; Romanoff, 

1957). This has been proved by site observation and experimental results (Bonds et al., 2005; Kroon et 

al., 2005). 

PE coating has been highly recommended as the most effective coating method due to its excellent 

protection in extremely corrosive environments (AWWA-C105, 1972; AWWA-C105, 2010). Bonds et 

al. (2005) observed that even damaged polyethylene coating has better corrosion resistance than paint 

coating, especially in corrosive environments, as observed in long-term experiments.  

2.2.4 Backfill soils 

Most Australian CI pipes are buried in trenches with natural soils, and backfill sand was introduced in 

the process of pipeline installation in the 1960s (Nicholas and Moore, 2009). The natural soils in coastal 

regions consist of cohesive (clayey) soils that are more corrosive than backfill sand, CI pipes subjected 

to natural soils tend to experience more severe soil corrosion, if PE coatings are not installed (Rajani, 

2000).  

2.2.5 Transportation and installation  

The methods or equipment used for the transportation and installation of CI water pipes have significant 

impacts on the structural integrity of these infrastructures (Rajani and Abdel-Akher, 2013; Rajani et al., 

2013). CI pipes were transported using horse-driven wagons prior to the 1890s, and thereafter trucks 

and trailers were widely used (Rathnayaka, 2016). Collisions during the transport and unloading 
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processes can cause damage to CI pipe segments. The early installation method of lead-caulked bell-

spigot joints also caused potential damage or even initiated cracks in CI pipe joints (Rajani and Abdel-

Akher, 2013). Therefore, the failure mode of bell joint fracture in CI pipes is closely related to the 

methods of transportation and installation used in the network (Rajani and Abdel-Akher, 2013; Rajani 

et al., 2013).  
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2.3 Asset length and failure rates of large-diameter CI pipes in Australia 

In water supply systems, the total length of large-diameter CI pipes is markedly less than the length of 

small-diameter CI pipes (Gould et al., 2013). The failure rate of water pipes is generally expressed as 

the number of failures per 100 km length per year. Recent statistical analyses conducted for Australian 

utilities showed that the failure rates of large-diameter (300 mm or above) CI pipes are notably lower 

than the failure rates of small-diameter CI pipes (Gould et al., 2013; Gould, 2011).  

In comparison with other piping materials, CI water pipes tend to have higher failure rates (Gould et al., 

2013). Gould et al. (2013) conducted a survey of CI pipes (with diameters from 50 to 1,000 mm) in 13 

Australian water utilities and found the failure rates for CI water pipes range from 7 to 124, with an 

average failure rate of 40 failures/100 km/year. 

Gould (2011) carried out a statistical analysis of the pipe assets of two water utilities in Melbourne, 

Victoria: City West Water (CWW) and South East Water (SEW). The total length of CI pipes (300 – 

400 mm) is around 144.7 km installed between 1940 and 1988, and the combined failure rate of these 

CI pipes was about 15 failures/100 km/year (Gould, 2011). 

A statistical analysis was conducted of the large-diameter water pipes by the ACAPFP project 

(Kodikara et al., 2012; Rajeev et al., 2014). This task analysed the asset and failure data from five 

Australian water utilities from New South Wales (NSW), Victoria (VIC) and South Australia (SA). The 

revised asset lengths and failure rates of large-diameter (300 mm or above) CI pipes for each utility are 

summarised in Table 2-1 with the failure rates of other piping materials, including steel, ductile iron 

(DI) and asbestos cement (AC). In certain utilities CI pipes are the predominant material in water supply 

systems, and CI pipes normally experience higher failure rates than other piping materials in Australian 

water utilities (Rajeev et al., 2014).  

Wei et al. (2015) analysed the assets and failure rates of CI water pipes for the Water Corporation 

located in Perth, West Australia based on a 10-year historical failure rate statistical study. The failure 

rates remained high for pipes buried between the 1930s and the 1950s, and the maximum failure rate 

was about 35 failures/100 km/year, which was well above the average failure rate of 15 in the period 

(Wei et al., 2015). This finding indicates certain pipe cohorts constructed in some periods may have 

different material strengths or deterioration conditions. Unfortunately, the exact sizes of the CI pipes 

were not reported.  
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Table 2- 1 Asset lengths and failure rates of large-diameter CI pipes of Australian water utilities 

(Rajeev et al., 2014) 

Utility 
Length of CI 

pipes (km) 

Percentage of 

CI pipes (%) 

Failure rates 

(failures/100 km/year) 

CI Steel DI AC 

A 1734 56.7 6.8 4.0 - 2.8 

B 27 3.5 32.9 3.3 0.1 2.2 

D 422 48.9 13.2 4.9 0.8 - 

E 96 11.2 8.0 2.4 1.9 4.2 

F 85 19.9 23.2 8.2 8.0 - 
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2.4 Microstructural features and mechanical properties 

2.4.1 Microstructure  

Australian water CI pipes were produced by various manufacturing methods. The microstructure of 

these pipes is strongly dependent on the casting methods and moulds (Makar and Rajani, 2000). The 

chemical compositions of CI pipes analysed in previous studies are summarised in Table 2-2.  

The microstructural features of CI pipes can be observed from optical microscopic images of etched 

and polished specimens, and the predominant microstructural feature of CI pipes is the type of graphite 

flakes that directly affects the material tensile strength (Makar and Rajani, 2000). The graphite flakes 

of CIs can be described by the standardised approach from ASTM-A247-67 (1998). Randomly-oriented 

flakes (Type A) are uniformly distributed in the metallic matrices of static CI pipes, and spun CI pipes 

normally have fine patterns of graphite flakes (Makar and Rajani, 2000). The microstructure is relatively 

consistent in the wall direction for static CI pipes, and the maximum length of graphite flakes ranges 

from 80 to 320 μm (Makar and Rajani, 2000; Mohebbi et al., 2010). However, varying microstructures 

are commonly shown along the wall direction for spun CI pipes, primarily due to the different cooling 

rates of the centrifugal casting method (Makar and Rajani, 2000). The graphite flakes are coarser and 

longer in the inner surfaces than the external surfaces (Makar and Rajani, 2000). 

Static CI pipes tend to contain higher amounts of pearlitic matrices than spun CI pipes, while ferritic 

matrices are commonly observed in spun CI pipes (Makar and Rajani, 2000). 

Table 2- 2 Chemical composition of CI water pipes 

Reference Country Casting 

Element by weight (%) 

Carbon 

(C) 

Silicon 

(Si) 
Manganese 

(Mn) 
Phosphorus 

(P) Sulfur (S) 

Talbot 

(1926) 
US Static  3.38- 3.67 1.36- 2.09 0.30- 0.58 0.49- 0.84 0.05- 0.13 

Yamamoto et 

al. (1983) 
Japan 

Static & 

Spun 
3.32- 3.79 1.12- 2.98 0.36- 1.16 0.11- 0.97 0.06- 0.13 

Makar and 

Rajani 

(2000) 

US & 

Canada 

Static  3.39- 3.91 1.93- 3.31 0.21- 1.13 0.69- 1.03 0.05- 0.15 

Spun 3.72- 4.20 1.39- 2.41 0.25- 0.49 0.17- 0.80 0.02- 0.11 

Mohebbi et 

al. (2010) 
UK Static 2.75- 3.23 1.50- 2.70 0.50- 0.80 0.35- 1.20 0.08- 0.20 
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2.4.2 Mechanical properties  

The material properties of CI pipes are greatly affected by the manufacturing methods and casting 

moulds (Rajani and Kleiner, 2013b). A number of standards have been developed throughout the entire 

timeline of CI pipes and alter in different nations, and the specified strengths and structural capacities 

based on archived standards are summarised in Table 2-3. Mechanical tests have been conducted to 

evaluate the pipe strengths and predict the remaining service life of these vital infrastructures (Conlin 

and Baker, 1991; Gould, 2011; Rajani, 2000; Seica and Packer, 2004; Yamamoto et al., 1983). These 

studies normally prepare specimens from ex-service small-diameter (< 300 mm) CI pipes, and the 

testing specimens contained various corrosion defects. Limited data on mechanical tests conducted on 

large-diameter CI pipes were reported by Yamamoto et al. (1983). Therefore, a broad range of 

mechanical properties have been provided in previous studies. A summary of the experimental results 

of mechanical properties is shown in Table 2-4. 

Grey CI is a relatively brittle alloy with low tensile capacity and non-linear stress-strain characteristics 

(Rajani, 2012). The tensile strength of CI pipes is commonly captured by the fracture stress of tensile 

coupon tests. In spite of the non-linear strain-stress curves observed in the early stage of tensile tests, 

the values of secant modulus calculated by fracture stress and strain are commonly reported (Gould, 

2011; Seica and Packer, 2004). The flexural strength based on bending tests is primarily controlled by 

the tensile strength of CI pipes, and therefore, bending tests are conducted to indicate the tensile strength 

of CI pipes (Jesson et al., 2013). CI pipes tend to have a high resistance to compression, and the 

compressive strength of CI pipes ranges from 519 to 1,047 MPa (Seica and Packer, 2004). 

To quantify the fracture toughness of CI pipes, single-edge-notched beam (SENB) and double-edge-

notched tensile (DENT) specimens are selected due to the restrictions of pipe geometry (Gould, 2011; 

Mohebbi et al., 2010; Rajani, 2000). The effects of fatigue pre-cracking are limited for CI pipes, and 

the fracture stress is generally adopted to covert the maximum values of fracture toughness (Conlin and 

Baker, 1991). Although a number of testing results have been reported, only a limited number of 

mechanical tests have been conducted on small-diameter Australian CI pipes (Gould, 2011). Table 2-5 

summarises the results of fracture toughness tests of CI water pipes. 
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Table 2- 3 Specified minimum strength and structural capacity of CI pipes 

Code Cast 

Tensile 

strength 

(MPa) 

Flexural 

strength 

(MPa) 

Secant 

modulus 

(GPa) 

Modulus 

of rupture 

(MPa) 

Crush 

strength 

(MPa) 

Bursting 

strength 

(MPa) 

AWWA-

C100 (1908) 

Horizo

ntal 
124 223 72 - - 110 

AWWA-

C102 (1939) 

Vertic

al 
75 214 70 - 214 76 

AWWA-

C106 (1953) 

Spun/ 

metal 
124 276 83 - 276 124 

AWWA-

C108 (1962) 

Spun/ 

sand  
125 276 69 - 276 124 

BS-78 

(1938) 

Vertic

al 
124 274 90 - - - 

BS-1211 

(1958) 

Spun/s

and 
159 - - - 159 - 

Spun/

metal 
172 - - - 193 - 

AIS (1941) Spun 193 303 103 314 - 189 

AS-1724 

(1975) 
Spun 200 400 - - - - 

BS/EN-877 

(1999) 
Spun 200 - - - 325 - 

 

Table 2- 4 Comparison of mechanical properties of CI water pipes 

Reference Country Cast 
Diameter 

(mm) 

Tensile 

strength 

(MPa) 

Flexural 

strength 

(MPa) 

Secant 

modulus 

(GPa) 

Fracture 

toughness 

(𝑀𝑃𝑎√𝑚) 

Yamamoto et 

al. (1983) 
Japan 

Static & 

Spun 
100- 800 100 -167 - - - 

Conlin and 

Baker (1991) 
UK Static 50- 100 137- 248 - - 10.5- 17.7 

Rajani 

(2000) 

US & 

Canada 

Static 150- 200 33- 267 165- 260 20- 70 
5.7- 13.7 

(10.3) 

Spun 150- 200 135- 305 240- 460 30- 98 
10.3- 15.4 

(13.2) 

Seica and 

Packer 

(2004) 

Canada 
Static & 

Spun 
100- 300 47- 297 164- 349 23- 150 - 

Gould (2011) 
Australi

a 

Static < 150 40- 230 - 15- 150 
8.5- 11.9 

(10.1) 

Spun < 150 85- 250 - 10- 210 
11.8- 14.3 

(12.0) 
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Table 2- 5 Summary of fracture toughness of CI water pipes 

Reference Country Cast 
Diameter 

(mm) 

Testing 

method 

Fracture 

toughness 

(𝑀𝑃𝑎√𝑚) 

Mohebbi et al. 

(2010) 
UK Static 500- 1,200 SENB 

15.8- 26.4 

(19.3) 

Marshall 

(2001) 

UK Static < 250 SENB 
7.7-17.1 

(11.8) 

UK Spun < 250 SENB 
13.7- 19.3 

(16.2) 

Conlin and 

Baker (1991) 
UK Static 50- 100 SENB 

10.5- 17.7 

(14.0) 

Rajani (2000) US & Canada 

Static 150- 200 DENT 
5.7- 13.7 

(10.3) 

Spun 150- 200 DENT 
10.3- 15.4 

(13.2) 

Deb (2002) US Spun 100- 400 DENT 
11.1- 17.8 

(12.7) 

Gould (2011) Australia 

Static 100- 150 DENT 
8.5- 11.9 

(10.4) 

Spun 100- 150 DENT 
11.8- 14.3 

(11.7) 

Kim et al. 

(2007) 
South Korea Spun 150, 200 DENT 

19.5- 27.7 

(23.7) 

 

2.4.3 Structural capacities  

The structural capacities, including bursting strength, crush strength and modulus of rupture, can be 

obtained through full-scale tests. The specified minimum structural strengths listed in archived 

standards are shown in Table 2-3. The crushing strength and modulus of rupture of intact CI pipes are 

strongly dependent on the flexural strength of CI pipes, and the bursting strength is determined by the 

tensile strength.  

In order to analyse the impact of corrosion on structural capacities, ring crushing and full-scale bending 

tests were conducted on corroded or as-received CI pipe segments (Atkinson et al., 2002; Marshall, 

2001; Rajani, 2000; Yamamoto et al., 1983). The structural capacities reduce with the increase of 

corrosion depth (Atkinson et al., 2002; Marshall, 2001; Yamamoto et al., 1983). The ranges of crushing 

strength and modulus of rupture of ex-service CI pipes are summarised in Table 2-6. 
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Table 2- 6 Summary of structural capacity of CI water pipes 

Reference Country Cast 

Ring tests Full-scale bending tests 

Diameter 

(mm) 

Crush 

strength 

(MPa) 

Diameter 

(mm) 

Modulus of 

rupture 

(MPa) 

Yamamoto et al. 

(1983) 
Japan 

Static & 

Spun 
100- 750 25- 310 - - 

Marshall (2001) UK 
Static - 101- 394 75, 100 90- 380 

Spun - 210- 420 - - 

Rajani (2000) 
US & 

Canada 

Static 150- 200 165- 260 - - 

Spun 150- 200 130- 420 - - 

Atkinson et al. 

(2002) 
UK - - - 75, 100 42- 221 
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2.5 Corrosion deterioration 

2.5.1 Soil corrosion 

Corrosion is considered as the predominant mechanism of pipe deterioration, and a number of 

correlations between corrosion rate and pipe lifespan have been explored (Marshall, 2001; Petersen and 

Melchers, 2012; Rajani, 2000; Yamamoto et al., 1983). It has been widely accepted that corrosion 

reduces the thickness of the pipe wall and forms stress concentrators in the originally smooth pipe 

surfaces; in addition, the external pipe surfaces are more easily corroded than the internal surfaces due 

to the addition of internal cement lining in the early 1950s in Australia (Brevis et al., 2014; Kodikara et 

al., 2012; Nicholas and Moore, 2009; Yamamoto et al., 1983).  

External corrosion in CI pipes is mainly caused by soil corrosion. The electrochemical reactions 

between metallic pipes and surrounding soils are considered the predominant reason for the 

deterioration of pipe integrity (Rajani, 2000; Rajani and Makar, 2000; Davis et al., 2003; Rossum, 1969; 

Pritchard et al., 2013; Rajani and Kleiner, 2001). In addition, microbiological corrosion may also 

contribute to the deterioration of external pipe surfaces, especially in the long-term phase of corrosion 

if some specific chemical elements and anaerobic conditions are present (Cunat, 2001; Melchers, 2013; 

Petersen et al., 2013; Petersen and Melchers, 2012; Petersen and Melchers, 2014).  

Similar trends of corrosion depth with exposure time have been observed in both static and spun CI 

pipes (Doyle et al., 2003; Petersen and Melchers, 2014; Rajani, 2000; Romanoff, 1957). 

2.5.2 Pitting factor  

Pitting corrosion is the predominant mode of soil corrosion, which means that the pipe wall deteriorates 

in local areas rather than uniformly reducing wall thickness (Ahmad, 2006; Charlot and Westerman, 

1981; Dorn, 1996; Mohebbi and Li, 2011; Rajani, 2000; Melchers, 2013). Pitting corrosion generates 

corrosion patches or localised perforations in CI pipe walls (Rajeev et al., 2014).  

To evaluate the extent of pitting corrosion, the concept of the pitting factor (PF) has been widely used 

(Ahmad, 2006; Rajani and Makar, 2000; Lyons and Plisga, 2005). The PF is defined in Equation 2.1 

and shown in Figure 2-2 (Ahmad, 2006).  

 𝑃𝐹 =
𝑐

𝐴𝐶𝐷
 (2.1) 

where, 𝑃𝐹 is pitting factor, 𝑐 is maximum corrosion depth, and 𝐴𝐶𝐷 is average corrosion depth 

calculated by weight loss in a pipe segment. 
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Figure 2- 2 Sketch of maximum pitting depth in a corroded pipe wall 

General corrosion, an ideal deterioration form, refers to cases with uniform reduction of pipe wall 

thickness (Rajeev et al., 2014), which means the PF is approximately equal to 1.0 (Rajani, 2000). A 

pitting factor of 10.0 is suggested for CI structures in sea water conditions that represent an extremely 

aggressive environment for material deterioration (Ahmad, 2006). Rajani (2000) observed that the PFs 

of CI water pipes are above 1.0, ranging from 1.1 to 9.8 with an average value of 3.0. This observation 

confirms that pitting corrosion is the predominant corrosion mode for CI pipes.  

Scott (1990) reported PFs for static and spun CI pipes buried in the Melbourne region. For pit CI pipes 

laid before 1922, the PF is up to 3.0; however, the average and maximum pitting factor for spun CI 

pipes are 5.0 and 10.0, respectively. These observations confirm the analytical results in Rajani (2000).  

2.5.3 Corrosion depth 

With regard to corrosion analysis, two types of diagrams are frequently plotted: pitting depth with 

buried period, and overall pitting rate with buried period. To simulate early-stage corrosion (less than 

20 years), experiments can be conducted using new ferrous pipes in different soil environments (Logan, 

1945; Romanoff, 1957; Romanoff, 1964). However, the analysis of long-term corrosion behaviour is 

heavily reliant on observations of ex-service pipes or data from condition assessments (Bonds et al., 

2005; Dafter and Petersen, 2013; Doyle and Grabinsky, 2003; Doyle et al., 2003; Jakobs, 1985; 

McMullen, 1982; Petersen and Melchers, 2014; Rajani, 2000; Rajani and Kleiner, 2013a; Rajeev et al., 

2014; Yamamoto et al., 1983). The early exposure of CI pipes shows high corrosion rates, and then the 

corrosion grows slowly (Doyle et al., 2003; Rajani, 2000; Romanoff, 1957; Romanoff, 1964). This trend 

has been verified by both site observations (Petersen and Melchers, 2014; Rajeev et al., 2014) and 

simulation experiments (Logan, 1945; Romanoff, 1957; Romanoff, 1964).  

In site investigations, a number of corrosion pits are measured after removing graphitisation products, 

and the deepest corrosion depth is frequently recorded as the maximum corrosion depth in the particular 

soil environment. Hypothetically, a group of bare pipe specimens buried in a uniform soil layer enables 

to represent the corrosivity of the particular soil environment by measuring corrosion depths.  
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Some previous studies (detailed in Table 2-7) have reported corrosion data and surrounding soil 

properties for CI or DI water pipes (Doyle et al., 2003; Heathcote and Nicholas, 1998; Petersen and 

Melchers, 2014; Rajani, 2000; Romanoff, 1957; Wakelin and Gummow, 1993). Unfortunately, clear 

correlations between soil corrosion and soil properties have not been established. The corrosion rates 

of CI pipes may be related to soil resistivity, based on the data from site investigations or condition 

assessments (Doyle et al., 2003; McMullen, 1982; Rajani, 2000; Romanoff, 1957). Several studies 

(Doyle et al., 2003; Rajani, 2000; Scott, 1990) have summarised the ranges of soil resistivity based on 

soil types: cohesive soils (clay and silt) show lower resistivity than cohesionless (sand and gravel) soils. 

Bardet et al. (2010) observed that soils with low resistivity caused more failure incidents of CI water 

pipes in Los Angeles, US.  

Petersen and Melchers (2014) claimed that the soil moisture (degree of saturation) is the most important 

factor controlling the long-term corrosion rate in CI water pipes. Using continuous measurement, the 

change of moisture content is reduced by the increase of soil depth, which means that the soil moisture 

at pipe levels is relatively consistent over years (Kodikara et al., 2013). According to AWWA-C105 

(2010), the impact of moisture on pipe corrosion is evaluated by the soil drainage conditions rather than 

the exact values of soil moisture.  

Other research projects (Marshall, 2001; Rajeev et al., 2014; Yamamoto et al., 1983) have focused on 

corrosion data, and only arbitrary fittings are provided by corrosion depths in networks. Figure 2-3 

summarises various corrosion depths over exposure periods (Doyle et al., 2003; Petersen and Melchers, 

2014; Yamamoto et al., 1983), and confirms that the long-term corrosion rate is relatively low compared 

to the phase of early exposure.  

2.5.4 Corrosion models 

Based on experimental studies and site observations, a number of attempts have been made to develop 

corrosion depth models (Doyle et al., 2003; Marshall, 2001; Melchers, 2013; Petersen et al., 2013; 

Petersen and Melchers, 2012; Petersen and Melchers, 2014; Rajani, 2000; Romanoff, 1957; Romanoff, 

1964; Rossum, 1969; Yamamoto et al., 1983). For example, Rajani (2000) proposed an exponential 

equation to evaluate the corrosion depth with exposure time (Equation 2.2). The corrosion curve 

calculated by Equation 2.2 with the average soil corrosion parameters proposed by Rajani (2000) is 

plotted in Figure 2-3.  

 𝑐 = 𝐴𝑝 𝑡 + 𝐵𝑝 (1 − 𝑒
−𝐶𝑝 𝑡) (2.2) 
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where, 𝑐 is the corrosion depth, t is the exposure period (year), 𝐴𝑝 is the long-term corrosion constant 

(mm/year),  𝐵𝑝 is the corrosion scaling constant (mm), and 𝐶𝑝 is the corrosion rate inhibition factor 

(year-1). 

Petersen and Melchers (2014) established a bilinear model (Equation 2.3) to evaluate the long-term 

corrosion rate of CI water pipes. Figure 2-4 describes the corrosion growth in CI members. This model 

is relatively simple to describe the corrosion depth, which is applicable for predicting the remaining life 

of corroded CI pipes, and the key parameters in this model have actual physical meanings for defining 

corrosion deterioration.  

 𝑐 = 𝐶𝑠 + 𝑟𝑠 𝑡 (2.3) 

where, 𝐶𝑠 is long-term corrosion intercept (mm), and 𝑟𝑠 is long-term rate (mm/year). 

2.5.5 Internal corrosion  

Internal corrosion caused severe loss of pipe thickness of CI pipes laid before the 1920s, due to the 

absence of internal mortar lining (Rajani and Kleiner, 2013a). Rehabilitation projects were widely 

conducted to install cement lining in these unlined pipes (Nicholas and Moore, 2009; Scott, 1990). 

These internal corrosion pits are preserved in the cement lining. 

Table 2- 7 Summary of sampling information in CI water pipes 

Reference Country Cast 
Exposure 

(year) 
Soil properties 

Romanoff (1957) US CI/DI 17 
Resistivity, pH, Moisture content, Redox 

potential, Chloride ions, Suphide ions 

Rajani (2000) 
Canada 

& US 

Static/S

pun CI 
114 

Resistivity, pH, Redox potential, 

Chloride ions, Suphide ions 

Rajani and Kleiner 

(2013a) 
UK CI 169 NSRI system 

Marshall (2001) UK 
Static/S

pun CI 
129 - 

Doyle et al. (2003) Canada CI/DI 122 
Resistivity, pH, Suphide ions, Moisture 

content 

Wakelin and 

Gummow (1993) 
Canada CI/DI 110 Resistivity, pH, Chloride ions 

Yamamoto et al. 

(1983) 
Japan CI 67 - 

Heathcote and 

Nicholas (1998) 
Australia CI 57 Linear Polarisation Resistance (LPR) 

Petersen and 

Melchers (2014) 
Australia CI 129 Saturation, moisture content 

Rajeev et al. (2014) Australia CI/DI 113 - 
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Figure 2- 3 Corrosion depths with exposure of CI water pipes 

 

 

Figure 2- 4 Bilinear model for corrosion behaviour in CI pipes, based on Petersen and Melchers 

(2014) 

Internal corrosion is directly controlled by local water properties, such as pH, dissolved oxygen, 

alkalinity, calcium, silica, chlorine and sulfate (Sarin et al., 2003). Analysis of corrosion pits has been 

completed based on pipe sizes (Rajani and Kleiner, 2013a), but no significant patterns were observed.  

0

2

4

6

8

10

12

14

16

18

0 50 100 150

C
o
rr

o
si

o
n

 d
ep

th
 (

m
m

)

Exposure (years)

Yamamoto (1983)

Doyle et al., (2003)

Petersen and Melchers (2014)



CHAPTER 2 

26 

 

Marshall (2001) and Yamamoto et al. (1983) proposed internal corrosion rate curves based on a series 

of corrosion examinations. Similarly, the internal corrosion rate is also significantly reduced by the 

increase of exposure period (Rajani and Kleiner, 2013a). In comparison with external corrosion, internal 

corrosion pits show flatter bases and larger areas (Marshall, 2001). 

Internal corrosion only occurs in unlined pipes. The in-situ lining programs that have been undertaken 

have minimised the number of unlined water trunk mains in urban networks. Therefore, the analysis of 

internal corrosion is less critical than that of external corrosion for CI lined water pipes. 
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2.6 Pipe stress analysis and failure modes 

2.6.1 External loads  

Pressurised water pipelines are subjected to different external loads: earth, traffic and thermal loads 

(Rajani and Kleiner, 2013b). External loads on CI water pipes are mainly from backfill soils and traffic 

loads, due to the absence of a frost season and lower ranges of underground temperature changes in 

most of Australia (Chan et al., 2015a; Chan et al., 2016b).  

Traffic loading tests were conducted at the Test Bed (TB)  site prepared for simulating field conditions 

by Sydney Water (Chan et al., 2016b). Ex-service vertically cast iron pipe with 600 mm internal 

diameter laid in 1922 was reburied under the bitumen surface and low-plasticity silty clay (Chan et al., 

2016b). The average wall thickness of the pipe section under traffic loads was about 30 mm,  the 

thickness of the bitumen road surface was approximately 92 mm, and the pipe burial depth from the 

surface was about 960 mm (Chan et al., 2016b; Rathnayaka, 2016). The layout of the TB site is shown 

in Figure 2-5. 

The traffic loading tests were carried out using five trucks (weighing up to 39 tons) on three road 

surfaces (road base, bitumen and concrete), and strain gauges were installed to record strain changes 

during the tests. A number of traffic loading behaviours were tested, including passing (15 and 50 km/h), 

braking (15 and 50 km/h), passing speed hump (40 km/h), cornering (20 km/h) and at rest. These tests 

were undertaken under both non-pressurised and pressurised (up to about 500 kPa water pressure) pipe 

conditions.  

The preliminary results showed that the trucks did not cause significant strains in the target pipe sections, 

and the maximum strain of non-pressurized cases occurred at the pipe crown was less than 33 micro 

strain (0.0033%) when the pipe was under road base only (Chan et al., 2016a; Chan et al., 2016b). The 

strains in the spring-lines were generally lower than the strains measured at the crown. The impact of 

traffic loads and soils is relatively insignificant on pressurised large-diameter CI water mains, in 

comparison with internal pressures.  

Corrosion pits or patches alter the stress distribution from traffic loads. The capacity of deteriorated CI 

pipes under compression loads was analysed using FE simulations (Robert et al., 2016b). Probabilistic 

physical modelling (Ji et al., 2017) and sensitivity simulation (Wilson et al., 2016) also show that 

external loads from soil and traffic have limited impact on corroded CI pipes. 
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(a) (b) 

Figure 2- 5 (a) Layout of truck tests; (b) Road cross-section of trunk tests (Chan et al., 2016b) 

2.6.2 Internal loads  

Internal pressure is a major source of hoop stress in CI water pipes, and at least three classes of pipe 

wall thickness have been designed for different operational pressures (AIS, 1941). The results of 

bursting tests have been evaluated for the design purposes, as reported in archived standards, and the 

bursting pressures determined by the pipe diameter, thickness and tensile strength of intact CI pipes 

(AIS, 1941; AWWA-C100, 1908; AWWA-C102, 1939; AWWA-C108, 1962). 

Both full-scale experiments (Rathnayaka, 2016) and analytical simulations (Ji et al., 2017; Rathnayaka 

et al., 2017a) confirm that internal pressure has a dominant influence on the structural integrity of large-

diameter corroded CI trunk mains. 

The transient pressures from pump and valve operations have been analysed, and failures of CI water 

pipes have been observed after transient pressure events (Rathnayaka et al., 2016a; Rathnayaka et al., 

2016b).  

2.6.3 Hoop and longitudinal stress  

The internal and external loads in CI pipes can generate pipe stress in hoop and longitudinal (axial) 

directions. The hoop and longitudinal stress on intact CI pipes from internal pressure are expressed in 

Equations 2.4 and 2.5, respectively (Robert et al., 2016b). 

 𝜎ℎ =
𝑃𝐷𝑖
2𝑡0

 (2.4) 
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 𝜎ℎ
′ = 𝜈

𝑃𝐷𝑖
2𝑡0

 (2.5) 

where, 𝜎ℎ  is the hoop stress from internal pressure,  𝑃  is the internal pressure, 𝐷𝑖  is the nominal 

(internal) pipe diameter, 𝑡0 is the nominal wall thickness, 𝜎ℎ
′  is the longitudinal stress from internal 

pressure, and 𝜈 is the Poisson’s ratio of the pipe material.  

The pipe stresses from external loads are generally converted by the elastic ring theory (Robert et al., 

2016b; Wilson et al., 2016). The pipe hoop and longitudinal stress from external (soil and traffic) loads 

are shown in Equations 2.6 and 2.7, respectively (Robert et al., 2016b).  

 𝜎𝐸 =
3𝐾𝑏𝑊𝑣𝐸𝑡0𝐷𝑖

𝐸𝑡0
3 + 8𝐾𝑧𝑃𝐷𝑖

3 (2.6) 

 𝜎𝐸
′ = 𝜈

3𝐾𝑏𝑊𝑣𝐸𝑡0𝐷𝑖

𝐸𝑡0
3 + 8𝐾𝑧𝑃𝐷𝑖

3 (2.7) 

where, 𝜎𝐸 is the hoop stress from external loads, 𝑊𝑣 is the vertical load from overburden soil and traffic 

load, 𝐸 is the modulus of elasticity, 𝐾𝑏 is the bending moment parameter, 𝐾𝑧 is the deflection parameter, 

and 𝜎𝐸
′  is the longitudinal stress from external loads.  

2.6.4 Pipe failure  

The failure of CI water pipes is defined by either localised fracture or the loss of structural capacity 

(Rathnayaka et al., 2017b). Localised failure occurs when a crack initiates in an area with stress 

concentrations produced by corrosion patches or manufacturing defects (Brevis et al., 2015; Rathnayaka 

et al., 2017b). It has been shown that localised failure initiates water leaks in CI pipes (Brevis et al., 

2015; Rathnayaka et al., 2017b).  

The loss of structural capacity of CI pipes normally refers to catastrophic pipe bursts (Rathnayaka et al., 

2017b; Shannon et al., 2016b). Leaking CI pipes may eventually lose their structural capacity through 

a major fracture normally referred to as a burst (Bardet et al., 2010; Rathnayaka et al., 2017b).  

2.6.5 Failure modes  

The modes of CI pipe failures can be summarised into the locations of failure at the pipe barrel and the 

joint. Based on the fracture orientations, CI barrel pipe failures normally include longitudinal and 

circumferential barrel fractures. For large-diameter CI pipes, the predominant failure mode is 

longitudinal barrel fracture rather than circumferential barrel fracture, due to the higher resistant 

capacity against bending (Makar, 2000).  
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Longitudinal barrel fracture is normally caused by the hoop stress from internal pressures and stress 

concentrations corrosion and manufacturing defects (Makar, 2000). Circumferential barrel fractures 

commonly occur in small-diameter CI pipes induced by soil bending stress and corrosion deterioration 

(Atkinson et al., 2002; Makar, 2000).  

Pipes with joint fractures normally contain pre-cracks or damage caused by transportation or installation, 

and the propagation of pre-existing cracks under certain crack growth mechanisms may lead to a leak 

or a burst (Makar, 2000). Furthermore, for large-diameter pipes, the joints can attract significant stresses 

due to ground movement, since pipes undergo mostly rigid body movement.  
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2.7 Pipe failure prediction models  

A number of pipe failure prediction models have been established worldwide to attempt to address the 

challenges of ageing water infrastructures (St. Clair and Sinha, 2012; Wilson et al., 2017). Due to the 

lack of historical failure data, physical mechanism-based models are normally proposed to predict the 

failures of large-diameter CI water pipes (Rajani and Kleiner, 2001; Wilson et al., 2017).  

Schlick (1940) conducted full-scale tests on intact CI water pipes ranging from 150 to 1200 mm. Both 

internal pressures and external loads were provided on these pipe sections, and the failure criterion 

based on experimental results is shown in Equation 2.8 (Schlick, 1940). This failure criterion has been 

adopted as the design method for CI water pipes, and a combination of external loads and internal 

pressure is considered for pipeline stress analysis.  

 (
𝑊𝑣
𝑊𝐿
)2 +

𝑃

𝑃𝐿
≤ 1 (2.8) 

where, 𝑊𝑣 is the vertical load from overburden soil and traffic load, 𝑊𝐿 is the critical external load to 

pipe failure, and 𝑃𝐿 is the limiting internal pressure (bursting pressure). 

Rajani (2000) proposed an empirical equation to quantify the residual yield strength of CI water pipes 

based on the growth of corrosion pits. This method attempted to use linear elastic fracture mechanics 

(LEFM) to estimate the remaining strength of corroded CI pipes. However, pitting corrosion tends to 

produce graphitization and reduce the wall thickness in CI water pipes rather than create cracks in 

external surfaces. Hence, the LEFM equation may not be applicable to corroded CI pipes until a crack 

has initiated. 

The dimensions of corrosion patches or defects in pressurised pipelines are evaluated in ASME-B31G 

(1991). The maximum allowable longitudinal defect length is expressed in Equation 2.9. The pipeline 

needs to be repaired or removed if the defect is above 80% of the original wall thickness. However, this 

method of analysis is too conservative for CI water pipes, since operational water pressures are 

generally smaller than those in the petroleum industry for which the above standard was mostly 

developed (Rathnayaka et al., 2017a). 

 𝐿 =

{
 
 

 
 4.48√𝐷𝑖𝑡0, 0.1 ≤

𝑐

𝑡0
< 0.175

1.12√𝐷𝑖𝑡0 √(
𝑐/𝑡0

1.1𝑐/𝑡0 − 0.15
)2 − 1, 0.175 ≤

𝑐

𝑡0
< 0.8

 (2.9) 

where, 𝐿 is the maximum allowable longitudinal extent of the corroded area.  
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Robert et al. (2016b) proposed methods to evaluate the impact of internal pressure and external loads 

on uniformly corroded CI water pipes, based on three-dimensional (3-D) FE simulations validated 

against the results of traffic loading tests. In addition, physical probabilistic models have been 

developed to predict the remaining life and failure rates of large-diameter CI water pipes experiencing 

soil corrosion (Ji et al., 2017). The pipe dimensions (diameter and thickness), corrosion parameters and 

operational pressures have significant impacts on the probability of CI pipe failure, based on time-based 

sensitivity analysis and probabilistic physical modelling (Ji et al., 2017). These results were confirmed 

by a statistical analysis of the failure data from two Australian water utilities (Ji et al., 2017).  

 

  



CHAPTER 2 

33 

 

2.8 Fatigue mechanism in CI pipes 

2.8.1 Failure cases related to fatigue mechanism 

To explore the reasons for crack propagation within cast iron pipes, alternative mechanisms of crack 

growth have been considered and analysed. Fatigue is a common failure mode for metal infrastructures, 

including bridges and building structures (Anderson, 2005; Schijve, 2001). In some recent failure cases, 

some pipes were in a slightly corroded condition, and hence, they were investigated for fatigue damage 

features before catastrophic failure and likely fatigue failure (Bardet et al., 2010; Cullin et al., 2014; 

Rajani and Kleiner, 2010; Rajani et al., 2012). 

Bardet et al. (2010) investigated the increase of the number of CI water pipe failures in Los Angeles in 

2009 and observed the consistent ratios of leaks to breaks for the period between 2001 and 2009. Bardet 

et al. (2010) claimed that additional fatigue damage caused by water fluctuations from a water-rationing 

program was responsible for the increase of CI water pipe failures. Brevis et al. (2015) proposed a 

conceptual approach to analyse the fatigue damage of the CI pipes which failed in Los Angeles in 2009. 

The S-N curves adopted from the empirical correlations and a two-phase corrosion model were used to 

evaluate the fatigue damage in CI water pipes. Brevis et al. (2015) claimed that the fatigue mechanism 

shortens the service life of CI water pipes.  

Rajani and Kleiner (2010) conducted a conceptual study of fatigue analysis on the failure of a 1,200 

mm diameter CI trunk main without severe corrosion. The mechanical properties and load spectra were 

taken from the literature, and the Paris’ law was adopted to predict fatigue crack growth in CI pipes 

(Rajani and Kleiner, 2010). The initial crack length was found to be crucial for the fatigue life of CI 

water pipes (Rajani and Kleiner, 2010). 

A failure analysis was conducted on a 750 mm diameter CI pipe in Cleveland with the features of 

multiple failure phases (Rajani et al., 2012). The CI pipe buried in 1880 failed in bell joint fracture 

mode, and dual corrosion phases were observed in the major fracture surface (Rajani et al., 2012). Based 

on the analysis, it was suggested that fatigue propagated the pre-crack in the bell joint until catastrophic 

fracture, and a concrete vault located on the bell joint was responsible for transferring the fatigue 

stresses of traffic loads to the target pipe joint (Rajani et al., 2012). 

Cullin et al. (2014) evaluated the failure mechanisms of a 300 mm CI pipe in Anchorage, Alaska. Due 

to the observation of dual corrosion phases in the major fracture surface, fatigue was considered as the 

possible mechanism of pipe failure. A 400 mm sub-critical crack was observed in the fracture surface, 

and corrosion fatigue was assumed to be the failure mechanism due to the absence of extra high 

operational pressure data (up to 450 kPa).  
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2.8.2 General analysis approaches and fatigue tests 

2.8.2.1 S-N curves 

Stress-controlled fatigue tests have been widely used in the fields of structural fatigue design and 

prediction, especially in the range of high-cycle fatigue (Bannantine et al., 1990).The fatigue endurance 

limit (𝜎𝑒) for a certain material is defined as the amplitude of cyclic stress that produces infinite fatigue 

life, and this stress amplitude was observed based on specimens which survived 10 million cycles.  

Yamamoto et al. (1983) evaluated the bending fatigue strength of CI pipes based on smooth and 

corroded beam specimens taken from two large-diameter CI pipes. The fatigue stress ratios of fatigue 

tests are defined in Equation 2.10 by the minimum and maximum fatigue stress. The fatigue stress ratio 

of 0.0 was used, and the bending fatigue specimens were taken from two CI pipes (690 mm buried in 

1958 and 750 mm buried in 1901). The endurance limit under bending fatigue stresses was 

approximately 60% of the material flexural strength, and the corrosion pits lowered the fatigue strength 

and shifted the S-N curves (Yamamoto et al., 1983). Unfortunately, the corrosion pits in bending 

specimens were not measured or reported in this study.  

 𝑅 =
𝜎𝑚𝑖𝑛
𝜎𝑚𝑎𝑥

 (2.10) 

where, 𝑅 is fatigue stress ratio, 𝜎𝑚𝑖𝑛 is minimum fatigue stress, and 𝜎𝑚𝑎𝑥 is maximum fatigue stress. 

Belmonte et al. (2009) conducted fatigue tests on small-diameter pipes (up to 125 mm in diameter). 

Although three pipe specimens were used in the fatigue tests, only one data set was capable of sketching 

an S-N curve (Belmonte et al., 2009). The fatigue stress ratio of 0.1 was used, and as-received specimens 

containing corrosion pits were taken from pipe rings (Belmonte et al., 2009). The S-N curves from 

bending fatigue tests are plotted in Figure 2-6 (Belmonte et al., 2009; Yamamoto et al., 1983). The 

surviving specimens are plotted with hollow labels in Figure 2-6.  

Gould (2011) reported a series data of fatigue tests based on DENT specimens obtained from gas CI 

pipes; however, the results may not be valid for further analysis due to the different stress ratios (0.17, 

0.5 and 0.83) used to form S-N curves. Crack propagation was not recorded during the fatigue test, and 

these reported data therefore cannot provide any design parameters or fatigue properties for CI pipes.  
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Figure 2- 6 S-N curves of CI water pipes from bending fatigue tests 

 

2.8.2.2 ε-N curves 

Strain-controlled tests tend to provide trustworthy curves (ε-N) to predict the low-cycle fatigue 

behaviour due to the availability of elastic and plastic strain values from hysteresis loops (Schijve, 2001). 

The Coffin-Manson relation (Equation 2.11) is generally used in low-cycle fatigue analysis: 

 
𝛥휀𝑡
2
=
𝛥휀𝑒
2
+
𝛥휀𝑝
2
=
𝜎𝑓
′

𝐸
 (2𝑁𝑓)

𝑞 + ε𝑓
′  (2𝑁𝑓)

𝑞′ (2.11) 

where, 𝛥휀𝑡/2 is total strain amplitude,  𝛥휀𝑒/2 is elastic strain amplitude, 𝛥휀𝑝/2 is plastic strain amplitude, 

E is modulus of elasticity, 𝑁𝑓 is the cycles to failure, 𝜎𝑓
′ is a parameter that scales with tensile strength 

obtained by fitting experimental data, q is the slope of the log-log curve again determined by fitting, q’ 

is an empirical constant known as the fatigue ductility exponent, and  ε𝑓
′  is an empirical constant known 

as the fatigue ductility coefficient, the failure strain for a single reversal, detailed in Schijve (2001). 

Since CI water pipes are normally subjected to stress-controlled fatigue stresses (Rathnayaka et al., 

2016b),  ε-N curves are inapplicable for evaluating fatigue damage in CI pipes. 
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2.8.2.3 Fatigue crack growth rate (FCGR)  

Fatigue crack growth properties have been successfully used to predict fatigue crack propagation using 

the empirical equation Paris’ laws (Equations 2.12 and 2.13). Typically, fatigue crack growth can be 

divided into three phases: crack initiation, propagation and final fracture. The stage of crack propagation 

is of particular concern due to its potential of failure prevention. Equation 2.10 can be rewritten as 

Equation 2.14: 

 𝛥𝐾𝐼 = 𝐾𝑚𝑎𝑥 − 𝐾𝑚𝑖𝑛 = 𝑌 𝜎𝑚𝑎𝑥√𝜋𝑎 − 𝑌 𝜎𝑚𝑖𝑛√𝜋𝑎 =  𝑌  𝛥𝜎√𝜋𝑎𝑡 (2.12) 

 
𝑑𝑎

𝑑𝑁
= 𝐶 𝛥𝐾𝑚 (2.13) 

 𝑅 =
𝐾𝑚𝑖𝑛
𝐾𝑚𝑎𝑥

=
𝜎𝑚𝑖𝑛
𝜎𝑚𝑎𝑥

 (2.14) 

where, 𝑎𝑡 is through-wall crack length, 𝑁 is the number of stress cycles, 𝐶 and 𝑚 are Paris’ constants, 

𝜎𝑚𝑎𝑥 is maximum nominal stress, 𝜎𝑚𝑖𝑛 is minimum nominal stress 𝛥𝜎, is the stress difference, 𝐾𝑚𝑎𝑥 

is maximum stress intensity factor, 𝐾𝑚𝑖𝑛 is minimum stress intensity factor, and 𝛥𝐾𝐼 is the range of 

stress intensity factor.  

Mohebbi et al. (2010) reported the crack growth properties (C and m) of four large-diameter CI pipes, 

based on single-edged beam bending tests. The fatigue crack growth data are plotted in Figure 2-7. The 

background information and Paris constants are summarised in Table 2-8.  

Table 2- 8 Pipe data used for FCGR tests and Paris constants, summarised from Mohebbi et al. (2010) 

Pipe 

Pipe dimensions (mm) Paris constants 

𝑡0 Diameter m 
             C  

(× 10−16m/cycle) 

A 28 1070 7.5 46 

B 32 760 8.0 28 

C 22 1220 7.4 9.5 

D 28 530 7.7 2.1 
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Figure 2- 7 Fatigue crack growth rate of four cast iron pipes, summarised from Mohebbi et al. (2010) 

 

2.8.3 Full-scale fatigue tests 

Full-scale steel pipes and aluminium tubes have been previously tested under cyclic internal pressure 

(Alexander et al., 1997; Erdogan et al., 1969). Erdogan et al. (1969) proposed crack propagation growth 

models for thin-walled aluminium tubes with a diameter of 88 mm and 0.56 mm thick. The cyclic 

internal pressures propagate the pre-existing cracks in the tube, and the fatigue growth rates can be 

simulated by Paris’ law. 

Alexander et al. (1997) used steel pipes 324 mm in diameter and with 4.8 mm nominal wall thickness 

to conduct fatigue tests. The pipe samples had the ultimate tensile strength of 497 MPa and various 

dented scratches on the external surfaces. Based on observations during the fatigue tests, leaks were 

generated from the notched areas throughout the changeable water pressures ranging from 0.7 to 8.3 

MPa. 
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2.9 Leak-before-break (LBB) assessment  

2.9.1 LBB in CI water pipes 

The leak-before-break (LBB) concept has been adopted by other piping industries, with the aim of 

preventing catastrophic fractures by detecting leakages in pressurized structures (Wilkowski, 2000). In 

standardised LBB assessments (BS-7910, 2005; API-579, 2016), a postulated surface crack is required 

in accordance with the geometry of manufacturing defects. The surface crack may grow in wall and 

longitudinal directions under fatigue mechanism of cyclic pressures, and a through-crack must be 

generated to allow a substantial leak before catastrophic failure. Furthermore, a sufficient LBB window 

between the detectable leak and break must be allowed for taking action. The prerequisites of the LBB 

criterion in API-579 (2016) include: (1) Evaluate the initial flaw size and ensure break will not occur 

under operating situations; (2) Estimate the critical crack length to cause a break; (3) Calculate the crack 

opening area (COA) for critical crack lengths; (4) Predict the leakage rates for critical cracks and ensure 

the leakage is detectable by detection systems. 

Bardet et al. (2010) reported the ratios of breaks to leaks of CI water pipes in Los Angeles. These 

failures were summarised into different groups based on soil resistivity, which is a common indicator 

of corrosivity (Rajani, 2000). The ratios of breaks to leaks range from 0.09 to 0.15 for all groups of soil 

corrosivity (Bardet et al., 2010), which indicates that certain crack growth mechanisms unrelated to soil 

corrosion may contribute to the growth of though-wall cracks in CI water pipes.  

Rathnayaka et al. (2017b) introduced the LBB concept for large-diameter CI pipes based on full-scale 

laboratory bursting tests. A leak through a localised fracture in the corrosion patch was observed at a 

relatively lower pressure level than the maximum pressure achieved in the test, and CI pipes containing 

a longitudinal barrel crack can still resist a certain level of pressure before bursting (Rathnayaka et al., 

2017b). Therefore, the LBB concept may be applicable to pressurised CI water pipes.  

2.9.2 Leak detection methods 

Two types of leak detection methods, global and local, have been invented and validated for water 

supply networks and specific pipe components, respectively (BS-7910, 2005). The analysis of artificial 

transient pressures can be used in leak detection based on changes of pressure signals (Misiunas et al., 

2005). Similarly, the acoustic detection method which monitors the noise and vibration generated the 

water operation is also a common global leak detection method (Fuchs and Riehle, 1991). Moreover, 

pattern recognition approaches inspect the water supply patterns and identify abnormal events, such as 

leaks or breaks (De Silva et al., 2011). 
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Local leak detection methods, the Smartball and Sahara systems, are commonly used, which are able to 

locate the leaking component in a water network (Fletcher and Chandrasekaran, 2008; Liu and Kleiner, 

2013). Table 2-9 summarises the sensitivities of typical leak detection methods.  

Table 2- 9 Comparison of leak detection methods 

Method Sensitivity (L/min) Type Reference  

Sahara (acoustic) 0.12 Local detection  Bond et al. (2004) 

Smartball (acoustic) 0.38 Local detection 

Fletcher and 

Chandrasekaran 

(2008) 

Leak reflection 

(transient) 
2.4 Local detection Jönsson (2001) 

Pattern recognition 60 Global detection Zhang (1997) 

Inverse transient 

analysis 
180 Global detection Covas et al. (2005) 
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2.10 Conclusion 

This chapter summarises the research progress on CI water pipes and indicates the predominant failure 

mode of CI pipe failures and relevant deterioration mechanisms. Research gaps are defined following 

a thorough literature survey.  Background information on CI water pipes, including servicing timelines, 

corrosion mitigation techniques and statistical analysis results were reviewed and tabulated. Such 

information supports the time-driven failure analyses detailed in Chapter 3. 

Some research data on mechanical and fatigue testing results are summarised for comparison with the 

mechanical testing results from this project (detailed in Chapter 5 and 6).  

Research outcomes from the ACAPFP project provide the methods of analysis of stress concentration 

in corroded CI pipelines, and the LBB concept developed through full-scale bursting tests is verified by 

analytical solutions and site observations in Chapter 4. 
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Chapter 3 Classification of Major Cohorts of Australian Pressurised Cast 

Iron Water Mains for Pipe Renewal 

 

 

 

 

 

3.1 Introduction  

Australian water supply networks have a significant proportion of cast iron (CI) pipes installed before 

1990 (Rajeev et al., 2014). Various manufacturing methods and corrosion mitigation techniques were 

used to produce the CI pipes that were laid between 1860 and 1990 (Nicholas and Moore, 2009; Rajani, 

2000; Shannon et al., 2016a). In Australia, CI pipe manufacturing methods and corrosion mitigation 

techniques are strongly correlated with the manufacturing and burial dates (Davis et al., 2003; Nicholas 

and Moore, 2009; Scott, 1990). Due to corrosion deterioration and demanding service conditions and 

loads, some of these pipes are approaching their ultimate service life (Robert et al., 2016b). Failure rates 

of CI pipes are higher than both steel and ductile iron pipes (Rajeev et al., 2014) and special attention 

is required to avoid destructive failures in CI pipes. A failure in a pressurised trunk main may have 

severe consequences for the public water supply, and the substantial financial losses in some cases can 

amount to millions of dollars (Jiang et al., 2017a; Vitanage et al., 2014). Therefore, efforts must be 

made to improve the condition assessment and rehabilitation programs of aged CI pipelines owned by 

Australian water utilities. 
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The predominant failure mode in large-diameter pipe (nominal diameter ≥300 mm) is longitudinal 

barrel fracture, and this is driven by internal pressure and pipe corrosion (Makar, 2000). In Western 

Australia, Wei et al. (2015) found that CI pipes laid between the 1930s and 1950s have higher burst 

rates than other CI pipes, indicating that certain pipe batches laid after 1930 may have shorter service 

lives. Therefore, it is important to determine which CI pipe cohort groups are more susceptible to failure.  

In the present study, a strategy for evaluating pipe structural integrity and deterioration condition is 

proposed for Australian CI pipes, taking into account the range of pipe properties and construction 

practices based on pipe cohorts. This approach is able to provide important data on CI pipelines and 

estimate the residual strength, based on the burial date and nominal diameter. Pipe classes and the     

corresponding safe operating pressures were analysed for different cohorts (i.e., groups of pipes that 

have similar properties) using handbooks and standards. Metallurgical analyses and mechanical tests 

were conducted on fractured or decommissioned large-diameter CI pipes in order to confirm the 

manufacturing method and construction date. The cohort data and some pipe failures in Australian water 

utilities were analysed to estimate the remaining structural capacity and this information was used to 

identify critical cohorts.  



CHAPTER 3 

43 

 

3.2 Factors important for determination of pipe cohort groups 

The following sections provide the background on each of the factors important for large-diameter CI 

pipe cohort analysis, including pipe manufacturing methods, pipe dimensions, pipe class and safe 

operating pressures, corrosion mitigation systems and material strength.  

3.2.1 Pipe manufacturing methods 

Two major types of CI pipes (i.e., static and spun cast) were buried in Australian cities in the 19th and 

20th centuries. Prior to 1920 in Australia, all CI pipes were statically (vertically and horizontally) cast, 

which could result in non-uniform thickness and low material strength if the moulds were off-centre or 

defects were present in the casting. Spun CI pipes were widely installed after 1930 due to their improved 

strength and relatively uniform thickness compared with static CI pipes. The relevant standards and 

handbooks were reviewed to extract the manufacturing methods used for large-diameter CI pipes in 

Australian water utilities and these are summarised in Table 3-1.  

CI pipes were imported to Australia from the UK prior to about 1890 to build water supply networks. 

From the 1890s, local manufacturers in Australia started to produce small-diameter CI pipes using static 

casting methods, but imported pipes were still common. In 1904, large-diameter vertical moulds were 

produced in Australia. The casting process involved either horizontal or vertical casting in sand moulds. 

From the 1920s, spun CI pipe production in Australia was initiated and advanced manufacturing 

methods including improved casting processes and moulds were introduced in the AIS (1941). The use 

of CI pipes in the water industry was eventually phased out in the 1980s due to the use of ductile iron 

pipes (Nicholas and Moore, 2009).  

3.2.2 Pipe dimensions, classes and safe operating pressures 

The dimensions of CI pipelines were restricted by manufacturing methods and local demands. The pipe 

nominal diameter and thickness are shown in Figure 3-1. Pipe lengths were 3.7 m prior to 1961 and 5.5 

m thereafter. For CI trunk mains of nominal diameter ≥300 mm, the typical operating pressures range 

from 300 to 1,000 kPa (Rathnayaka et al., 2016a). CI water distribution pipes were designed in three 

classes (the wall thickness increases with higher pipe class) for each pipe nominal diameter, to cope 

with different operating pressures (AIS, 1941; AWWA-C100, 1908; BS-78, 1938). For a specific 

casting method, the bursting pressure is determined by the nominal pipe diameter and the wall thickness. 

High-pressure zones require thicker pipe walls, and therefore the operating pressures may indicate the 

servicing CI pipe classes. Servicing CI trunk mains can be summarised into three classes, and the 

corresponding safe operating pressures (𝑃𝑠 ) are summarised in Table 3-2 in accordance with the 

archived standards (AIS, 1941; AWWA-C100, 1908; BS-78, 1938). 
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Table 3- 1 Manufacturing standards of CI water pipes 

Casting method Production 
Pipe 

ID 

Standards and Handbooks Installation 

period Australia UK US 

Horizontal- Static 

(sand mould) 
UK 1 - - 

AWWA-

C100 

(1908)1 

≤1921 

Vertical- Static 

(sand mould) 

Australia 

and 

imported 

2 - 
BS-78 

(1938)1 

AWWA-

C102 

(1939) 

1885–1930s 

De Lavaud 

process- 

Spun 

(metal mould) 

Australia 

and 

imported 

3 - 

BS-1211 

(1958); 

BS/EN-877 

(1999) 

AWWA-

C106 

(1953) 

1926 

–1980 
Super De Lavaud 

process- Spun 

(sand mould) 

Australia 4, 5 

AIS 

(1941)1; 

AIS 

(1953)1 

- 

AWWA-

C108 

(1962) 

Spun 

(metal mould) 
Australia 6, 7 

AS-1724 

(1975) 1 
- - 

1 Standards primarily used in Australian pipes and the present study. 

 

Figure 3- 1 Pipe thicknesses (mm) and nominal diameter (mm) listed in BS 78 (1938), AIS (1941) and 

AS1724 (1975) 

With the increase of material strength from static cast to spun cast, the pipe thickness was reduced in 

spun CI pipes. The hoop stress (σh) of a pipe barrel is dependent on the pipe inner diameter (Di), initial 

thickness (t0) and internal water pressure (P) (Equation 2.4). The thicknesses in different pipe sizes are 

plotted in Figure 3-1 based on the dimensions listed in the standards (AIS, 1941; AIS, 1953; BS-78, 
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1938; BS-1211, 1958). For a particular pipe size and class, spun CI pipes are under higher hoop stresses 

than static CI pipes, due to the thinner wall thickness, when corrosion damage is negligible. 

3.2.3 Corrosion mitigation systems 

In the CI water network, pitting corrosion (where pipe walls deteriorate in localised areas rather than 

uniformly) is identified as the most common corrosion mode (Rajani, 2000). To reduce pitting corrosion 

in CI pipes, external and internal corrosion mitigation systems were used as described next. 

3.2.3.1 External corrosion: coating and backfills 

Two types of coatings have been widely used for metallic pipes throughout the timeline of CI pipes: 

paint coating (tar or bitumen) and polyethylene-encased coating. Almost all the CI pipes were buried 

with paint coating in the 20th century. However, limited protection is provided by this coating type in 

aggressive environments (Bonds et al., 2005; Romanoff, 1957). Consequently, CI pipes with paint 

coating in natural soils may be prone to more severe corrosion than pipes buried in backfill sand (Rajani, 

2000).  

To prevent soil corrosion on external pipe surfaces, polyethylene external coatings and sand backfill 

were introduced for CI pipes in the 1960s (Nicholas and Moore 2009; Scott 1990). Polyethylene 

encasement was highly recommended as an effective coating method, owing to its excellent protection 

in extremely corrosive environments (AWWA-C105, 1972). Bonds et al. (2005) observed that even 

damaged polyethylene coating has better resistance than paint coating, especially in corrosive 

environments. However, only a limited number of Australian CI pipes were coated by polyethylene 

encasement in the 1970s, implying that the majority of the CI pipes underwent corrosion deterioration 

in soil.  

3.2.3.2 Internal corrosion: cement lining 

In the late 1920s, the internal surfaces of CI pipes were factory lined using cement mortar to prevent 

internal corrosion and improve water flow. Consequently, internal corrosion caused wall loss in unlined 

CI pipes laid before the 1920s (Rajani and Kleiner, 2013a). To minimise internal corrosion, the majority 

of unlined pipes went through in situ lining rehabilitation programs (1930–1960s), depending on the 

individual water utilities (Nicholas and Moore, 2009; Rajeev et al., 2014). Due to the rehabilitation 

programs for in situ lining in Australia, internal corrosion pits were preserved in cement lining (Robert 

et al., 2016a). The in-situ lining programs have minimised the number of unlined CI water trunk mains 

in the Australian urban network. Therefore, the analysis of internal corrosion damage is less critical in 

comparison with external soil corrosion for aged water mains.  
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3.2.4 Material Strength 

The tensile strength and fracture toughness of CI are important parameters for determining safety, 

failure probability and remaining pipe life. Recent research has highlighted that CI pipes tend to fail by 

developing cracks within a corrosion patch in the pipe barrel, which can lead to water leakage (leak-

before-break) (Rathnayaka et al., 2017b). Subsequent repetitive stress changes, such as transient water 

pressures and traffic loads, can lead to the propagation of cracks until such time that the cracks become 

critical and generate spontaneous fracture propagation, causing a break. Rathnayaka et al. (2017b) also 

highlighted that the tensile strength of in situ CI pipe material is responsible for initiating water leakage 

caused by a fracture, and the fracture toughness is responsible for final spontaneous fracture 

propagation/break. Therefore, tensile strength and fracture toughness are essential material properties 

for the identification of pipe cohorts. Table 3-3 shows the specific tensile strengths that were required 

based on various standards and moulding types. Although the minimum values of fracture toughness 

for CI pipes were not specified in archived standards, test results from the literature are shown in Figure 

3-3(b). 

Table 3- 2 Classes and safe operating pressures for CI pipe cohorts 

Spun  

(AIS, 1941; 1953) 

Static vertically-cast  

(BS-78, 1938) 

Static horizontally-cast 

(AWWA-C100, 1908) 

Class 𝑃𝑠 (kPa)1 Class2 𝑃𝑠 (kPa) Class 𝑃𝑠 (kPa) 

A 790 B 600 B 600 

B 940 C 900 C 900 

C 1150 D 1200 D 1200 
1 Safe operating pressure for spun CI pipes was determined by 500 mm diameter pipes. 
2 Class A of static vertically-cast pipes was designed for gas pipelines only. 

 

Table 3- 3 Specified minimum strength of CI pipes in standards and handbooks 

Standards and 

handbook codes 
Year Country Material 

Minimum tensile 

strength (MPa) 

AWWA C100 1908 US Static-horizontal 124 

AWWA C102 1953 US Static-vertical 75 

AWWA C106 1953 US Spun (metal) 124 

AWWA C108 1962 US Spun (sand) 125 

BS 78 1938 UK Static-vertical 124 

BS 1211 1958 UK 
Spun (metal) 172 

Spun (sand) 159 

AIS 1941, 1953 AUS Spun 193 

AS 1724 1975 AUS Spun (metal) 200 

BS EN 877 1999 UK/Europe Spun 200 
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3.3 Specific properties of cohorts 

3.3.1 Collection of representative pipe samples for microstructural and mechanical strength 

testing 

Seven ex-service CI pipes were examined from Australian water utilities (see Table 3-4), of which five 

pipes (pipes 2–6 in Table 3-4) were analysed for their microstructural and mechanical strength 

properties. All the selected pipes failed by longitudinal fracture, with the exception of pipe 2, which 

was decommissioned in 2011 after ~90 years in service (see Table 3-4). The chemical composition was 

determined using inductively-coupled plasma atomic emission spectroscopy (ICP-AES), optical 

emission spectroscopy (OES) and the Leco combustion technique. The microstructural features of the 

pipe samples were examined using metallographically polished and etched CI samples. The description 

of graphite flakes in each sample was based on ASTM-A247-67 (1998). Tensile tests were conducted 

using an Instron-4402 loading frame with a load cell of 50 kN and the specimens were tested at 0.5 

mm/min. Test specimens were prepared in accordance with ASTM-E8 (2009). Two strain gauges were 

installed vertically at the centre of the test specimen to obtain the stress-strain curve. Scanning electron 

microscopy (SEM) was used to examine the fracture surfaces of the tensile coupon specimens. Fracture 

toughness tests were conducted using an Instron-4402 loading machine and single-edged-notched-beam 

(SENB) specimens, which were prepared according to ASTM-E1820 (2013). A minimum of four tests 

were conducted for each of the five Australian pipe samples in this study.  

Table 3- 4 Background of pipe samples used in this study 

Pipe 

ID 
Location 

Casting 

method 

Burial 

year 

Failure 

year 

Nominal 

diameter 

(mm) 

Nominal 

thickness 

(mm) 

Lining 

11 
Melbourne, 

Victoria 

Static 

(horizontal) 
1868 2014 250 19 In situ 

2 
Sydney, 

NSW 

Static 

(vertical) 
1922 20112 600 25 In situ 

3 
Melbourne, 

Victoria 
Spun 1938 2014 380 17 Factory 

4 
Newcastle, 

NSW 
Spun 1957 2013 300 13 Factory 

5 
Sydney, 

NSW 
Spun 1961 2014 500 16 Factory 

6 
Melbourne, 

Victoria 
Spun 1976 2015 300 12 Factory 

71 
Melbourne, 

Victoria 
Spun 1976 2014 300 12 Factory 

1 Used in corrosion modelling only 
2 Pipe 2 was decommissioned in 2011. 
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3.3.2 Chemical and metallurgical analysis 

The chemical compositions of the selected samples are summarised in Table 3-5. The results are 

compared with the typical ranges applicable to CI pipes in North America (Makar and Rajani, 2000).  

The metallurgy microstructure description for graphite flakes found in each sample is shown in Table 

3-6. Static CI pipes contained larger graphite flake lengths than spun CI pipes (Figure 3-2). For spun 

CI pipes, different graphite types and sizes were observed through the wall-thickness: inner surfaces 

tend to have longer graphite flakes than outer surfaces, due to the slower cooling rates at the inner 

surface during the centrifugal casting process. This observation is consistent with the spun CI pipes in 

the UK and US (Longmuir, 1939; Makar and Rajani, 2000). Both ferritic and pearlitic matrices were 

observed. However, more ferritic matrices were observed in spun than static CI pipes, and the 

distribution of pearlitic matrices in static CI pipe was higher than that in spun CI pipes.  

Table 3- 5 Chemical compositions of pipe samples in % w/w 

Pipe ID C Mn Si S P Ni Cr Cu V Ti 

2 3.52 0.43 1.83 0.10 0.57 <0.001 0.01 0.20 0.01 0.05 

3 3.71 0.86 2.07 0.05 1.42 0.03 0.04 0.02 0.11 0.08 

4 3.60 0.51 1.52 0.05 0.49 0.01 0.01 0.01 0.01 0.06 

5 3.65 0.50 1.69 0.05 0.49 0.01 0.01 0.01 0.01 0.11 

6 3.64 0.44 1.88 0.10 0.23 0.09 0.11 0.23 0.01 0.03 

Static1 
3.39–

3.91 

0.21–

1.13 

1.93–

3.31 

0.05–

0.15 

0.69–

1.03 
- - - - - 

Spun1 
3.72–

4.2 

0.25–

0.52 

1.39–

2.41 

0.02–

0.11 

0.06–

0.80 
- - - - - 

1 Range of values reported by Makar and Rajani (2000). 

Table 3- 6 Microstructural features of cast iron pipe samples based on ASTM A247-67 (1998) 

Pipe ID 

Graphite flake type1 Graphite size2 Graphite form3 

Inner 

surface 
Centre 

Outer 

surface 

Inner 

surface 
Centre 

Outer 

surface 

Inner 

surface 
Centre 

Outer 

surface 

2 A A A 2 2 2 VII VII VII 

3 A D & A D 3 3 4 VII VII VII 

4 A & D D D 5 5 7 VII & V V V 

5 A & D D D 4 5 6 VII & V V V 

6 B B & D E 6 6 6 VII & V V V 
1 Type A- Uniform distribution and random orientation; B- Rosette pattern and random orientation; 

D- Inner-dendritic segregation and random orientation; E- Inner-dendritic segregation and preferred 

orientation. 
2 Size 2 (0.32–0.64mm); Size 3 (0.16–0.32 mm); Size 4 (0.08–0.16 mm); Size 5 (0.04–0.08 mm); 

Size 6 (0.02–0.04 mm); Size 7 (0.01–0.02 mm). 
3 Form V Crab graphite; Form VII Flake graphite. 
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(a) 

 
(b) 

Figure 3- 2 Typical microstructure of CI pipes: (a) Static cast; (b) Spun cast 

3.3.3 Mechanical properties 

Previous research on CI pipes used corroded specimens to obtain the remaining strength of corroded 

pipes (Gould, 2011; Rajani, 2000; Seica and Packer, 2004), and specimens were generally obtained 

from small-diameter pipes (<300 mm diameter). This study utilised CI specimens extracted from large-

diameter CI pipes with corrosion products removed for the purpose of testing the mechanical response 

of CI. The tensile strength and the construction date of each pipe sample are shown in Figure 3-3(a), 

together with the tensile strength data from the literature for small-diameter pipes (<300 mm) (Gould, 

2011; Makar and Rajani, 2000; Seica and Packer, 2004). The tensile strengths of the large-diameter CI 

pipes tested in this study were generally lower than those of the small-diameter pipes manufactured at 

a similar period (Figure 3-3(a)). The tensile strengths of CI pipes 2, 3, 4 and 5 were below the nominal 

tensile strength (193 MPa for spun, 124 MPa for static) listed in the Australian Standards (AIS 1941; 

AIS 1953; AS-1724 1975) for pipes 3–5 and the British Standard (BS-78 1938) for pipe 2. In this study, 

there was a limited increase of material strength throughout the spun CI pipes constructed between 1930 

and 1960 (pipes 2, 3 and 4), compared to the higher strength observed in pipe 6 (buried in 1976). 

Conservatively, tensile strengths of 100 and 150 MPa may be adopted for stress analysis in Australian 

static and spun large-diameter CI water mains, respectively.  

The fracture toughness test results and literature data are plotted against construction date in Figure 3(b) 

(Cullin et al., 2014; Deb, 2002; Gould, 2011; Kim et al., 2007; Mohebbi et al., 2010; Rajani, 2000) and 

the average fracture toughness values tested in this study were similar to those recorded in the literature.  
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Figure 3- 3 (a) Tensile strengths (MPa) of CI pipes with burial date (year). (b) Fracture toughness 

(MPa m1/2) of CI pipes with burial date (year) 

3.3.4 Micro-cracking modes 

Trans-granular fracture is the predominant micro-cracking mode due to the existence of large graphite 

flakes (Figure 3-4(a)). The graphite flakes can be considered as internal notches that may grow fractures 

in the surrounding metallic matrices when specimens are loaded (Castillo and Baker, 1984; Glover and 

Pollard, 1969). Inter-granular fracture was observed only in areas with relatively high amounts of ferrite 

(Figure 3-4(b)).  

A correlation was observed between graphite flake length and material fracture tensile strength (Figure 

3-5), which indicates that the size of graphite flakes has a direct influence on the material strength of 

the CI pipes tested in this study. The correlation between the fracture tensile strength and maximum 

graphite flake length (1 √2𝑎⁄ ) is shown in Figure 3-5. The reasoning for this representation can be 

explained based on how the stress relates to the stress intensity factor expression of linear elastic fracture 

mechanics (Equation 3.1). Assuming the graphite flakes act as inherent cracks, the stress within iron 

matrix may be expressed as:  

 
𝜎 =

𝐾𝐼

𝑌 √𝜋 𝑎𝑡
 (3.1) 

where, 𝜎 is the applied stress, 𝐾𝐼 is the intensity factor, 𝑌 is a geometric factor about crack length and 

structure dimensions, and 𝑎𝑡 is crack length (the half of the graphite flake length).  
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(a) 

 
(b) 

Figure 3- 4 Micro-cracking modes in cast iron pipes (pipe 2): (a) transgranular; (b) intergranular 

fracture 

 

 

Figure 3- 5 Average tensile strength (MPa) vs. maximum graphite flake length (1/√μm) 
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3.4 Pit depth propagation model and analysis 

3.4.1 Measurement of external corrosion depth 

Laboratory examinations of the seven exhumed CI pipes (Table 3-4) were conducted to measure the pit 

depths, patch sizes, and wall thicknesses. The graphitised layer was removed by low-speed grit-blasting. 

The exhumed pipe sections were scanned using a Creaform 3-D laser scanner on the external surfaces 

to obtain the corrosion configuration profiles, consisting of the pit depth and patch dimensions.  

Internal corrosion pit depths were also measured, albeit only for the two pipes that commenced service 

unlined and were later lined in-situ. There were no perforations caused by internal corrosion in these 

two pipes. Internal corrosion was not observed in any received factory-lined CI pipes, and the received 

conditions of in situ cement linings in static CI pipes were generally intact.   

3.4.2 Pit depth propagation models 

The extent of damage inflicted by corrosion is usually quantified in terms of the maximum pit depth. 

Several empirical models have been proposed (Rajani, 2000; Romanoff, 1957; Rossum, 1969), which 

can be used to describe the propagation of maximum pit depth with time. A model based on analysis of 

an extensive database for CI pipes is by Rajani (2000) and is given by Equation 2.2.  

 𝑐 = 𝐴𝑝 𝑡 + 𝐵𝑝 (1 − 𝑒
−𝐶𝑝 𝑡) (2.2) 

According to Equation 2.2, the minimum corrosion rate attained after a long period is equal to 𝐴𝑝 mm 

year-1, while the maximum corrosion rates present during early times is given by 𝐴𝑝 + 𝐵𝑝𝐶𝑝  mm year-

1. For simplicity, the model by Rajani (2000) will be hereafter referred to as the exponential model. 

Alternatively, Petersen and Melchers (2014) have proposed a bi-modal trend that approximates the 

maximum pit depth propagation, whereby different reaction mechanisms dominate the corrosion 

process at different times. The bi-modal characteristic is illustrated in Figure 3-6, which shows that the 

instantaneous corrosion rate (𝑑𝑐/𝑑𝑡) starts steep initially (ro), and after a large exposure time attenuates 

to a steady-state value (rs). The time taken for the steady-state corrosion rate of rs is variable. The cs is 

directly connected to the difference between the initial and long-term corrosion rate and the time of 

their transitions. Moreover, it is obvious that ro > rs. 

The bi-modal trend is a scientific development from observations in atmospheric and marine 

environments, which are detailed in Melchers (2003), Melchers (2014) and Melchers (2015). For 

applications in underground corrosion, the model is still in the development phase within the ACAPFP 

project and its mathematical form is not fully yet published.  
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With regard to Figure 3-6, it is noted that the exponential and the bi-modal model for CI pipes exhibit 

similar features during the early and late exposure periods. Both models are bounded by tangents 

described by 𝑐 = 𝑟0 𝑡  and 𝑐 = 𝑟𝑠 𝑡 + 𝑐𝑠 at shorter and longer times respectively (the limiting cases 

given in Equations 3.2 and 3.3). Consequently, the exponential model is restated in terms of the 

parameters characterising the bi-modal trend as per Equation 3.4: 

 
𝑑𝑐

𝑑𝑡
|
𝑡→0

= 𝐴𝑝 +𝐵𝑝𝐶𝑝 = 𝑟0 (3.2) 

 

 

𝑑𝑐

𝑑𝑡
|
𝑡→∞

= 𝐴𝑝 = 𝑟𝑠 

 

(3.3) 

 𝑐 = 𝑟𝑠(𝑡 − 𝑡0) + 𝑐𝑠 (1 − 𝑒
−
(𝑡−𝑡ℎ)
𝜏 ) (3.4) 

where, 𝑡ℎ is the holiday period (year) corresponding to the onset of corrosion after a delay period due 

to the breakdown of any protective coating.  

3.4.3 Pit depth propagation parameters  

The data on maximum pit depth measured in this study, as well as the pit depth propagation curves 

calculated using Equation 3.4 from the corrosion related parameters (rs, cs, ) suggested by Rajani (2000) 

and Rajani and Tesfamariam (2007), summarised in Table 3-7, are shown in Figure 3-7.  

 

Figure 3- 6 Bimodal trend (solid line) and exponential model (dashed line) for cast iron maximum pit 

depth (c) propagation 
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Figure 3- 7 External corrosion pit propagation curves (assuming to = 0) and data from research 

literature with the data from present study 

Table 3- 7 Comparison of corrosion-related parameters of exponential models 

 
Label 

 

rs 

(mm year-1) 

cs 

(mm) 

 

(year) 

Soil 

corrosivity 

Rajani (2000) R-max 0.0125 5.85 17.24  

Rajani and Tesfamariam (2007) 

RT-1 0.0042 1.95 17.24 very low 

RT-2 0.021 9.75 17.24 low 

RT-3 0.0252 11.7 17.24 moderate 

RT-4 0.0294 13.65 17.24 high 

RT-5 0.0336 15.6 17.24 very high 

Present work  0.0294 13.65 17.24  

Rajani (2000) determined the corrosion-related parameters using data on maximum pit depths for static 

and spun CI pipes. Furthermore, Rajani and Tesfamariam (2007) provided a range of corrosion- related 

parameters that can manifest in soils with corrosivity ranging from very low to very high based on 

physical observations of through-hole corrosion pits. These parameters serve as baseline values for 

comparison purposes. The inspection data from Petersen and Melchers (2014) are also plotted in Figure 

3-7. Petersen and Melchers (2014) collected data mostly from in-service pipelines and developed a 

method for predicting rs and cs values through linearisation of the long-term features of the bi-model. 

These data are well bounded within the propagation curves expected in very low to low corrosive soils 

by Rajani and Tesfamariam (2007), consistent with the fact that these data were from in-service 

pipelines. In contrast, the data in the present study were mainly from failed pipes, and these are 

reasonably confined within the pit depth propagation curves anticipated in moderate to very high 

corrosive soils. Therefore, a set of pit depth propagation parameters (shown in Table 3-7) proposed by 
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Rajani and Tesfamariam (2007) is adopted here to describe the external pit depth propagation in CI 

water pipes.  

3.4.4 Internal corrosion  

As discussed in Section 3.2.3.2, most of the pipes were cement lined in-situ to mitigate corrosion. It is 

assumed that the internal corrosion for most of the unlined CI pipes progressed for less than 50 years.  

Marshall (2001) observed that the growth of internal pit depths significantly reduces with the increase 

of exposure time for CI water pipes, and an average internal corrosion rate of 0.04 mm year-1 was 

proposed for unlined CI pipes exposed over 30 years. Due to the limited data available on CI pipes, the 

rate of 0.04 mm/year is adopted in the present study. This corresponds to an average internal wall loss 

of 2 mm for an exposure period of 50 years. It is noted that a detailed investigation of the propagation 

characteristics of internal pit corrosion for unlined CI pipes would be highly beneficial.  
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3.5 Determining priority pipe cohort for replacement 

To determine the CI cohort group with greatest need of replacement, statistical analyses of data from 

major water utilities and corrosion modelling were conducted. The pipe burst rates of six major water 

utilities in three states in Australia were calculated for CI pressurised water mains (pipe diameter ≥ 300 

mm) and the results are shown in Figure 3-8. Longitudinal fracture failure was selected for the analysis 

as this failure mode is predominantly driven by corrosion and internal water pressure. The total asset 

lengths of CI pipes laid in each decade were calculated separately. The burst rates were expressed as 

failure numbers per 100 km per year. The participating utility in New South Wales had failure data from 

2000 to 2012 and had their CI pipes installed between the 1900s and 1979. The participating utility in 

South Australia had failure data from 1976 to 2010 and had their CI pipes installed between the 1880s 

and 1975. Three participating utilities in Victoria had failure data from 1994 to 2012 and their CI pipes 

were installed between the 1840s and 1988. 

The results indicate that the period from 1960 to 1980 had the highest burst rate. This suggests that the 

newer pipes are not outperforming the older static cast pipes. The variations in the remaining wall 

thickness of 500 mm static and spun CI pipes with exposure time were computed and are illustrated in 

Figure 3-9, based on the average external corrosion parameters (rs, cs, )  shown in Table 3-7. As 

discussed in Section 3.4 above, static CI pipes are assumed to experience 50 years of internal corrosion 

damage with an average rate of 0.04 mm per year-1. 

According to Figure 3-9, the perforations were expected to occur earlier in spun CI pipes than in static 

CI pipes due to the thinner initial wall thickness of the former. In Figure 3-9, pipes in the Static-C and 

D classes as well as Spun-C still have sufficient minimum remaining wall thickness. If corrosion 

progresses at the rates characterised by the (rs, cs,) parameters adopted, the 500 mm diameter pipes 

from the Static-B, Spun-A and Spun-B classes would most likely have thinner remaining wall thickness 

and fail by longitudinal fracture. This may account for the Western Australian spun CI pipes laid 

between 1930 to 1950 having higher failure rates than some of the older CI pipes, as reported by Wei 

et al. (2015). Therefore, pipes laid during this period (or belonging to this cohort) can be considered 

one of the priority pipe groups that needs attention during pipe renewal planning.  
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Figure 3- 8 Results of longitudinal pipe failure rate analysis against burial decade for six different 

water utilities 

 

 

Figure 3- 9 Remaining wall thickness for 500 mm diameter static and spun CI pipes in extremely 

corrosive soils vs. service time (in years) 
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3.6 Discussion  

A major proportion of buried metallic water mains in Australia contains a large proportion of ageing CI 

water mains. As some relevant information on these pipe properties has not been recorded in pipe 

utilities, it is difficult to analyse the remaining capacity of these pipelines. Therefore, a number of 

factors (i.e., pipe manufacturing methods, pipe dimensions, pipe class and safe operation pressures, 

corrosion mitigation systems, material strength and microstructure) were identified and analysed to 

understand changes that occur in these factors with servicing time. This analysis enables the 

classification of pipes into a limited number of cohorts in such a way that all necessary pipe properties 

can be assigned to selected pipe cohorts by conducting limited laboratory tests. In this way, the essential 

material properties (i.e., tensile strength and fracture toughness) required for failure analysis are 

assigned to each pipe cohort.  

As the failure capacity of a CI pipeline is strongly affected by the manufacturing method and pipe wall 

thickness (many failures in pipe barrel are driven by external corrosion), the cohorts were determined 

by the casting method and the changes in corrosion mitigation strategies. The timeline of the changes 

in corrosion mitigation systems used in Australia is summarised in Table 3-8 (AIS, 1941; Davis et al., 

2003; Nicholas and Moore, 2009; Scott, 1990). 

Table 3-8 presents the utility-dependent cohort methods used in casting, the recommended material 

properties, the corrosion mitigation systems and exposure in each decade for Australian CI water trunk 

mains laid between 1860 and 1980. It is worth noting that Table 3-8 was devised based on standards 

and information from six Australian water utility networks and these may vary depending on individual 

Australian water utilities. Table 3-8 can be used as a guide if the buried period data are available for CI 

pipes in a network.  

A flow chart is shown in Figure 3-10 for the determination of Australian pipe cohorts. The burial dates 

of water pipes were typically recorded by water utilities. Determining the mechanical properties for 

large numbers of pipes can be costly. If the construction or burial date is known, the lining, coating, 

backfill and recommended material properties can be found using Table 3-8. If the available network 

information includes nominal diameter and operational pressure, a nominal thickness (class) can be 

obtained using Table 3-2. The flow chart and the summary of cohort properties may be efficient tools 

for water asset management and renewal plans. The pipe cohorts with high failure potential can be 

identified using the approach introduced in this thesis, and preliminary renewal decisions can be made 

based on the limited data available and targeted data collection can be directed to fill data gaps. 
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Table 3- 8 Summary of cohort properties of CI trunk mains in Australia 

Buried 

period 
Casting3, 4 

Tensile 

strength 

(MPa)5 

Recommended 

material properties 
Corrosion mitigation system 

Exposure 

(years) 
Tensile 

strength 

(MPa) 

Fracture 

toughness 

(MPa√m) 

Cement 

lining 

Coating
1 

Backfill2 

1860s Static H 75–124 100 12 In situ Paint NS >150 

1870s Static H 75–124 100 12 In situ Paint NS >140 

1880s Static H 75–124 100 12 In situ Paint NS >130 

1890s Static H 75–124 100 12 In situ Paint NS >120 

1900s Static V 75–124 100 12 In situ Paint NS >110 

1910s Static V 75–124 100 12 In situ Paint NS >100 

1920s 
Static V/ 

Spun 
75–159 100/150 12 In situ Paint NS >90 

1930s Spun 124–159 150 14 Factory Paint NS >80 

1940s Spun 124–200 150 14 Factory Paint NS >70 

1950s Spun 124–200 150 14 Factory Paint NS >60 

1960s Spun 124–200 150 14 Factory 
Paint/P

E 
NS/Sand >50 

1970s Spun 124–200 150 14 Factory 
Paint/P

E 
NS /Sand >40 

1 PE-Polyethylene coating 
2 NS-Natural soil 
3 H-Horizontal 
4 V-Vertical 
5 Minimum tensile strength required based on standards 

 

 

 

Figure 3- 10 Flow chart for determination of Australian pipe cohorts 
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3.7 Conclusion 

In this study, CI pipes used in Australian water utilities have been grouped into cohorts based a series 

of factors affecting pipe performance. The large-diameter CI pipes in this study were generally found 

to have lower material strength than the smaller diameter CI pipes tested in previous studies. Spun CI 

pipes may have shorter life spans due to the low pipe wall thickness compared with static CI pipes. This 

is evident by the CI pipes laid between 1960 and 1980 suffering higher burst rates, as determined by 

statistical analysis. Such high failure rates are potentially caused by the reduction in wall thickness, 

when manufacturing methods changed from static pit cast to spun cast. The shorter lifespan is primarily 

due to the rapid corrosion progression during the early part of the corrosion process. Therefore, it is 

argued that spun CI pipes with thinner original wall thickness should be placed on the priority list for 

renewal. However, higher pipe strength in spun cast pipe must be taken into account, based on 

systematic analysis before making final renewal decisions.   
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Chapter 4 Leak-before-break (LBB) in cast iron pipes  

 

 

 

 

 

4.1 Introduction  

Leak-before-break (LBB) is a design approach to the operation of pressurised vessels and pipelines, 

which aims to ensure a detectable leak occurs before catastrophic fracture in pressurised pipelines 

(Wilkowski, 2000). The LBB concept has altered design and operational guidelines and safety 

assessments in different industries, including gas and petroleum transportation, pressure vessels and 

nuclear power plants (IAEA-TECDOC-710, 1993). The applications of LBB have been verified for 

ductile metallic materials, such as high-strength steels, based on practice and experiments (Bartholome 

and Wellein, 1995; Kannan et al., 2015; Nam et al., 1992). 

Cast irons (CIs) are brittle with low fracture toughness relative to steels and ductile irons, and cast iron 

pipe failures are therefore generally assumed to be brittle fractures with limited warning (Seica and 

Packer, 2004). As a result, LBB was considered to be inapplicable for CI pipes.  

The ACAPFP project investigated the influences of corrosion patches on the pressure-bearing capacity 

of CI pipes in full-scale laboratory bursting tests and observed that localised failure generates a through-

crack in the corrosion patch and causes a leak under lower pressures than burst pressures (Rathnayaka 
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et al., 2017b). Based on the observations of bursting tests, the LBB concept was introduced for corroded 

CI water pipes (Rathnayaka et al., 2017b).  

This chapter summarises and analyses the recent LBB evidence on CI pipes based on site observations 

and experiments. The stress concentrations for longitudinal barrel fractures produced by soil corrosion 

or defects are discussed separately. LBB criteria are proposed for large-diameter CI pipes using limit 

stress and linear elastic fracture mechanics (LEFM). These criteria are verified by experimental results 

from the static bursting tests conducted by the ACAPFP. The procedures of LBB assessment are 

proposed in accordance with the standardised approaches used in other industries. In addition, the 

findings of failure analyses conducted on small-diameter pipes are summarised, which indicate that the 

LBB concept is also applicable to pipelines failing by the mode of circumferential fracture. A reason 

for considering smaller diameter pipes (< 300 mm in diameter) was that evidence is easier to gather 

than for larger diameter pipes, where failures are not common. 
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4.2 Field observations of LBB in cast iron pipes  

4.2.1 Recent failures of large-diameter cast iron pipes 

Seven recent failures of CI trunk mains with the major failure mode of longitudinal barrel fracture were 

investigated. In these pipe specimens, limited corrosion damage was observed in the internal pipe 

surfaces due to the installation of cement lining. Substantial corrosion patches were observed in external 

pipe surfaces, and these corrosion patches act as stress concentrators in pipe barrels.  

Most of these cases showed certain evidence of LBB, and the background information of the failures is 

summarised in Table 4-1.  

4.2.2 Detectable leaks  

In some failure cases, the evidence of water leakage prior to catastrophic bursting was reported to the 

local utilities. In Case 4, a leak event with a leak rate of 50 litters per minute was found 12 days before 

the burst, on the basis of water flow pattern analysis. Similarly, a water leak in Case 2 was reported 

about one month before the burst event. Therefore, a water leak is likely to be detectable several weeks 

before the pipe bursts, dependent on the resolution of leak detection techniques.  

4.2.3 Dual corrosion phases 

Different corrosion products generated in the major fracture surface can indicate the occurrence of 

multiple failure processes in CI pipes, which have been documented in recent case studies (Cullin et al., 

2014; Makar, 2000; Rajani et al., 2012). Areas with black or brown corrosion products are likely to 

indicate the locations of through-wall crack initiation. Orange-coloured products tend to appear on fresh 

fracture surfaces, which are normally generated after a catastrophic burst. The position of through-wall 

crack initiation and propagation stages can be revealed from the dual-corrosion phases along with the 

change of corrosion patch configuration.  

4.2.4 Extensive transient event before burst  

The occurrence of extensive transients may result in a direct catastrophic failure; however, a time gap 

between the extensive transient and final burst was recorded in some failure cases. For example, a 

dramatic transient event (pressures ranging from 50 to 1,100 kPa) in Case 3 was recorded two weeks 

prior to the subsequent burst event. A sub-critical crack may have been initiated by the transient event, 

and then the crack may have propagated to a critical length during the time window before the burst. 

This dramatic transient event is considered to have been caused by uncontrolled pump or valve 

operation in nearby high-rise buildings. The time gap between the extensive transient and burst also 

indicated the existence of an LBB time window. 
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Table 4- 1 Failure cases of CI trunk mains with longitudinal fractures 

Case City Burial Failure  
Diameter, 

(mm) 

Thick

-ness, 

(mm) 

Burial 

depth, 

(m) 

Cement 

lining 
Backfill Traffic 

1 Newcastle 1957 2013 300 15 0.6 Factory Clay No 

2 Sydney 1961 2013 500 15 1.6 Factory Sand Arterial 

3 Melbourne 1868 2014 250 16 0.9 In-situ 
Natural 

soil 

High-

way 

4 Melbourne 1976 2014 300 13 0.8 Factory 
Natural 

soil 

Foot 

path 

5 Melbourne 1938 2014 375 20 3.0 Factory 
Natural 

soil 

Minor 

road 

6 Melbourne 1976 2015 300 15 1.0 Factory 
Natural 

soil 
Arterial 

7 Sydney 1954 2015 500 17 1.5 Factory 
Natural 

soil 

Minor 

road 

 

4.2.5 Evidence of LBB in recent failures 

The relevant evidence of LBB from recent large-diameter CI pipe bursts is summarised in Table 4-2. 

The evidence of a detectable leak before a burst is able to directly prove the existence of a LBB time 

window in CI pipes. Nonetheless, leak detection techniques are not widely adopted by these water 

utilities. Indirect LBB evidence, such as dual corrosion phases and extensive transient before burst, can 

also confirm in some cases that the burst event is a result of crack propagation.  

Table 4- 2 Summary of field evidence of LBB in cast iron pipes based on forensic analyses 

Case 
Detectable/observ

ed leak 

Dual corrosion 

phases 

Extensive 

transient before 

burst 

Corrosion patch 

in barrel 

1    ✓ 

21 ✓ ✓   

3  
✓ ✓ ✓ 

4  
✓ ✓ ✓ 

5 ✓   ✓ 

6    ✓ 

7    ✓ 

1. Case 2 pipe contained a pre-crack in the barrel socket previously covered by the adjacent bell 

joint.  



CHAPTER 4 

65 

 

4.3 Stress concentration in cast iron pipes  

4.3.1 Corrosion patch 

CI pipes were designed with sufficient safety factors to allow any future corrosion damage and 

uncertainties in estimated design parameters (Rajani and Abdel-Akher, 2012), which means that the 

original wall thickness is adequate to resist operating pressures at the design stage. A substantial 

corrosion patch might be formed by coalesced corrosion pits caused by soil corrosion, and the 

significant stress concentration generated in such patches (Rajeev et al., 2014). As shown in Table 4-2, 

the presence of a corrosion patch is the most common and most critical stress concentration mode in CI 

water pipe barrels. 

According to ASME-B31G (2009) and API-579 (2016), corrosion patch configurations can be 

approximated by an elliptical geometry with three basic parameters: 2a (patch length in longitudinal 

direction), 2b (patch length in hoop direction) and c (depth of corrosion), as shown in Figure 4-1. The 

nominal hoop stress and maximum stress in the centre of the patch base are expressed in Equations 2.4 

and 4.1, respectively (Ji et al., 2015). The stress concentration factors (SCFs) were obtained from Zhang 

et al. (2017), based on finite element (FE) simulations verified by full-scale bursting tests. The present 

project focuses on pipe barrel failure induced by corrosion patches, and an explanation of other failure 

modes and mechanisms is briefly discussed in Chapter 2.  

 𝜎𝑐 = 𝑆𝐶𝐹 𝜎ℎ (4.1) 

where, 𝜎ℎ is the nominal hoop stress, 𝑆𝐶𝐹 is the stress concentration factor, which depends on corrosion 

patch geometry and pipe dimensions, and 𝜎𝑐 is the hoop stress in the corrosion patch centre. 

 

Figure 4- 1 Conceptual diagram of pipe section containing circular perforation 
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4.3.2 Corrosion perforation 

Corrosion perforations are commonly observed in ageing CI pipes caused by soil pitting corrosion. 

These perforations, which normally have a circular shape and a relatively small through-wall diameter, 

are plugged by corrosion graphitization and cement lining (Robert et al., 2016a; Romanoff, 1957). The 

stress concentration factor for the edge of a through-wall hole in a pressurised pipe is expressed in 

Equations 4.2- 4.4 (Pilkey and Pilkey, 2008). Figure 4-2 shows a conceptual diagram of a pipe section 

containing a circular perforation. 

 𝜎𝑐,𝑡 = 𝑆𝐶𝐹𝑡 𝑃 
𝐷𝑖
2𝑡𝑜

 (4.2) 

 𝑆𝐶𝐹𝑡 = {
2.5899 + 0.8002𝛽 + 4.0112𝛽2 − 1.8235𝛽3 + 0.3751𝛽4 (0 ≤ 𝛽 ≤ 2)

8.3065 − 7.1716𝛽 + 6.7𝛽2 − 1.35𝛽3 + 0.1056𝛽4 (2 < 𝛽 ≤ 4)
 (4.3) 

 𝛽 = √
3(1 − 𝜈2)

2

4

(
𝑟𝑡

√𝑅𝑖𝑡𝑜
) (4.4) 

where, 𝑆𝐶𝐹𝑡 is the stress concentration factor for a pipe with a circular perforation, 𝜎𝑐,𝑡 is the stress 

around the perforation,  𝜈 is the Poisson’s ratio,  𝛽 is a shape factor, 𝑅𝑖 is internal pipe radius, and 𝑟𝑡 is 

perforation radius. 

Corrosion perforations were revealed in the pipe barrels of Case 3 and Case 5 after sand-blasting. The 

through-wall corrosion pits were previously preserved in corrosion products (graphitization), and these 

perforations did not cause major longitudinal fractures. Water leaks did not occur in these perforations 

due to the integrity of the internal cement lining and graphitization.  

As shown in Figure 4-3, four perforations were observed in Case 3. The largest perforation has a 

diameter of 20 mm, which causes a stress of 24 MPa under the internal pressure of 1.1 MPa based on 

Equations 4.2 – 4.4. These results indicate that corrosion perforations with a diameter of 20 mm or less 

in CI pipe barrels are unlikely to result in catastrophic fracture or even a leak. 

 

Figure 4- 2 Conceptual diagram of pipe section containing circular perforation 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4- 3 CI water main (Case 3) containing corrosion perforations: (a) after sand-blasting; (b) 

scanning image; (c) Perforation 3; (d) Perforation 4 

4.3.3 Pre-cracks 

For large-diameter CI pipes, pre-cracks commonly located in the areas of bell-spigot joints are generated 

during construction, transportation, handling and installation processes (Rajani and Abdel-Akher, 2013; 

Rajani et al., 2013). These pre-cracks may propagate over the entire servicing period, depending on the 

initial crack length and the crack-driven mechanisms in the local network. Furthermore, in large 

diameter pipes, any ground movement can translate to joints due to the high moment of inertia against 

bending of the pipe barrel. However, leakage can occur when joints become loose or cracks become 

significant. A case study of a 500 mm diameter CI failure (Case 2) due to a pre-crack is presented in 

Chapter 7. 
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4.3.4 Defects 

Manufacturing defects are not uncommon in CI pipes produced by early casting methods due to poor 

cooling control. These defects causing inherent voids or de-bonding interfaces are shown in Figures 4-

4 (a) and (b), respectively.  

The dimensions of these defects can be described as elliptical embedded cracks with the following 

parameters: length in longitudinal direction (2𝑎𝑒 ), and depth in wall thickness direction (𝑐𝑒 ). The 

maximum dimensions of defects recorded in this study are 32 × 6 mm in Case 5, as shown in Figure 4-

2 (b).  

The analytical solutions of critical pipe pressures for CI pipe barrels with external and internal surface 

cracks are expressed in Equations 4.5 and 4.6, respectively (Al Laham, 1998). The critical pressure for 

the largest defect is 9.2 MPa, which is much higher than the maximum operational pressure of 0.9 MPa 

recorded in Case 5. The measured dimensions of the pipeline from Case 5 were adopted.  

 𝑃𝐿,𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 = 𝜎𝑢  
2𝑡0
𝐷𝑖
(1 −

2𝑎𝑒𝑐𝑒
𝑡0(2𝑎 + 2𝑡0)

) (4.5) 

 
𝑃𝐿,𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 = 𝜎𝑢 (

2𝑐𝑒

𝐷𝑖√1 +
3.22 𝑎𝑒

2

𝐷𝑖𝑐𝑒

+ (
𝐷𝑖

2 (
𝐷𝑖
2
+ 𝑐𝑒)

) ln (
𝐷𝑖 + 2𝑡0
𝐷𝑖 + 2𝑐𝑒

)) 
(4.6) 

where, 𝑃𝐿,𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 is the limiting pressure for pipelines with an external surface crack, 𝜎𝑢 is the ultimate 

tensile strength of piping material, 𝑎𝑒 is half of the embedded crack length in longitudinal direction, 𝑐𝑒 

is the embedded crack depth in thickness direction, and  𝑃𝐿,𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 is the limiting pressure for pipeline 

with an internal surface crack. 

 
(a) 

 
(b) 

Figure 4- 4 Manufacturing defects in CI pipe (Case 5): (a) inherent void; (b) de-bonding interface in 

metallic piping material  
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4.4 Experimental evidence and LBB criteria for cast iron pipes  

4.4.1 Full-scale burst tests under static pressure  

A pipe bursting facility (Figure 4-5) was established to evaluate the remaining strength of corroded CI 

trunk mains under static pressure. The static bursting set-up has three major components: a pipe 

containment system with steel plates and tension bars; a pumping system including a high-pressure hose, 

a pressure regulator and a pressure amplifier; and an instrumentation system to measure the pressure 

and strain changes. The pressure is gradually supplied to each pipe specimen, and the leak pressure 

(𝑃𝑙𝑒𝑎𝑘) and maximum achieved pressures (𝑃𝑚) are recorded for each test. Detailed information on the 

bursting facility and experimental approach is presented in Rathnayaka (2016). The testing results are 

summarised in Table 4-3. The data on initial crack length (2𝑎𝑖) generated by the leak pressure are shown 

in Table 4-3 with the corresponding wall thickness in the initial crack tips (𝑡𝑖). The crack length on the 

external pipe surface is measured using a portable Dino-Lite digital microscope. 

 

Figure 4- 5 Full-scale burst facility for CI trunk mains 

 

Table 4- 3 Summary of bursting test results 

Pipe Patch 
𝑡𝑜  

(mm) 

2a  

(mm) 

2b  

(mm) 

c  

(mm) 

𝑃𝑙𝑒𝑎𝑘 

(MPa) 

2𝑎𝑖 
(mm) 

𝑡𝑖  
(mm) 

𝑃𝑚 

(MPa) 

1 Natural-1 25 125 93 17.9 3.5 24 11 3.6 

1 Natural-2 25 300 370 18.5 3.3 15 12 3.6 

2 Circular 25 190 190 19.9 3.2 901 10.5 3.7 

3 Elliptical 17 330 100 13 1.3 - - 1.4 

4 Elliptical 18 400 160 14.5 1.2 4 4.5 1.3 

1. Crack length was measured under a pressure of 2.85 MPa.  
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4.4.2 Leak criterion  

4.4.2.1 Initiation of a through-wall crack 

A through-wall crack is considered to initiate when the localised stress in the patch base exceeds the 

material tensile strength (Equation 4.8). The stress solution (Equations 4.1, 4.2, 4.8) can predict the 

initiation of a leak in the corrosion patch base. The initial leak may occur at lower pressures than the 

pressure estimated by Equations 4.1, 4.2 and 4.8 in the presence of manufacturing defects or small deep 

pits in large corrosion patches. Alternatively, a through-crack may also be generated under cyclic 

pressures with a lower pressure level. This hypothesis of fatigue-induced leaks is detailed in Chapter 5. 

 𝜎𝑐 ≥ 𝜎𝑢 (4.8) 

where, 𝜎𝑐 is the stress in the corrosion patch centre, and 𝜎𝑢 is the material tensile strength. 

4.4.2.2 Estimation of through-wall crack length 

Localised failure typically occurs in a corrosion patch base. The crack tips can be arrested within the 

thicker ligaments of the corrosion patch, due to the significantly varying stress distribution in the 

corrosion patch and stress reducing below the tensile strength at the crack tip. The approximate initial 

crack length (2𝑎𝑖) in the corrosion patch is shown in Figure 4-6. The stress solution for uniform-walled 

pressurised tubes with axial through-cracks is adopted to estimate the initial crack length. This solution 

is given in Equations 4.9- 4.11 (Al Laham, 1998). If the stress at the crack tips is above the material 

strength, a through-crack can generate further extension of the crack. This explanation is based on the 

cohesive crack model of crack extension, where tensile strength is used as the limiting criterion for 

crack extension (Anderson, 2005). In LEFM however, fracture toughness will be used to detect crack 

extension.  

 𝜆𝑖 =
𝑎𝑖

√𝑅𝑖  𝑡𝑖
 (4.9) 

 𝜎𝑛,𝑖 = 𝑃  
𝑅𝑖
𝑡𝑖

 (4.10) 

 𝜎𝑖 = 𝜎𝑛,𝑖√1 + 1.05𝜆𝑖
2 ≤ 𝜎𝑢 (4.11) 

where, 𝑎𝑖 is half of the initial through crack, 𝑡𝑖 is the wall thickness in the tips of the initial crack,  𝜆𝑖 is 

a geometric parameter for pressurised pipes with an initial through crack, 𝜎𝑛,𝑖 is the nominal stress for 

pipes with an initial crack, and 𝜎𝑖 is the stress in the crack tips of an initial crack. 
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(a) 

 

 
(b) 

Figure 4- 6 (a) Sketch of elliptical corrosion patch (b) LBB conceptual diagram for cast iron water 

trunk mains with an external corrosion patch 

4.4.3 Break criterion: critical crack length using LEFM 

According to linear elastic fracture mechanics (LEFM), the stress intensity factor in a pressurised pipe 

(𝐾𝐼) with a longitudinal crack (see Figure 4-7) can be calculated using Equations 4.12- 4.15 (Tada et 

al., 2000). Stress intensity rises with crack growth until the crack reaches the critical length (2𝑎𝑐). For 

pressurised large-diameter pipes, a break occurs when the stress intensity (KI) reaches the material 

fracture toughness (KIC) as shown in Equation 4.15. For corroded CI pipes, the upper limit of critical 

crack length can be determined by the equations established for uniform-walled pipes (Equations 4.12- 

4.15). The values of fracture toughness are based on mechanical tests and full-scale tests in the research 

literature. Hence, the critical crack length is mainly controlled by the fracture toughness of the material, 

the pipe dimensions and the internal pressure. However, this analysis does not consider the presence of 

a patch. Nonetheless, it gives an upper bound estimate of the critical length required for break 

occurrence, since if the fracture could grow spontaneously in a pipe with nominal wall thickness it 

would certainly grow in a patch area with reduced wall thickness. Furthermore, in some cases, the 

critical crack length would be larger than the corrosion patch length and the crack would need to grow 

in a pipe section with nominal thickness and this in this situation, this solution is directly applicable. 
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Figure 4- 7 Pressurised tube structures containing longitudinal crack (Tada et al., 2000) 

 𝜆 =
𝑎𝑡

√𝑅𝑖  𝑡0
 (4.12) 

 𝐹(𝜆) = {√(1 + 1.25𝜆
2)    0 < 𝜆 ≤ 1

 0.6 + 0.9𝜆          1 < 𝜆 ≤ 5
 (4.13) 

 𝐾𝐼 = 𝜎𝑛√𝜋𝑎𝑡  𝐹(𝜆)  (4.14) 

 𝐾𝐼 ≥ 𝐾𝐼𝐶 (4.15) 

where, 𝑎𝑡  is the half of the total through-wall crack length, 𝑅𝑖  is internal radius, 𝜆  is a geometric 

parameter for pressurised pipes with a through crack, 𝐹(𝜆) is a geometric factor for evaluating intensity 

factors in cracked pipes, 𝐾𝐼 is intensity factor, and 𝐾𝐼𝐶 is fracture toughness. 

4.4.4 Leak rates 

The crack opening area (𝐴𝑐) and leak rate (𝑄𝑐) can be estimated for the corresponding critical crack 

length (2𝑎𝑐). LBB analysis is only applicable when the critical leak rate is above a threshold detectable 

leak flow rate (API-579, 2016; BS-7910, 2005). 

The leak rate is strongly affected by crack length and internal pressure. An analytical solution is 

proposed to calculate the leakage rates. The crack opening area for different crack lengths can be 

estimated by linear elastic correlations, as shown in Equations 4.16 and 4.17 (Tada et al., 2000). The 

leak rates can be calculated by the simplified formula given in Equation 4.18 (Cassa et al., 2010).  

 𝐺(𝜆) = {
𝜆2 + 0.625𝜆4                                                0 < 𝜆 ≤ 1
0.14𝜆 + 0.36𝜆2 + 0.72𝜆3 + 0.405𝜆4     1 ≤ 𝜆 ≤ 5

 (4.16) 



CHAPTER 4 

73 

 

 𝐴 =
2𝜋𝑅𝑖

2𝑃 𝐺(𝜆)

𝐸
 (4.17) 

 𝑄 = 𝐶𝑑𝐴√2𝑃 (4.18) 

where, 𝑡𝑡 is the corresponding wall thickness in the crack tips, 𝐺(𝜆) is the geometric factor for crack 

opening area, 𝐴 is the crack opening area, 𝑃 is the internal pressure, 𝐸 is the modulus of elasticity, 𝑄 

is the leak rate, and 𝐶𝑑 is the discharge coefficient, 0.67 is used for a longitudinal crack in CI pipes 

(Cassa et al., 2010). 

4.4.5 Validation of LBB criteria for large-diameter cast iron pipes 

4.4.5.1 Validation of leak criterion  

The experimental results and analytical solutions for burst tests are summarised in Table 4-4. The leak 

criterion is verified by the results of analytical solutions based on Equations 4.1, 4.2 and 4.8, which 

indicate that the actual stress in the corrosion patch centre is above the material tensile strength 

measured by direct tension mechanical tests (detailed in Chapter 3). 

The stress solution (Equations 4.9- 4.11) was used to estimate the approximate length of the initial crack 

(2𝑎𝑖) in pressurised CI pipes. The results of dimensional analysis are plotted in Figure 4-8, on the basis 

of the measured crack lengths and the corresponding water pressures (Table 4-3). The tensile strength 

of 110 MPa was used to calculate the curve of the limit load solution in Figure 4-8. 

 

Figure 4- 8 Dimensionless analysis of crack tip stress of pressurised pipe with longitudinal crack 
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4.4.5.2 Validation of break criterion 

The LEFM solution, expressed in Equations 4.12- 4.14, was adopted to evaluate the burst pressures of 

pipes containing a longitudinal crack, and the fracture toughness of 15 MPa m was selected to determine 

the break criterion. Figure 4-9 shows the burst pressures for a 600 mm diameter CI pipe with different 

crack lengths. As shown in Table 4-3, the nominal wall thickness of pipe specimens is either 18 (17) or 

25 mm. Following the BS-78 (1938) pipe class classifications,  Class A (18 mm) and C (25 mm) were 

analysed for pit-cast CI pipes 600 mm in diameter. Leaking CI pipes can withstand substantial pressure, 

mainly dependent on the crack length. The break criterion is also affected by the corrosion patch 

configuration in the longitudinal direction, when the length of corrosion patch (2a) is equal to the critical 

crack length calculated by the nominal wall thickness and fracture toughness. 

 

Figure 4- 9 Burst pressures for 600 mm CI pipes containing a longitudinal crack 

Table 4- 4 Summary of testing results and comparisons with analytical solutions 

Pipe 
Test 

result 

Leak criterion Break criterion 

Analytical 

solution 
Stress 

(MPa) 
Solution 

Measured 

crack 

(mm) 

Critical 

crack 

(mm) 

Solution 

11 Leak 130 Leak 24 65 Leak Leak 

12 Leak 164 Leak 15 65 Leak Leak 

2 Leak 161 Leak 90 91 Leak Leak 

3 LBB 110 Leak 330* 122 Break LBB 

4 Leak 107 Leak 4 141 Leak Leak 

1. Natural patch 1 

2. Natural patch 2 
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4.4.5.3 Analytical solution of leak rates 

The leak rates were evaluated using Equations 4.16- 4.18 and the results plotted in Figure 4-10. A 

modulus of elasticity of 100 GPa and a discharge coefficient of 0.67 were used for leak rate analysis 

(Cassa et al., 2010). The selected value for the modulus of elasticity matches the common range of CI 

properties (see Figure 3-3(b)). The leak rates for critical crack lengths were evaluated to validate the 

LBB concept using Equations 4.1 and 4.12- 4.15. The fracture toughness of 15 MPa m was used to 

estimate the critical crack length, and the corresponding critical crack opening area and critical leak 

rates were calculated using Equations 4.16- 4.18 for 600 mm-diameter CI pipes with different wall 

thicknesses. The critical leak rates under different pressures (300 to 1,200 kPa) are plotted in Figure 4-

10 for the four wall classes listed in the BS-78 (1938). The relevant design pressures are also shown in 

Figure 4-10. Since the operating pressures in aged water networks might have been altered due to the 

development and rearrangement of urban water supply systems, the designation of wall thickness on 

the pressure class may not always be applicable. The critical leak rates plotted in Figure 4-10 appear to 

conservatively predict the actual leak rates. However, the minimal critical leak rate is still over 20 L/min 

for Class A pipe under a pressure of 1.2 MPa, which indicates the critical leak rate is generally detectable 

using the general leak detection methods listed in Table 2-9. 

 

Figure 4- 10 Minimum leak rates for critical crack lengths under normal operating pressures 
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4.5 LBB assessment procedures for large-diameter cast iron pipes  

The standard procedure for using the typical LBB concept involves the presence of longitudinally- 

oriented  surface cracks in pipes or vessels (API-579, 2016; BS-7910, 2005). The surface crack may 

grow both across the pipe wall and in pipe longitudinal directions following relevant crack growth 

mechanisms (i.e. fatigue by cyclic pressure) until a through-wall crack is generated to allow a substantial 

leak before catastrophic failure. A sufficient LBB time window between the detectable leak and the 

break is required in order to use the LBB concept for failure prevention. The prerequisites of the LBB 

criterion in API-579 (2016) include: (1) Evaluation of initial flaw size and ensuring that the break will 

not occur under operating situations, (2) Estimation of the critical crack length that causes a break; (3) 

Calculation of crack opening area (COA) for critical crack lengths; (4) Prediction of leak rates for 

critical cracks and ensuring that the leak is detectable by detection tools.  

Based on field and experimental observations, longitudinal barrel fractures in large-diameter CI pipes 

show a leak tends to occur before catastrophic burst, mainly due to the stress concentrations from 

coalesced pitting or patch corrosion that occurs in underground metallic corrosion. The LBB criterion 

verified by experimental results and analytical solutions is proposed for large-diameter CI pipes. Table 

4-5 summarises the differences of the LBB concept in the standard approach and in large-diameter CI 

water pipes. In comparison with the existing LBB standards (API-579, 2016; BS-7910, 2005), a series 

of LBB assessment procedures are illustrated in Figure 4-11. 

Table 4- 5 Comparison of LBB assessment procedures in CI water pipes and standardised approach 

for ductile metals 

Phases Standardised LBB approach  LBB in CI pipes 

Initial deterioration Postulated surface flaws 
Coalesced pitting or patch 

corrosion 

Leak initiation 

Surface flaws grow to a 

critical depth in thickness 

direction 

Corrosion progression and 

stress-induced localised 

failure 

Initial crack length 
Flaw length after 

breakthrough 

Length of corrosion patch 

base 

Propagation of a through-

crack 
Increase of intensity factor Change of intensity factor 

Break- critical crack length 

Dependent on fracture 

toughness and nominal hoop 

stress 

Dependent on fracture 

toughness and local stress 

distribution 

LBB time window Crack growth mechanisms  

Crack growth mechanisms and 

stress distribution in a 

corrosion patch 
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Figure 4- 11 Proposed leak-before-break procedure for cast iron trunk mains failed by a longitudinal 

fracture based on Rathnayaka et al. (2017b)) 
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4.6 LBB analysis and failure processes in small-diameter cast iron pipes 

4.6.1 Background  

One of the key issues in LBB analysis is the investigation of the corrosion condition of CI pipes. Most 

CI water pipes were buried in natural soils without effective coatings, and the common soil corrosion 

mode, pitting corrosion, tends to produce local metal losses and reduce structural capacity (Rajani, 

2000). Correlations between corrosion depths and fracture stresses have been investigated for both static 

and spun CI pipe specimens (Antaki, 2003; Atkinson et al., 2002; Gould, 2011; Rajani, 2000; 

Yamamoto et al., 1983).  

Bending loads, another important contribution to circumferential fracture failures, are mainly induced 

by external factors, including ground movements, traffic loads and temperature changes (Rajani, 2000). 

Of these factors, thermal stress is generally insignificant for Australian cities, due to the moderate 

changes of underground temperatures (Chan et al., 2015b), and traffic loading tests indicate a relatively 

minor effect of traffic loads in CI pipes (Chan et al., 2016b). Hence, the seasonal swelling/shrinking 

behaviour of reactive soils and different ground conditions in pipe trenches are the predominant causes 

of bending loads for CI pipes (Gould, 2011; Weerasinghe et al., 2015). The nominal (without corrosion 

pits or patches) bending soil stresses range from 20 to 30 MPa obtained from site measurements (Chan 

et al., 2015b) and simulation models developed under the Smart Water Fund (SMF) in the Melbourne 

region (SWF, 2017). The bending stresses in pipe barrels are located in either the pipe crown or base 

due to seasonal ground movements. An example of typical pipe bending stress variations in a selected 

suburb is presented in Figure 4-12 (SWF, 2017).  

This section evaluates the failure processes of circumferential fractures in CI pipes for recent failures. 

A crack initiation criterion is proposed using the limit stress method, and the residual strength of pipes 

containing a circumferential crack is evaluated using linear-elastic fracture mechanics (LEFM). The 

applicability of the LBB concept for maintaining and replacing small-diameter CI pipes is proposed.  

 

Figure 4- 12 Typical pipe bending stresses due to ground movement in Altona North, Melbourne 

(SWF, 2017) 
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4.6.2 Methods and materials  

4.6.2.1 Circumferential barrel fracture  

Between 2014 and 2017, ten failure cases of CI pipes were collected for failure analysis. Most of these 

pipes had previously leaked (Figure 4-13 (a)) and were repaired using tightened clamps (Figure 4-13(b)). 

The background information is shown in Table 4-6.  

The nominal thickness (𝑡0) and diameter (𝐷𝑖) were measured, and the corrosion products were removed 

by low-speed sand blasting. The corroded metallic surfaces were recorded using a three-dimensional 

(3-D) Creaform laser scanner. The wall thickness changes along the major fracture surface were 

analysed based on 3-D scanning data. The circumferential crack opening angles (2θ, shown in Figure 

4-14) were obtained by measurement or site pictures.   

Table 4- 6 Summary of CI pipe failures 

ID 
𝐷𝑖  

(mm) 
Location Depth (m) 

Construct-

ion 
Leak1 

Replacing
2 

Failure 

mode 
2θ 

1 100 Driveway 0.95 1973 05/2016 - Leak 180 

2 100 Natural strip 0.90 1966 05/2016 - Leak 160 

3 100 Natural strip 0.95 1973 08/2006 03/2017 LBB - 

4 150 Minor road 0.85 1958 03/2017 - Leak 140 

5 100 Driveway 0.45 1960 03/2017 - Leak 150 

6 100 Driveway 0.85 1960 03/2017 - Leak 70 

7 100 Minor road 0.60 1958 03/2017 - Leak 85 

8 150 Driveway 0.90 1967 05/2014 06/2014 Leak 220 

9 100 Driveway 0.90 1959 12/2009 06/2014 Leak 300 

10 100 Driveway 0.75 1929 02/2003 06/2014 LBB - 

1. Leaking time refers to the first site inspection or installation of tightened clamps. 

2. Some repaired pipes are still in service. 

 

 
(a) 

  
(b) 

Figure 4- 13 (a) Leakage of a 100 mm-diameter CI pipe through a circumferential crack; (b) 

Tightened clamp in a leaking CI pipe 
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Figure 4- 14 Pipe containing a circumferential crack 

4.6.2.2 Leak criterion 

Leakage in corrosion pits is controlled to a large extent by the corrosion depth. The linear relationship 

between corrosion depth and remaining strength (Equation 4.19) was investigated using mechanical 

tests of corroded specimens (Rajani, 2000; Yamamoto et al., 1983). The minimum specified tensile 

strengths for static and spun CI pipes listed in BS-78 (1938) and AS-1724 (1975) are used in this 

analysis. The remaining strengths and corrosion depths are plotted in Figure 4-15(a).  

The hoop stress induced by internal pressure for intact pipes is expressed in Equation 4.1. Equation 4.21 

presents the condition when the circumferential crack is generated, i.e., the bending stress is equal to or 

higher than the hoop stress and the tensile strength of the CI pipe (Equations 4.20 and 4.21). For 

corroded pipes, a circumferential crack initiates when pipe stress is above the residual strength allowing 

for corrosion (Equation 4.21). The crack orientation is determined by the magnitudes of hoop and 

bending stresses.  

Figure 4-15(b) shows the remaining strengths of corroded CI pipes in full-scale bending tests conducted 

by Atkinson et al. (2002). CI pipes containing through-wall corrosion pits are able to sustain a bending 

stress up to 100 MPa (Figure 4-15(b)), which indicates that the cracked pipes have remaining strength 

and localised failures occur before catastrophic breaks, justifying the possibility of LBB applicability.  

 𝜎𝑟 = 𝜎𝑢 (1 −
𝑐

𝑡0
) (4.19) 

 𝜎𝑏 > 𝜎𝑛  (4.20) 

 𝜎𝑏 ≥ 𝜎𝑟 (4.21) 

where, 𝜎𝑢 is ultimate material tensile strength, 𝜎𝑟 is remaining strength, 𝜎ℎ is hoop stress induced by 

internal pressure, 𝑐 is corrosion depth, and 𝜎𝑏 is bending stress. 
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(a) 

 

(b) 

Figure 4- 15 Correlations between fracture stresses and corrosion ratios: (a) specimen tests; (b) full-

scale bending tests 
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4.6.2.3 Break criterion 

The break criterion of CI pipes containing a circumferential crack is controlled by bending stress, crack 

length and fracture toughness. The intensity factor is expressed in Equation 4.22, and the geometric 

factor is adopted from Tada et al. (2000) and Miedlar et al. (2002). The half-crack opening angle (θ) is 

demonstrated in Figure 4-14. 

The fracture toughness of CI pipes can be determined by material and full-scale tests. The results of 

tests of single-edged notched-beam (SENB) specimens range from 15 to 27 MPa m1/2 (Mohebbi et al., 

2010), and full-scale bending tests provide higher values between 22 and 29 MPa m1/2 (Conlin and 

Baker, 1991). Therefore, the value of 15 MPa m1/2 is conservatively selected for evaluating the 

remaining strength of cracked CI pipes.  

 𝐾𝐼 = 𝜎𝑠 √𝜋𝑎 𝐹 (4.22) 

where, 𝐾𝐼 is intensity factor, 𝑎 is half-crack length, 𝐹 is geometric factor, and 𝐾𝐼𝐶 is fracture 

toughness.  

4.6.3 Results and discussion 

4.6.3.1 Failure analyses 

The original wall thicknesses of the selected failure cases range from 9 to 11 mm, which match the 

archived standards BS-78 (1938) and AS-1724 (1975). The circumferential crack lengths account for 

20- 60% of the entire perimeter when the leaking pipes were initially repaired. The cracks open to either 

pipe crown or base. Significant wall reduction is observed in the region of crack initiation, and the crack 

tips are arrested in the thick-walled areas (Figure 4-16). 

Water leakage from a through-crack may be detectible when the backfill soil is fully saturated prior to 

a catastrophic break. A partial circumferential crack is easily repaired using screw-tightened clamps 

(Figure 4-13(b)). Field observations show that tightened clamps provide additional service life to 

leaking pipes without allowing breakages. However, corrosion rates in clamped sections are expected 

to rise and eventually cause breaks or capacity loss (see Cases 3, 9 and 10). 
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(a) 

 

(b) 

Figure 4- 16 Pipe sample 8 with a circumferential crack (a) Corrosion damage; (b) 3-D scanning 

image 

4.6.3.2 Crack initiation  

The hoop stresses induced by internal pressures for CI pipes with diameters of 100 and 150 mm were 

calculated using Equation 4.1 and the results are plotted in Figure 4-17 along with the typical bending 

stress (refer to Figure 4-12), assuming an average wall thickness of 10 mm and operating pressures 

ranging from 300 and 1,200 kPa. As shown in Figure 4-17, the critical hoop stress is generally less than 

the soil bending stress, which indicates that circumferential fracture is more critical for small-diameter 

CI pipes. According to the linear strength reduction correlation (Equation 4.19), circumferential crack 

initiation requires a corrosion depth at least 85% or more of the original wall thickness.  

4.6.3.3 Remaining capacity of CI pipes containing a through circumferential crack  

For CI pipes with diameters of 100 and 150 mm and with a nominal thickness of 10 mm, the remaining 

strengths are evaluated using Equations 4.13 and 4.22. The half-crack opening angle ranges from 10º 

to 110º. The geometric factors were adopted from both Tada et al. (2000) and Miedlar et al. (2002), and 

a lower bound fracture toughness of 15 MPa m1/2 was selected. The results are plotted in Figure 4-18, 

and the remaining capacity declines with increasing crack length along the perimeter. The required 

bending stresses for leaking CI pipes listed in Table 4-6 are also shown in Figure 4-18. 
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Figure 4- 17 Soil bending stress, hoop stress and remaining strength in small-diameter spun CI pipes 

 

 

Figure 4- 18 Remaining strength of CI pipes containing a circumferential crack 
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4.6.4 Discussion  

This study analyses the recent failure of small-diameter CI pipes. Multiple failure processes of 

circumferential fracture occur in CI pipes. The LBB criteria are proposed for CI pipes under bending 

stress using the stress criterion and the LEFM. The LBB concept is shown to be applicable to these 

pipes with circumferential fractures, which explains the time window between initial leak and final 

fracture under ordinary soil stresses. The findings of failure analysis and case studies are detailed below:  

• Bending stresses from ground movements in small-diameter CI pipes are generally higher than 

the levels of hoop stress produced by internal pressure.  

• Circumferential fracture is more commonly observed than longitudinal fracture in CI pipes with 

diameters of 100 and 150 mm due to the relatively higher soil bending stress than hoop stress 

• Crack initiation occurs in severe corrosion pits (at least 85% of pipe wall) and leads to water 

leakage.  

• Leaking pipes still show substantial structural capacity, and the LBB concept appears to be 

applicable to CI pipes under bending stress. 

• The lengths of circumferential cracks normally go through 20%- 60% of the entire perimeter, 

which allows the easy solution of installing tightened clamps as a means of pipe repair. 

However, clamps may leak, leading to increased corrosion and soil moisture in local areas, 

which can lead to acceleration of subsequent failure.  More effort is required to investigate these 

observations. 
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4.7 Conclusions  

The LBB phenomenon has been observed in recent failures and full-scale bursting tests of large-

diameter CI pipes. Over-designed pipe walls and coalesced pitting or patch corrosion in soil 

environment are the main reasons for the occurrence of LBB in CI pipes.  

The LBB criteria for large-diameter CI pipes are proposed and verified by experimental results of burst 

tests. The procedures of LBB assessment for corroded CI pipes are proposed in accordance with LBB 

standards issued for other piping industries. Similarly, some findings of LBB evidence in small-

diameter CI pipes which failed by circumferential fracture were summarised, and it was explained why 

the tightened clamp is an effective method to repair leaking small-diameter CI pipes. 

From the field evidence, a detectable leak may be observed prior to a burst event, which results in a 

LBB time window ranging from ten days to months. However, these inferred time windows are based 

on the current leak detection technology, which is not geared for this purpose. Therefore, an 

improvement in leak detection technology and leak signatures and relating them to pipe distress levels 

could significantly improve the LBB time window calculation and hence the potential for pipe failure 

prevention. The detailed evaluation of crack growth rates and LBB time windows is shown in Chapters 

6 and 7. The LBB concept is potentially applicable for corroded CI water pipes.  
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Chapter 5 Formation of through cracks in deteriorated cast iron pipes 

under cyclic pressures 

 

 

 

 

 

5.1 Introduction 

A significant portion of large-diameter (typically with diameters ≥ 300mm) water pipelines around the 

world including Australian water pipelines are made of cast iron (CI) (Rajeev et al., 2014). The 

predominant failure mode of large diameter CI mains is longitudinal barrel fracture (Makar, 2000). As 

identified by Makar (2000), the major factors affecting this failure mode are internal pressure and pipe 

corrosion. Most Australian CI water mains laid before the1980s have deteriorated by corrosion due to 

a number of factors, such as the absence of effective coatings, the aggressive surrounding soil 

environment and lack of cathodic protection. Rathnayaka et al. (2017b) found that a large corrosion 

patch is required to initiate failure in a large diameter pipe in order to provide sufficient stress 

concentration to initiate a crack. Such corrosion patches can occur by the coalescence of  a number of 

small corrosion pits, which are very common in external pipe surfaces (Ji et al., 2015; Robert et al., 

2016a). Full-scale static bursting tests conducted by Rathnayaka et al. (2017b) showed leakage through 

a crack in a cast iron pipe first occurs at the thinnest-walled area, typically located at the base of a 

corrosion patch. This phenomenon has been explained by limit load analysis as follows: a through-crack 

is generated when the hoop stress in the patch centre exceeds the tensile strength (Ji et al., 2015). 

Routine pressure transient events or any other similar loading conditions can create through-cracks in 



CHAPTER 5 

88 

 

severely corroded pipe sections. Generation of these cracks may lead to a leak or longitudinal fracture 

failure, depending on the corrosion patch configuration (Rathnayaka et al., 2016a).  

Cyclic pressures (i.e. pressure transients) in water supply networks can be caused by routine pump and 

valve operations, power failures, fire hydrant operations and pipe bursts/refills (Rathnayaka et al., 2015; 

Sharp, 1981; Webb et al., 1978). Water pipes are normally subjected to positive pressures with relatively 

consistent pressure patterns, except for some extreme cases such as burst events and un-intentional 

power cuts to pump stations which may lower pressures even to below zero. Therefore, tension-to-

tension cyclic stresses are common in water supply networks. Limited effort has been made to evaluate 

the fatigue resistance of CI pipes in this regard. Belmonte et al. (2009) conducted stress-controlled 

bending fatigue tests on beam samples cut from small-diameter CI pipes. The result of their study could 

not be used plot clear S-N curves due to varying corrosion damage in the specimen used for testing. 

Yamamoto et al. (1983) prepared both smooth and corroded fatigue test specimens from two trunk 

mains to conduct stress-controlled bending tests. The fatigue endurance limit (𝜎𝑒) refers to the stress 

level that can be applied cyclically and the material survives after 10 million cycles. The experimental 

results showed bending fatigue endurance limits within 10 million cycles are approximately equal to 

60% of the flexural strength. A research study conducted by Brotzen and Wallace (1957) showed 

bending fatigue tests over-estimated the tensile fatigue endurance limit due to the presence of 

compressive behaviour during flexural tests.  

According to ASTM-G46 (1994), elliptical (Type b) and wide shallow (Type c) pits are common shapes 

of corrosion pits for CI pipes. In some studies, the corrosion pits in CI pipes are described as either 

hemispherical or hyperbolic in shape (Brevis et al., 2015). With the exception of the studies reported 

by Brevis et al. (2015), Marshall (2001), Mohebbi et al. (2010) and Rajani (2000), limited data are 

available to quantify corrosion patch configurations in CI pipes. Grooved notches represent the common 

geometry of corrosion pits in CI pipes, which have lower stress concentration factors than V-shaped 

notches (Gilbert, 1968). The stress near a notched area of a pipe is higher than the nominal stress. The 

stress concentration factor of notches is defined as the ratio between the maximum stress (𝜎𝑚𝑎𝑥) in the 

vicinity of a notch and nominal stress (𝜎𝑛) in a uniform pipe section. The maximum stress with a 

grooved notch is calculated taking into account the net cross-sectional area of the notched specimen 

under static tensile load (Pilkey, 1997).  

For CIs with a strength of 200 MPa or below, the effects of V-notches in reducing fatigue resistance are 

limited (Gilbert, 1968; Kommers, 1928; ISO-185, 1988). The notch fatigue reduction factor (𝐾𝑓𝑛) can 

be assumed to be approximately 1.0 for corroded CI pipes, based on the geometry of soil corrosion pirts 

or patches in CI pipes. Table 5-1 summarises the notch fatigue strength reduction factors of CI pipes 

reported in the research literature. The fatigue endurance limits are greatly affected by corrosive 

environments and the duration of the tests. The results of reversed bending fatigue tests in water and 
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seawater environments reported for CI pipes are also provided in Table 5-1 (Collins and Smith, 1942; 

Gilbert and Palmer, 1969). An equation to calculate the corrected fatigue endurance limit (𝜎𝑒
′), taking 

into account the notch effects and corrosive environment is expressed in Equation 5.1:  

 
𝜎𝑒
′ =

𝜎𝑒
𝐾𝑓𝑛 𝐾𝑓𝑐

 
(5.1) 

where, Kfn and Kfc are respectively the reduction factors for notched and un-notched specimens, as 

detailed in Table 5-1. 

In this chapter, the fatigue behaviour of CI water pipes is studied using the relevant research data and 

experimental results. Previous research outcomes are analysed and adopted where appropriate and 

several evaluation methods are recommended to address the effects of mean stress and notch effects on 

pipe performance and pipe asset life estimation. Finally, a sensitivity analysis by time-driven 

simulations is conducted to identify the key factors that may lead to high potential of fatigue damage.   

Table 5- 1 Summary of fatigue strength reduction factors of cast irons (𝜎𝑢< 300 MPa) 

Reduction factor Item Range References 

Notched specimens 

(𝐾𝑓𝑛) 

Grooved 1.00- 1.28 
Gilbert (1968) 

Grant (1950) 

V-notch 
1.00- 1.71 Gilbert (1953) 

1.00- 1.03 ISO-185 (1988) 

Un-notched specimens with 

different corrosive mediums  

(𝐾𝑓𝑐) 

Water 

1.29 
Collins and Smith 

(1942) 

1.28- 1.59 
Gilbert and Palmer 

(1969) 

1.23 Davis (1996) 

Seawater 1.55- 2.47 
Gilbert and Palmer 

(1969) 
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5.2 Methodology 

5.2.1 Fatigue Test Specimen Preparation Procedure 

The stress-controlled fatigue tests were conducted in accordance with ASTM-E466 (2007).  The 

corrosion products were removed by low-speed sand-blasting. The test specimens were cut from five 

selected ex-service CI pipe sections received from water utilities across Australia. Rectangular 

specimens with tangentially blending fillets were created, due to the curvatures of the sample pipes 

(Figure 5-1).  Background information on the pipes selected for fatigue testing is provided in Table 5-

2.  

All fatigue tests were conducted using an Instron-8800 fatigue testing machine with a frequency of 5 

Hz. Each test specimen was continuously tested until failure or the cycle count reached 20 million, 

when the test was terminated. The stress ratio (R), stress range (𝛥𝜎), alternating stress (𝜎𝑎) and mean 

stress (𝜎𝑚) used for fatigue analysis are defined in Equations 5.2 to 5.4.  The stress ratio of 0.1 was 

selected to obtain the correlation between fatigue strengths and failure cycles for all pipe specimens. 

 𝑅 =
𝜎𝑚𝑖𝑛
𝜎𝑚𝑎𝑥

 (5.2) 

 𝜎𝑎 =
1

2
 (𝜎𝑚𝑎𝑥 − 𝜎𝑚𝑖𝑛) (5.3) 

 𝜎𝑚 =
1

2
 (𝜎𝑚𝑎𝑥 + 𝜎𝑚𝑖𝑛) (5.4) 

The stress ratios of 0.3 and 0.5 were used for specimens from Pipes 1 and 5 only.  The empirical 

equations of fatigue endurance limits proposed by Goodman (Equation 5.5) and Gerber (Equation 5.6) 

(Schijve, 2001) were used to verify the endurance fatigue limits obtained from fatigue tests. 

 𝜎𝑎 = 𝜎𝑒 (1 −
𝜎𝑚
𝜎𝑢
) (5.5)  

 𝜎𝑎 = 𝜎𝑒 [1 − (
𝜎𝑚
𝜎𝑢
)
2

] (5.6)  

Table 5- 2 Pipe sample information used for stress-controlled fatigue tests 

Pipe ID Location 
Manufacturing 

method 
Buried year 

Nominal 

diameter 

(mm) 

Tensile 

strength 

(MPa) 

1 Sydney Pit 1922 600 104 

2 Melbourne Spun 1938 380 151 

3 Newcastle Spun 1957 300 173 

4 Sydney Spun 1961 500 148 

5 Melbourne Spun 1976 300 214 
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(a) 

 
(b) 

 

(c) 

Figure 5- 1 (a) Fatigue testing, (b) Fractured cast iron specimens, (c) Sketch of fatigue test specimens 

(mm) 

5.2.2 Effect of Corrosion 

5.2.2.1 Assessment of corrosion pits/patches 

Three CI pipe rings 300 mm long from Pipes 1, 2 and 3 as of Table 5-2 were examined to determine 

the configuration of corrosion pits/patches. The corrosion products on the external surfaces were 

removed by low-speed sand-blasting. The selected pipe sections were scanned using a CREAFORM 3-

D laser scanner. All corrosion pits/patches over 1.0 mm in depth were recorded. 

Two non-dimensional parameters, the length-depth ratio (LDR) and the aspect ratio (AR), are 

introduced to define a corrosion pit/patch in a CI pipe (Equations 5.7 and 5.8) and these two quantities 

describe the geometry of elliptically-shaped corrosion pits or patches. These two non-dimensional 

quantities were used to analyse the corrosion pits/patches in this study. 

 
𝐿𝐷𝑅 =

2𝑎

𝑐
 

(5.7) 

 
𝐴𝑅 =

𝑎

𝑏
 

(5.8) 
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5.2.2.2 Pitting corrosion rate  

For buried pipelines, the pitting corrosion rates of CI pipes are strongly related to the soil condition and 

exposure period (Petersen and Melchers, 2014; Rajani, 2000). The two-phase corrosion growth model  

proposed by Rajani (2000) was adopted in the present study.  Equation 5.9 is rewritten from Equation 

3.4: 

 𝑐 = 𝑟𝑠 𝑡 + 𝐶𝑠 (1 − 𝑒
−𝑡 𝜏⁄ ) (5.9) 

where, 𝑟𝑠 is long-term corrosion constant, 𝐶𝑠 is corrosion scaling constant, τ is corrosion transient time, 

and 𝑡 is exposure time.  

5.2.3 Fatigue damage analysis  

5.2.3.1 Pipe stress 

The stress concentration factor (SCF) is affected by pipe internal diameter (𝐷𝑖), thickness (𝑡𝑜) and patch 

configurations (2a, 2b and c), which has been established by the pipe stress prediction model developed 

in the ACAPFP project (Ji et al., 2015; Zhang et al., 2017). The stress prediction model was intended 

to provide guidance to the structural analysis associated with the condition assessment of pressurised 

CI pipelines. The model was developed to analyse the longitudinal failure mode of a pipe barrel due to 

a single ellipsoid like corrosion defect. The model provides a way to assess the concentrated maximum 

stress in the corrosion patch caused by internal pressure, as expressed in Equation 5.10.  

 
𝜎𝑚𝑎𝑥 = 𝑃𝑚𝑎𝑥

𝐷𝑖
2𝑡𝑜

 𝑆𝐶𝐹 
(5.10) 

5.2.3.2 Effect of cyclic pressure 

Two types of cyclic pressures are considered in this analysis: (1) bursts/refills and (2) transient events. 

The stress ratio of a cyclic pressure event can be determined by using the minimum and maximum 

pressure. This is because the stress concentration factor depends only on the pipe geometry and 

corrosion patch configuration. Three pressure cases were considered in the analysis: Case 1: 

Burst/refills; Case 2: Pressure transients; and Case 3: Burst/refills and transients. Although burst/refill 

events are rare compared with routine pressure transients, they tend to give a low stress ratio, leading 

to severe fatigue damage.  

5.2.3.3 Cumulative damage 

The cumulative fatigue damage from cyclic pressures was quantified by the fatigue damage factor using 

the Miner’s rule, which is given in Equation 5.11 (Schijve, 2001). With the growth of corrosion patches, 

the stress level and the fatigue damage in the critical locations of the pipe (typically at the base of the 
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patch) also increase. A through-wall crack is generally assumed to occur when the fatigue damage factor 

reaches 1.0. However, a critical value of 0.2 was proposed by Brevis et al. (2015) for CI pipes in 

corrosive soil environments. The results of a series of fatigue tests summarised by (Schijve, 2001) with 

variable-amplitude loading also showed the occurrence of fractures with a fatigue damage factor as low 

as 0.15. Therefore, a critical fatigue damage factor of 0.2 was adopted in this analysis to indicate the 

occurrence of a through-wall crack in the base of a corrosion patch. 

 

 𝐷𝑐𝑟 =∑
𝑛𝑖
𝑁𝑖

𝑘

𝑖=1

= 0.2 (5.11)  

where, 𝐷𝑐𝑟 is critical fatigue damage factor,  𝑁𝑖 is the number of failure cycles for a stress amplitude to 

cause a fracture, 𝑛𝑖 is the number of cycles for a stress amplitude, and k is different stress spectra. 

5.2.3.4 Analytical method 

A sensitivity analysis was conducted to identify the critical factors contributing to fatigue damage in 

corroded cast iron pipes. Pipe lifetime simulations on an annual basis were conducted to evaluate 

corrosion patch growth in the external pipe surface. The corresponding stress concentration factors 

(SCFs), fatigue stress spectra and cumulative damage were evaluated at the end of each year. The 

exponential corrosion growth (Equation 5.9) and constant length-to-depth ratio (LDR) and aspect ratio 

(AR) were used to describe the corrosion configurations over the exposure period for each simulation.  

For the analysis conducted in this study, the fatigue strength reduction factors (𝐾𝑓𝑛 and 𝐾𝑓𝑐)  were 

assumed to be 1.0; however, in practical applications the impact of these factors must be considered. 

The S-N curves obtained by fatigue testing were used in this simulation. Three spun CI pipe sizes (i.e. 

400mm, 450mm and 500 mm) were selected for the analysis. The input parameters shown in Table 5-

3 were selected on the basis of data from the research literature, experimental observations and field 

measurements. The influence of each parameter on fatigue performance was evaluated by changing its 

value within the range specified in Table 5-3 and fixing all other parameters to the base value. Using 

this analysis, the relative importance of various factors affecting pipe fatigue performance was 

identified. It is considered that a through-wall crack in a corrosion patch base forms when the maximum 

hoop stress exceeds the tensile strength of the pipe material. However, the fatigue mechanism may 

reduce the service life when 𝐷𝑐𝑟 reaches 0.2. The reduced servicing lifetime due to fatigue damage is 

expressed in Equation 5.12. The overall analysis procedure used in this study is provided in Figure 5-2. 

 ∆𝑇 = 𝑇𝑜 − 𝑇𝑓 (5.12)  
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where, 𝑇𝑜  is the exposure time to form a through-wall crack by ignoring fatigue damage, 𝑇𝑓  is the 

exposure time to form a through-wall crack by fatigue damage, and 𝛥𝑇 is the reduced servicing lifetime. 

 

Table 5- 3 Input parameters used for fatigue sensitivity analysis 

Variable Base Min Max References 

Maximum transitent 

pressure, 𝑃𝑚𝑎𝑥 (MPa) 
0.9 0.6 1.5 

Rathnayaka et al. (2015) 

Burst-refills frequency, 𝑓1        

(per year) 
15 0 30 

Transient frequency, 𝑓2 (per 

day) 
2 0 4 

Transient stress ratio, R 0.3 0.1 0.6 

Long-term corrosion 

constant, 𝑟𝑠 (mm/ year) 
0.02 0.006 0.1 

Rajani and Tesfamariam 

(2007) 

Corrosion scaling constant, 

𝐶𝑠 (mm) 
12 6 16 

Corrosion transient time, τ 

(year) 
8 5 30 

Aspect ratio of corrosion 

patch, 𝐴𝑅 
1 0.5 2 Rajani (2000); 

Length-depth ratio of 

corrosion patch, 𝐿𝐷𝑅 
5 2 10 

Rajani (2000); Marshall 

(2001) 

Nominal wall thickness, 𝑡𝑜 

(mm) 
Class 2 Class 1 Class 3 

Jiang et al. (2017b) 

AS-1724 (1975); BS-78 

(1938) 

Tensile strength of static CI, 

𝜎𝑢,𝑠𝑡 (MPa) 
100 80 120 

Jiang et al. (2017b); AS-1724 

(1975) Tensile strength of spun CI, 

𝜎𝑢,𝑠 (MPa) 
150 120 200 
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Figure 5- 2 Flowchat of the fatigue analysis  
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5.3 Results and discussion 

5.3.1 Fatigue test results  

3.1 Fatigue test results  

The fatigue ration, Rf  (Equation 5.13), is defined by the ratio of maximum fatigue stress in a stress 

cycle to ultimate tensile strength of the testing material. The fatigue rations are plotted against the 

fatigue loading cycles under the stress ratios of 0.1, 0.3 and 0.5 and the results are shown in Figure 5-

3. The endurance ratios from empirical equations and experimental results for Pipe 1 and 5 are also 

shown in Figure 5-2 under the stress ratios of 0.1, 0.3 and 0.5. The fatigue lives within 1,000 and 10,000 

cycles can be defined in the low cycle fatigue (LCF) regime, while the specimens surviving after this 

range are considered as high cycle fatigue (HCF) regime for water pipelines. The Gerber relationship 

(Equation 5.6) was used to predict the fatigue endurance of CI pipes under high stress ratios, and the 

high mean stresses tend to prolong the fatigue life for both the low cycle fatigue (LCF) and high cycle 

fatigue (HCF) regimes. The proposed models are plotted in Figure 5-3 to fit with the experimental 

results.  

The results shown are for the specimens which failed within 1 million cycles or which survived at least 

10 million cycles. The specimens failing between 1 million and 10 million cycles were not observed. 

Although the test specimens were cut from five different CI pipes, linear correlations were found 

between the fatigue rations and failure cycles, as shown in Figure 5-3. The power equation shown in 

Equation 5.14 is adopted to describe the fatigue strength of CI pipes (Bannantine et al., 1990). The 

fatigue ration at 1,000 cycles is approximately 0.9, which is the interception ratio (𝑅𝑓,𝐿𝐶𝐹, shown in 

Figure 5-3) between the LCF and HCF regimes for R=0.1. A preliminary version of the S-N curve is 

proposed based the test data (Figure 5-3). The failure cycles in both the LCF and HCF regimes can be 

predicted by Equation 5.14, based on the interception point and endurance ratio. The correlations 

between tensile strengths and tensile endurance limits are plotted in Figure 5-4, and the upper and lower 

limits for the endurance ratio are 0.50 and 0.25 respectively for most cases. It is clear that the tensile 

endurance limit rises with the increase of material tensile strength. In this study, the endurance ratios 

range from 0.48 to 0.55, and a conservative value of 0.5 is recommended for CI pipes under axial tension 

fatigue.  

 𝑅𝑓 =
𝜎𝑚𝑎𝑥
𝜎𝑢

 (5.13) 

 𝑅𝑓 = 10
𝐴𝑓  𝑁𝐵𝑓 (5.14) 

where, 𝑅𝑓 is the fatigue ration,  𝐴𝑓 is the fatigue ration coefficient, and 𝐵𝑓 is the fatigue ration 

exponent.  
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Figure 5- 3 Failure cycles vs. fatigue rations 

 

 

Figure 5- 4 Correlations between tensile strengths and tensile fatigue limits 
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5.3.2 Corrosion effects  

Table 5-4 summarises the configuration of external corrosion pits/patches, which shows that circular or 

sub-circular pits are widely distributed and the mean of the LDR ranges from 6.0 to 7.0. Although some 

large corrosion patches may be formed by the coalescence of a number of small corrosion pits, the 

statistical results can still represent most of the corrosion shapes based on as-received corroded 

specimens. 

5.3.3 Fatigue damage analysis 

The pipe lifetime simulations (detailed in Section 5.2.3) using the base variables in Table 5-3 indicated 

that all three pressure cases (Case 1-Burst/refills, Case 2- Transients and Case 3- Burst/refills and 

transients) can result in an early fatigue crack compared with the no fatigue scenario for the selected 

pipe sizes (400mm, 450mm and 500 mm). The resulting cumulative damage factor with exposure time 

is shown in Figures 5-5(a), 7(b) and 7(c). The damage factors grow dramatically after reaching the 

critical factor of 0.2, which means the selected critical value of 0.2 is a reasonable and conservative 

estimate to indicate an early fracture under fatigue damage due to cyclic pressures.  

Table 5- 4 Corrosion pit/patch configurations 

Pipe ID 
Number of 

pits/patches 

Length to depth ratio (LDR) Aspect Ratio (AR) 

Mean 
Standard 

Deviation 
Mean 

Standard 

Deviation 

1 183 6.5 8.5 1.0 0.6 

2 42 7.0 3.9 1.2 0.6 

3 31 6.0 3.5 1.1 0.5 

 

 

(a) 
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(b) 

 

(c) 

Figure 5- 5 Fatigue damage for spun cast iron pipes under base input parameters: (a) 400 mm 

diameter; (b) 450 mm diameter; (c) 500 mm diameter 

5.3.4 Sensitivity Analysis 

The reduced servicing lifetime by fatigue mechanism, ∆𝑇 (Equation 5.12), was used to identify the 

sensitive factors for fatigue damage. The effect of burst-refill and transient events was evaluated under 

pressure Case 1 and Case 2, respectively. The values of ∆𝑇 were calculated under Case 3 (critical 

pressure case: Transient and burst-refill) for the rest of the analyses. 

CI water pipes were generally manufactured in three classes to withstand variations in operating 

pressures (assumed at design stage), and the wall thickness of pipes increased according to the pipe 

diameter and operating pressure (AIS, 1941; BS-78, 1938). As shown in Figure 5-6 (a), pipes with low 

wall thickness tend to have longer ∆𝑇. Figure 5-6 (b) shows that CI pipes with high tensile strength 
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experience lower impact of fatigue damage resulting in higher fatigue resistance. The effect of fatigue 

damage may be more significant for networks operating at high pressures. This is shown in the 

sensitivity analysis results in Figure 5-6 (c), where ∆𝑇 increases with maximum operating pressures. 

The decrease of the stress ratios of transient events increases the level of fatigue damage, as shown in 

Figure 5-6 (d). This means the occurrence of low pressure transient events together with high pressure 

transient events in the same pipe or pipeline could cause more severe fatigue damage in contrast to the 

pipelines without transient or burst-refill events. The analysis conducted on both routine pressure 

transient (f2) events and occasional burst / re-fill (f1) events indicated routine events (Figure 5-6 (f)) can 

cause less fatigue damage than occasional events (Figure 5-6 (e)).  

As shown in Figure 5-6 (g-i), the long-term corrosion constant (𝑟𝑠) has a significant influence on fatigue 

damage in deteriorated CI pipes compared to the corrosion scaling constant (𝐶𝑠) and corrosion transient 

time (τ). Medium-to-low values of the long-term corrosion rate allow longer service life with continuous 

fatigue damage. However, a significantly high value of the long-term corrosion rate may restrict the 

potential for fatigue damage and result in a through-crack mainly by corrosion. The corrosion scaling 

constant and corrosion transient time have relatively minor effects on the fatigue damage of CI pipes. 

This may be attributed to the fact that fatigue damage initiates mainly during long-term exposure and 

is controlled by the long-term corrosion rate.  

In addition, the increase of the LDR and AR forms a longer corrosion patch in the longitudinal direction, 

which may result in higher stress concentration (Ji et al., 2017). The evidence that more fatigue damage 

would be induced in the corrosion patches as a result of high stress concentrations can be observed in 

Figures 5-6 (j) and (k).  
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(i) 

 
(j) 

 
(k) 

 

Figure 5- 6 Reduced exposure time (𝛥𝑇) by fatigue for variations in: (a) wall thickness, (b) tensile 

strength, (c) maximum internal pressure, (d) stress ratio, (e) frequency of burst-refill events and (f) 

long-term corrosion rate; (g) long-term corrosion constant; (h) corrosion scaling constant; (i) 

corrosion transient time; (j) length to depth ratio (LDR); (k) aspect ratio (AR) 
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5.4 Conclusions 

In this study, S-N curves were developed by fatigue tests for CI pipe material from coupons cut from 

five CI pipes. Published data from the research literature were also used for comparison with the 

experimental results. The literature data confirmed that fatigue strengths are strongly correlated with 

ultimate tensile strengths. A fatigue endurance ratio of 0.5 was measured for CI pipes under a low stress 

ratio (less than 0.1), and Gerber’s relationship enabled the evaluation of the endurance ratios for high 

stress ratio scenarios (R > 0.1). However, the analysis indicated that the increase of the stress ratio may 

prolong the failure cycles. The examination of corrosion pit/patch configurations indicated that most 

corrosion damage was either circular or elliptical in shape. Although high stress near a corrosion patch 

/ pit affects the fatigue performance by generating high stress, the notch effects on the fatigue properties 

of cast iron pipes are negligible.  

The results indicate that fatigue may initiate cracks at critically corroded patches prior to limit state 

failure (stress = tensile strength).  Sensitivity analysis in conjunction with pipe lifeline simulations 

revealed a number of critical factors for fatigue damage in corroded CI pipes under cyclic pressures. 

Fatigue damage tends to be more severe in networks with high operating pressures, low stress ratios 

due to transient events and pipes with low tensile strength. The long-term corrosion constant was also 

identified as a critical variable for fatigue damage. Ageing CI pipes buried in pressure zone prone to 

pressure transients or /and frequent bursts may require additional condition assessment to assess the 

risk of fatigue damage. Further research is recommended to explore the impact of corrosive soil 

environments on fatigue resistance.  
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Chapter 6 Fatigue crack growth rates of pressurised cast iron water mains 

 

 

 

 

 

6.1 Introduction  

Corrosion is the predominant mechanism of pipe deterioration, which reduces the thickness of the pipe 

wall and forms stress concentrators in external pipe surfaces (Nicholas and Moore, 2009; Petersen and 

Melchers, 2012). Corrosion is a relatively time-consuming process as maximum long-term corrosion 

rates are less than 1 mm per year, even in severely corrosive environments and in many cases orders of 

magnitude lower (Petersen and Melchers, 2012; Rajani, 2000). Rathnayaka et al. (2017b) observed that 

through-wall cracks initiate approximately in the centre of corrosion patches and the crack must reach 

a critical length to generate a burst under normal operational pressures. Hence, pipe corrosion driven 

by the surrounding soil may be the main reason for stress concentration or crack initiation rather than 

crack propagation in CI water-pipe barrels.  

Three crack growth mechanisms are possible that contribute to crack growth in CI pipe barrels: fatigue, 

stress corrosion cracking (SCC) and corrosion fatigue. Almost all the stresses in pipe networks, 

including internal pressure, thermal stress and traffic loads, are time-dependant and can be treated as 

cyclic stresses in fatigue analysis (Brevis et al., 2014; Doyle et al., 2003; Rajani et al., 2012). Grey CI 

is an alloy with high resistance to SCC, as demonstrated by experiments (Charlot and Westerman, 1981; 
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Miyasaka and Ogure, 1987). Therefore, fatigue is likely to be the likely fatigue crack growth mechanism 

for grey CI pipes.  

Fatigue is a common deterioration mechanism for metallic infrastructures, including bridges and 

building structures (Anderson, 2005; Schijve, 2001). An existing crack may propagate under cyclic 

loadings, and fatigue crack growth rates (FCGRs) are generally quantified by the Paris’ law (Schijve, 

2001). Limited testing results of the FCGR parameters for British static CI pipes have been reported by 

Mohebbi et al. (2010) and Rajani et al. (2012). Corrosion fatigue is the crack growth mechanism when 

the structure is subjected to cyclic loads and a corrosive environment (Schijve, 2001). The corrosive 

medium accelerates the fatigue crack growth. However, the exact mechanism of corrosion fatigue is 

still debatable. The effect of corrosive environments is discussed in this chapter.  

The metallic fracture surface generated by fatigue crack growth may contain macroscopic and 

microscopic features, depending on the material, loadings and environmental media (Forsyth, 1969). 

Beach (tide) marks and fatigue striations are common macroscopic and microscopic features of fatigue 

surfaces, respectively; however, these features are easily damaged by corrosive environments (Forsyth, 

1969). Previous studies attempted to capture fatigue striations in the fracture surface of CI specimens 

(Belmonte et al., 2009; Mohebbi et al., 2010). Nevertheless, clear fatigue striations were not easily 

captured in previous studies. Different corrosion products observed in the fracture surfaces indicate the 

failure processes and phases of crack propagation in CI pipe barrels (Cullin et al., 2014; Makar, 2000; 

Rajani et al., 2012). 

This chapter evaluates the FCGR parameters and threshold toughness of CI water pipes. These 

parameters can be used to predict the leak-before-break (LBB) time window in deteriorated CI water 

pipes under different operational pressures, once a fracture has initiated. The initiation of a fracture was 

discussed in Chapters 4 and 5.    
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6.2 Methodology 

6.2.1 Fatigue crack growth rates (FCGR) tests 

The FCGR parameters from the empirical model of Paris’ law (Equation 2.12- 2.14) have been 

successfully used to predict fatigue failure and evaluate the remaining life of aerospace and bridge 

structures (Anderson, 2005; Schijve, 2001). Crack growth driven by fatigue can be divided into three 

phases: crack initiation, propagation, and final fracture. The FCGR parameters (Paris’ constants) can 

be obtained from the curve of crack propagation (Figure 6-1).  

 𝛥𝐾 = 𝐾𝑚𝑎𝑥 −𝐾𝑚𝑖𝑛 = 𝑌 𝜎𝑚𝑎𝑥√𝜋𝑎𝑡 − 𝑌 𝜎𝑚𝑖𝑛√𝜋𝑎𝑡 =  𝑌  𝛥𝜎√𝜋𝑎𝑡 (2.12) 

 
𝑑𝑎

𝑑𝑁
= 𝐶 𝛥𝐾𝑚 (2.13) 

 𝑅 =
𝐾𝑚𝑖𝑛
𝐾𝑚𝑎𝑥

=
𝜎𝑚𝑖𝑛
𝜎𝑚𝑎𝑥

 (2.14) 

where, 𝑎𝑡 is through-wall crack length, 𝑁 is the number of stress cycles, 𝐶 and 𝑚 are Paris’ constants, 

𝜎𝑚𝑎𝑥 is maximum nominal stress, 𝜎𝑚𝑖𝑛 is minimum nominal stress,  𝛥𝜎 is the stress difference, 𝐾𝑚𝑎𝑥 

is maximum stress intensity factor, 𝐾𝑚𝑖𝑛 is minimum stress intensity factor,  and 𝛥𝐾 is the range of the 

stress intensity factor.  

Specimens were taken from five decommissioned or fractured CI water trunk mains, and their chemical 

composition and microstructural features were determined.  The tensile strength and fracture toughness 

were obtained, based on the standardised testing approaches detailed in Chapter 3. Basic information 

on the pipe specimens is summarised in Table 6-1.  

 

Figure 6- 1 Conceptual diagram of fatigue crack growth, modified from Anderson (2005) 
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The FCGR tests were conducted at a frequency of 0.5 Hz in accordance with ASTM-E647-13a (2013). 

Due to the restriction of pipe wall shapes, single-edge-notched beam (SENB) specimens were prepared 

from the five decommissioned pipes (detailed in Figure 6-2). The depth of the beam specimens was 

determined by the remaining wall thickness, and the bending span (S) was maintained at least four times 

the beam depth (W). The thickness (B) was half of the beam depth, and a straight-through notch of 5.0 

mm was prepared by wire cutting with a tip radius of 0.5 mm. A three-point bending set-up was arranged 

for all fatigue tests using an Instron-4402 with a 20 kN load cell. The stress intensity factors of the 

SENB specimens for bending fatigue tests were calculated using Equations 2.13 and 6.1–6.3 (Anderson, 

2005). 

 𝐾𝑚𝑎𝑥 =
𝐹𝑚𝑎𝑥𝑆

𝐵𝑊3/2
 𝑓(
𝑎𝑡
𝑊
) (6.1) 

 𝐾𝑚𝑖𝑛 =
𝐹𝑚𝑖𝑛𝑆

𝐵𝑊3/2
 𝑓(
𝑎𝑡
𝑊
) (6.2) 

 
𝑓 (

𝑎

𝑊
) =

3(
𝑎𝑡
𝑊)

1/2 [1.99 − (
𝑎𝑡
𝑊)(1 −

𝑎𝑡
𝑊)
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(6.3) 

where, 𝐹𝑚𝑎𝑥 is maximum bending load, 𝐹𝑚𝑖𝑛 is minimum bending load, 𝑆 is bending span, 𝑊 is beam 

depth, 𝐵 is beam thickness, 𝑎𝑡 is through crack length, and 𝑓 (
𝑎

𝑊
) is a geometric factor for the SENB 

specimen.  

A digital image correlation system (Aramis) was used to record the crack growth and surface 

deformations until the occurrence of final fracture. As stated in ASTM-E647-13a (2013), a pre-crack 

was made by low-amplitude fatigue loading with a stress ratio of 0.1. The process of pre-cracking was 

monitored by the Aramis program, and the final length of the pre-crack was measured prior to the FCGR 

test. Stress ratios of 0.1, 0.3 and 0.5 were used. The FCGR testing set-up and digital image correlation 

system are shown in Figures 6-3 and 6-4. 

 

Figure 6- 2 Schematic of SENB specimen 
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Table 6- 1 Summary of CI pipe specimens 

ID 
Casting 

type 
Burial year 

Nominal pipe 

diameter (mm) 

Tensile strength 

(MPa) 

Fracture toughness 

(𝑀𝑃𝑎√𝑚) 

1 Static 1922 600 104 13.8 

2 Spun 1938 380 151 15.3 

3 Spun 1957 300 173 14.9 

4 Spun 1961 500 148 14.0 

5 Spun 1976 300 214 16.8 

 

 

Figure 6- 3 FCGR test set-up of CI pipe specimen during loading 

 

 

Figure 6- 4 Fatigue crack growth recorded by digital image correlation system 
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6.2.2 Threshold toughness 

The values of threshold toughness (ΔK𝑡ℎ), expressed in Equation 6.4, represent the minimum required 

crack length that starts to propagate under a certain fatigue stress spectrum, which is highly dependent 

on the stress ratio and testing environment (Schijve, 2001). As shown in Figure 6-1, the threshold 

toughness can be defined as the initiation of fatigue crack propagation.  

ΔK𝑡ℎ = 𝛿 (1 − R)γ  (6.4) 

where, ΔK𝑡ℎ is threshold toughness, R is stress ratio, and, 𝛿 and 𝛾 are the threshold parameters (Schijve, 

2001). 

The threshold toughness and the corresponding stress ratio of each FCGR were recorded. The research 

data on threshold toughness were also summarised to evaluate the threshold parameters defined in 

Equation 6.4. 

6.2.3 Fractography examination  

The fracture surface of a FCGR specimen includes two separate surfaces: the fatigue surface and the 

fast (instantaneous) fracture surface. Both macroscopic and microscopic features of the fracture surfaces 

of the FCGR specimens were examined in this study. The exact region of the fatigue fracture surface 

was verified by the crack growth data from the image correlation system.  

The fractured specimens were stored in moisture-free containers. The macroscopic appearances of each 

FCGR specimen could be viewed without a microscope. A Dino-Lite digital microscope camera was 

used to verify the fatigue and fast fracture surfaces. A JEOL 7001F scanning electron microscope (SEM) 

was used to capture the microscopic features of these fracture surfaces.  
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6.3 Results and discussion  

6.3.1 FCGR parameters 

The crack growth and the corresponding cycle numbers were used to plot the crack growth curves in 

terms of the change of the stress intensity factor and the crack growth rate. The FCGR parameters were 

obtained from the crack growth curves. The fatigue crack growth rates of the Pipe 1 specimens are 

plotted in Figure 6-5, and the results of the FCGR parameters of five CI pipes are summarised in Table 

6-2.  

Data from the research literature on either SENB beams or compact tension (CT) specimens from CI 

pipes or other grey CI specimens were compared with the test results. Table 6-3 summarises the data 

from the literature on FCGR parameters.  

The average results for the FCGR parameters of the static CI pipe (Pipe 1) are similar to the results for 

the spun CI pipes (Pipes 2 – 5). The average FCGR parameters represent the general crack propagation 

rate in CI pipe barrels, which indicate the remaining life of leaking CI pipes under certain spectra of 

operational pressures. The stress ratios have been shown to have little influence on the FCGR 

parameters obtained by fitting the power equation (Equation 2.13). 

Table 6- 2 FCGR parameters of CI water pipes (values in brackets are the average for each pipe 

tested) 

Pipe Number of tests m C (m/cycle) 

1 5 6.7 - 8.6 (7.5) 7.0×10-15 - 2.2×10-13 (7.4×10-14) 

2 4 6.5 - 9.8 (8.4) 1.4×10-17 – 8.0×10-14 (2.2×10-14) 

3 3 7.8 – 11.9 (9.9) 2.3×10-17 – 2.4×10-15 (1.1×10-15) 

4 6 4.5 – 9.2 (6.4) 5.0×10-16 – 8.0×10-12 (2.2×10-12) 

5 3 6.9 – 9.0 (7.8) 1.1×10-15 – 3.7×10-14 (1.9×10-14) 

Average  - 7.8 6.5×10-13 

Table 6- 3 Comparison of Paris’ constants from research literature data and full-scale tests 

Specimen R 
Paris’ constants 

Reference 
m C (m/cycle) 

SENB 0.1 7.4 - 8.0 2.1×10-16 - 4.6×10-15 Mohebbi et al. (2010) 

SENB 0.1 9.4 - 11.3 9.6×10-21 - 1.3×10-15 Rajani et al. (2012) 

SENB 0.1, 0.5 7.0 – 7.5 1.0×10-14 - 5.0×10-15 Baicchi et al. (2007) 

CT 0.05, 0.3, 0.7 6.2 - 6.7 6.1×10-16 - 2.6×10-12 Bulloch (1995) 

CT 0.01 5.9 - 7.2 6.0×10-15 - 2.0×10-16 Hornbogen (1985)1 

CT 0.1 5.5 1.8×10-14 - 5.1×10-15 Kapadia and Imhof (1979) 

SENB 0.1, 0.3, 0.5 4.5 – 11.9 1.4×10-17 – 8.0×10-12 This study 
1 The FCGR parameters were from the best-fitting of the graphic plots. 
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Figure 6- 5 Fatigue crack growth curves of Pipe 1 specimens 

6.3.2 Threshold toughness 

The values of threshold toughness obtained from the FCGR tests on five CI water trunk mains were 

calculated using Equation 6.4. Figure 6-6 summarises the experimental results for the threshold 

toughness of CI pipes with different stress ratios.  

The data from the research literature on the threshold toughness of CI pipes and CI materials are also 

plotted in Figure 6-6 (Baicchi et al., 2007; Bulloch, 1995; Hornbogen, 1985; James and Li, 1999; 

Mohebbi et al., 2010; Rajani et al., 2012; Romaniv et al., 1981; Taylor et al., 1996). The threshold 

toughness of CI is significantly influenced by the stress ratio of the fatigue test. Furthermore, threshold 

toughness can be reduced or even ignored in corrosive environments, which means fatigue damage may 

not be restricted by limited crack length or low stress levels in a corrosive soil or water environment 

(Anderson, 2005; Rajani et al., 2012).  

The threshold parameters of CIs, defined in Equation 6.4, 𝛿 and γ are equal to 8.6 and 0.5, respectively, 

based on the curve shown in Figure 6-6. These values represent the average threshold parameters of CIs 

subjected to cyclic loadings in an air environment, which are the upper boundary for the threshold 

toughness of CIs in corrosive environments.  
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Figure 6- 6 Threshold toughness based on FCGR tests and literature data with stress ratios 

6.3.3 Features of fractography 

6.3.3.1 Macroscopic features 

The surfaces of the failed FCGR specimens include two different regions: the fatigue surface and the 

final (fast) fracture surface. Figure 6-7 presents the typical fracture surfaces of specimens obtained from 

CI water pipes, which show distinguishable regions with different appearances. These regions are 

consistent with the crack growth data recorded by the digital image correlation (DIC) system. Typically, 

a fatigue pre-crack initiates at the edge of the straight-through notch, and the crack propagates during 

the FCGR test until the crack reaches the critical length, resulting in fast fracture. 

The fatigue surfaces of CI pipe specimens are smoother than the surfaces of fast fractures, and the 

textures of the fatigue surfaces are different from the fast fracture surfaces. The colour of the fatigue 

surfaces of spun CI pipe specimens (Pipes 2 - 5) is generally lighter than the colour of the fast fracture 

surfaces (see Figure 6-7). No colour change was observed in the fracture surfaces of the static CI pipe 

specimen (Pipe 1), primarily due to the existence of pearlitic matrices (detailed in Chapter 3).  
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 6- 7 Fracture surfaces of FCGR specimens of CI water pipes: (a) Pipe 1; (b) Pipe 2; (c) Pipe 3; 

(d) Pipe 4; (e) Pipe 5 

 

6.3.3.2 Microscopic features   

The tide (beach) marks captured on the fatigue surfaces of the FCGR specimens are perpendicular to 

the cyclic loading direction, which are visible through SEM microscopy. Figure 6-8 shows that the tide 

marks generated by the cyclic loads are distributed on the fatigue surface. The mode of transgranular 

cracking (fracturing through metallic metrices) was observed in both fatigue and fast fracture regions.  
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Tide marks were observed in all pipe specimens, and a comparison of fatigue and fast fracture surfaces 

is illustrated in Figure 6-9. Tide marks caused by cyclic loads were not observed on the fast fracture 

surfaces.  

Fatigue striations were rarely observed on the fatigue fracture surfaces of the CI water pipes tested, and 

two sets of fatigue striations are shown in Figure 6-10. Due to the large distribution of graphite flakes, 

the fatigue striations cannot be fully generated in these scattered metallic matrices.  In comparison with 

the tide marks, these fatigue striations cannot be considered as a common microscopic feature of the 

fatigue surface of the CI used in water pipes.  

(a) 
 

(b) 

Figure 6- 8 SEM images of FCGR fracture surface- fatigue surface (Pipe 1): (a) low magnification 

image; (b) enlarged image of the red square containing tide marks under cyclic loading 

 

 
(a) 

 
(b) 

Loading  
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(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 6- 9 SEM images of FCGR fracture surfaces: (a) Fatigue surface: Pipe 3; (b) Fast fracture 

surface: Pipe 3; (c) Fatigue surface: Pipe 4; (d) Fast fracture surface: Pipe 4; (e) Fatigue surface: Pipe 

5; (f) Fast fracture surface: Pipe 5 

 
(a) 

 
(b) 

Figure 6- 10 SEM images of fatigue striations in Pipe 1 specimens under FCGR testing  
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6.4 Conclusion 

In this chapter, the fatigue crack growth in CI water pipe barrels was evaluated using the Paris’ law. 

Fatigue crack growth rate (FCGR) parameters were reported based on a testing program of FCGR 

experiments on SENB specimens taken from five large-diameter CI water pipes. The stress ratios were 

found to have limited effects on the FCGR parameters. These test results are similar to the data in the 

literature on the FCGR parameters of CI water pipes and CI materials.  

The values of the threshold toughness of CI water pipes were reported on the basis of the FCGR tests. 

The threshold toughness is significantly dependent on the stress ratios used in the fatigue tests. The 

threshold toughness parameters were provided from the curve of best fit of the test and the literature 

data. Water and corrosive soil environments may reduce the threshold toughness of CI water pipes. 

The fracture surfaces of the FCGR specimens were examined to capture the features of fatigue fracture 

surfaces. The fatigue surface region shows a smoother texture and lighter colours, compared with the 

fast fracture surfaces. Furthermore, although tide marks were commonly observed in the SEM images 

for all pipes, fatigue striations were rarely seen on the fatigue fracture surfaces. These features of fatigue 

surfaces may not be visible in many pipe samples, as the fatigue surface may be damaged by the in-situ 

corrosive medium. 
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Chapter 7 Full-scale validation tests and simulation 

 

 

 

 

 

7.1 Introduction  

As detailed in Chapter 4, through-cracks initiate in the base of a corrosion patch in the CI pipe barrel, 

and are arrested in the ligaments of the thick remaining wall (Rathnayaka, 2016). Rajani and Kleiner 

(2010) and Rezaei et al. (2015) suggest that the fatigue induced by cyclic pressures may be the 

predominant crack growth mechanism causing pipes to fracture/burst. Full-scale pipe fatigue tests on 

steel and aluminium pressure pipes also show that cyclic pressure loading is capable of generating and 

propagating through-wall cracks in areas of high stress concentration, causing pipe failure (Alexander 

et al., 1997; Erdogan et al., 1969).  

Controlled laboratory experiments can provide valuable information to enable understanding of the 

failure mechanisms of fatigue-driven failures caused by pressure variations in water pipelines. 

Therefore, a new pipe burst test facility has been developed at Monash University, Australia to examine 

the failure mechanisms of large-diameter CI pipes. In the first phase of development, the test facility 

was capable of continuously raising pressure inside a test pipe section to fail the test pipe section (Phase 

1). The pump used to operate the burst test facility was not capable of increasing the pressure when the 

crack length exceeded a certain length (i.e., the pump flow rate was too low to account for water leakage 
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through the crack). In addition, the generation of cyclic pressure variations was not possible, as the 

pump in this test facility was operated manually.  Therefore, possible crack growth due to fatigue could 

not be investigated. To investigate the effect of fatigue damage caused by cyclic pressures, the burst 

test facility mentioned above was upgraded to permit cyclic pressure variations. Using this upgraded 

facility, the research questions on fatigue crack initiation and propagation in CI pipe barrels were 

verified by full-scale burst tests of 600 mm diameter CI water pipes under cyclic pressures.  

As a preliminary numerical simulation, the cohesive zone model (CZM) was established to simulate the 

fracture processes of composite and brittle materials (Barenblatt, 1962; Dugdale, 1960). The CZM of a 

bilinear traction-separation law was adopted to evaluate the behaviour of brittle fracture using Abaqus 

finite element software (Diehl, 2008).  

In the present study, failures of large diameter pipes were examined for use as case studies for fatigue- 

driven failures. Many failures destroyed the evidence during violent bursts. However, one case study 

involving a failure initiated from an adjacent joint was possible to be studied. This study is presented in 

this section as the concluding case study in this project. 

This chapter summarises the results of full-scale burst tests under cyclic pressures that validate the 

research questions addressed in Chapters 5 and 6.  In addition to the small specimens used in Chapter 

6, FCGR parameters were also obtained from these full-scale burst tests, which were used to estimate 

the LBB time window for preventing bursts of CI trunk mains from detectable leaks. The CZM is 

proposed to evaluate the leak and burst pressure of deteriorated CI trunk mains, and failures of CI trunk 

main bursts are analysed to demonstrate the revised approach to forensic investigation of the influence 

of fatigue on CI trunk main failures.  
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7.2 Full-scale burst tests 

7.2.1 Burst facility  

The burst facility was developed in two phases which are able to supply both static and cyclic pressures. 

The Phase 1 development of the burst test facility consisted of three sections: pipe containment, 

pressurisation system and instrumentation system. Detailed information about this test facility can be 

found in (Rathnayaka, 2016). An upgrade of the test facility (Phase 2) was required to maintain the 

desired internal water in a cracked pipe to overcome the leak flowing through a longitudinal crack. Two 

cylinders with pistons (henceforth referred to as transfer barrier cylinders (TBCs)) were incorporated 

to pressurise the test pipe and to store water temporarily before transferring it to the test pipe (see Figure 

7-1 (b)). A minimum of two TBCs are required to conduct continuous pressure cycles (i.e., while the 

first cylinder is pressurising the pipe, the second cylinder is re-filled, in preparation for the cylinder to 

generate subsequent pressurisations). The next step in the design procedure was to calculate the size of 

the TBCs needed to generate the critical pressure profile shown in Figure 7-1 (a). The bore diameter of 

the selected TBCs was 254 mm and the rod (i.e., piston, see Figure 7-1 (b)) diameter of the selected 

TBCs was 228.6 mm.  

The design pressure profile shown in Figure 7-1 was decided on the basis of the large-scale pressure 

monitoring program and represents a worst-case pressure-transient scenario (Rathnayaka et al., 2016a; 

Rathnayaka et al., 2016b). The effective bore length of each TBC installed is 2 m. The annulus side of 

each of the TBCs is connected to a standard hydraulic power unit rated to 35 MPa (see Figure 7-2). The 

hydraulic power unit includes a standard hydraulic pump (HP) and motor, a hydraulic oil storage tank, 

two electronically-operated directional control valves (DCVs) and an electro-hydraulic pressure- relief 

valve (PRV) (see Figure 7-2).  The bore of each TBC is connected to the test pipe through a water 

management system. The water management system of the pipe fatigue test facility contains a water 

pump (WP) and several shut-off valves (SOFs). The water required for the tests is stored in the large 

storage tank below the test cell. The design of the TBCs (the area ratio of 5.26 between bore and annulus) 

allows the hydraulic oil side of the system to operate at high pressure-low flow conditions and the water 

side of the TBCs to operate at low pressure-high flow conditions. 

The operational criteria for all valves and pumps in this test facility during a fatigue test are programmed 

in the Think & Do (i.e., SCADA program) computer program in such a way that the test facility is fully 

automated. This enables the facility to run fatigue tests for a long period of time without human 

interference. In addition, it is possible to run the test facility in manual mode to fill/empty the test pipe 

and to fill/empty the TBCs. The first step of the testing procedure is to run the water pump, keeping all 

SOFs identified as SOF 1 to SOF 4 in Figure 7-2 in the open position, with the exception of SOF 5. 

This valve arrangement enables the HP to fill the test pipe using water stored in the storage tank under 
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the test chamber. The test pipe is surrounded by four polycarbonate panels that capture and send the 

water leaking from the test pipe back into the storage tank; therefore, the water can be recirculated 

within the system. Once the test pipe is filled with water, SOF 1 and SOF 4 are closed and TBC 1 is 

filled using the same water pump through SOF3. When TBC 1 is fully filled (see Figure 7-2, pressure 

cycle i, TBC 1) the pipe fatigue test can be started. It is possible to use the water in a single stroke of 

one TBC to conduct several pressure cycles, depending on the leak rate through the crack (in this case, 

real leak flow rate < design leak flow rate). However, when explaining the operation of the test facility 

in the following text, it is assumed that the critical crack leaks water, and the water from one full stroke 

of TBC is consumed during one pressure cycle (leaking water = TBC stroke water).  

A hydraulic power unit is used to run the hydraulic pump and drive TBC 1 downwards to pressurise the 

test pipe section and to perform the fatigue test on the test pipe with an initial pin-hole crack. To allow 

hydraulic oil to enter the annulus of the TBC 1, the automatic control system sets the directional control 

valve 1 (DCV 1) in the forward position (see Figure 7-2, pressure cycle i). While the TBC 1 is running 

to conduct pressure cycle i, the water pump sends water through SOF 3 to fill TBC 2 (see Figure 7-2, 

pressure cycle i). When TBC 2 is completely filled with water, the laser displacement gauge sends a 

signal to the control system to shut down the water pump until TBC 1 empties. During this process, 

DCV 2 stays in the reverse flow position to send the hydraulic oil inside the annulus of TBC 1 back to 

the hydraulic oil holding tank. 

The combined operation of the hydraulic pump and the TBCs is only able to increase the pressure inside 

the test pipe. In order to decrease the pressure inside the test pipe to generate the lower half of the 

pressure profile shown in Figure 7-1, the test pipe should have a sufficient leak that can decrease 

pressure to a specified valve within a specified time. If the test pipe does not have a sufficiently large 

leak, an external hose is connected to the top end-plate to provide precise control of the pressure (see 

Figure 7-2). In a fully-automated fatigue test, the required pressure profile is inputted into the SCADA 

program to generate the required pressure variation in the test pipe section. The measurements taken by 

pressure transducers that are connected to the test pipe are used to control the operation of the pressure 

relief valve and to adjust the pipe pressure.  

If all the water inside TBC 1 is consumed during the ith pressure cycle (critical scenario), both DCV1 

and DCV 2 change their status to reverse the operation of the TBCs (see Figure 7-2, pressure cycle i+1). 

This setting allows hydraulic oil to be sent to TBC 2 to generate pressure cycle i+1. To change the 

direction of water flow, SOF 1 and 4 are opened and SOF 2 and 3 are closed and the water pump is 

turned on to fill TBC 1 to prepare TBC 1 to conduct the next pressure cycle. The ball valve located 

downstream of SOF 1 and SOF 2 is used to empty the test pipe after completion of the pipe fatigue test. 

The pressure transducers attached to the test facility are capable of taking readings at 10 Hz. The flow 

rate though the crack in the pipe is calculated using the movement of the piston recorded by laser 
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displacement gauges (LDGs) during the fatigue test. In addition, the SCADA software automatically 

counts the number of pressure cycles throughout the test and displays the latest pressure profile on the 

computer screen. The complete fatigue test facility is shown in Figure 7-3. 

 

Figure 7- 1 (a) Critical design pressure profile and transfer barrier cylinders (TBCs) stroke variation 

when running test for critical pressure profile and (b) the cross section of TBC 
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Figure 7- 2 Schematic of pipe fatigue test facility 
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Figure 7- 3 Components of pipe fatigue test facility 

7.2.2 Pipe specimens and testing procedures 

The pipe specimens used in fatigue tests were taken from a decommissioned 600 mm diameter static 

CI pipeline that was in service between 1922 and 2011 in the Sydney Water network. The average 

tensile strength and fracture toughness of the pipe material is 103 MPa (range of test results: 83–120 

MPa) and 13.8 MPa√m (range of test results: 12.8–14.7 MPa√m), respectively, as detailed in Chapter 

3. Moderate corrosion was found on both the internal and external pipe surfaces. The internal corrosion 

of the test pipe sections was removed to obtain a smooth, uniform surface free from corrosion. The 

dimensions of the pipe specimens and patch configurations are summarised in Table 7-1. 

Two fatigue tests (F1 and F2) were carried out on the pipe specimens with a longitudinal through- crack 

generated by internal pressures which were part of the pipe burst test program conducted in the 
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ACAPFP project (detailed in Chapter 4). The aim of these tests was to evaluate fatigue crack 

propagation in CI pipe barrels under cyclic pressures. Fatigue test 3 (F3) was designed based on the 

CZMs conducted in the finite element software, Abaqus (detailed in Section 7.3). The aim of F3 was to 

verify the fatigue crack initiation in CI pipe barrels under cyclic pressures. Both the internal and external 

surfaces of these pipe specimens were scanned using a Creaform 3-D laser scanner. The patch 

configurations of the fatigue test specimens are shown in Figure 7-4. 

Pressure cycles with a stress ratio of 0.5 were supplied by the system, which means the minimum 

pressure was half of the maximum pressure of a pressure cycle. The measured pressure profile during 

fatigue test 1 is shown in Figure 7-5. These measurements were taken at a rate of 5 Hz and the results 

indicated the test facility is capable of generating the required pressure profile accurately. The internal 

pressures and crack lengths in each test are shown in Table 7-1.  

Strain gauges were attached on the external surface of test specimens to record the strain changes during 

the fatigue tests. The fatigue tests were recorded by two cameras. The crack lengths on the external pipe 

surface were measured, and these data were verified by the videos of the fatigue tests. In addition, the 

leak rates through the longitudinal cracks were measured for the first fatigue test to verify the analytical 

solution of leak rates in CI pipe barrels detailed in Chapter 4. 

Table 7- 1 Summary of full-scale fatigue test specimens 

Test 
Length 

(m) 

𝑡0 

(mm) 

Patch configuration  

(mm) 

Pressure  

(MPa) 

Crack length 

(mm) Purpose 

2a 2b c min. max. initial final 

F1 1.6 18 400 160 14.5 0.5 1.0 75 420 Crack propagation 

F2 1.7 22 190 190 18.5 0.4 0.8 80 110 Crack propagation 

F3 1.3 18 500 170 14.5 0.45 0.9 0 ~5 Crack initiation 

 

(a) 

0

5

10

15

20

25

-300 -200 -100 0 100 200 300

T
h
ic

k
n
es

s 
(m

m
)

Longitudinal direction (mm)

F1
F2
F3



CHAPTER 7 

125 

 

 
(b) 

 
(c) 

 
(d) 

Figure 7- 4 Patch configurations of fatigue test specimens: (a) longitudinal thickness; (b) F1; (c) F2; 

(d) F3 

 

Figure 7- 5 Pressure profile in Fatigue Test 1 (i.e. simulated pressure transient) 

7.2.3 Results and discussion 

7.2.3.1 Propagation of a through-crack by cyclic pressure 

An existing longitudinal crack enables grow under cyclic pressures. The longitudinal crack grew 

symmetrically in the artificial patches under the fatigue mechanism induced by cyclic internal pressures. 

The fatigue growth rates in the patched area are strongly affected by the patch configurations. The 

intensity factors and the corresponding crack growths were calculated using Equations 2.12- 2.14 and 
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7.1- 7.4, based on the measured crack length and operational pressures. The geometric factors for 

pressurised pipes containing a longitudinal crack (Equations 7.1- 7.3) are taken from Tada et al. (2000). 

The wall thickness in the crack tips was used to estimate the nominal stress and geometric factor with 

the growth of crack length.  

 𝐾𝐼 = 𝜎𝑛𝑡 √𝜋 𝑎𝑡 𝐹(𝜆) (7.1) 

 
𝐹(𝜆′) = {

√1 + 1.25𝜆′2, 0 < 𝜆 ≤ 1

0.6 + 0.9𝜆′, 1 ≤ 𝜆 ≤ 5
, 

(7.2) 

 
𝜆′ =

𝑎𝑡

√𝑅𝑖𝑡𝑡
 

(7.3) 

 
𝜎𝑛𝑡 = 𝑃 

𝑅𝑖
𝑡𝑡

 
(7.4) 

where, 𝑎𝑡 is a half of the crack length on external pipe surface, 𝑁 is stress cycle, 𝐾𝐼 is intensity factor, 

𝜎𝑛𝑡 is nominal stress for a pressurised pipe with a longitudinal crack within a corrosion patch, 𝐹(𝜆) is a 

geometric factor for pressurised pipe containing a longitudinal crack, 𝜆′ is a dimensionless factor, 𝑅𝑖  is 

internal pipe radius, and 𝑡𝑡 is the wall thickness of the crack tip. 

The data on crack growth with pressure cycles are plotted in Figure 7-6. The best fittings of the power 

equation (Paris’s law) (Equation 2.13) provide the FCGR parameters for the full-scale fatigue tests. The 

average FCGR parameters are similar to the test results obtained from the SENB specimens (detailed in 

Chapter 6). The results for the FCGR parameters from both full-scale and specimen fatigue tests are 

summarised in Table 7-2.  

Table 7- 2 FCGR parameters of CI water pipes from specimen and full-scale tests 

Test Number of tests m C (m/cycle) 

Full scale: Static CI 2 7.9 (7.0- 8.7) 
1.8×10-14  

(4.8×10-15- 3.1×10-14) 

Specimen: Static CI 5 7.5 (6.7- 8.6) 
7.4×10-14  

(7.0×10-15- 2.2×10-13) 

Specimen: Spun CI 16 7.8 (4.5- 11.9) 
8.3×10-13  

(1.4×10-17- 8.0×10-12) 
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Figure 7- 6 Fatigue crack growth rates of CI water pipes from full-scale and specimen fatigue tests 

7.2.3.2 LBB time window 

The LBB time window can be estimated from the entire cycle numbers to propagate an initial crack to 

the critical length. Equation 7.5 is rephrased from the Paris’ law (Equation 2.13). The initial crack length 

is determined by the corrosion patch configuration, and the final critical crack length is controlled by 

the maximum pressure, pipe dimensions and fracture toughness. An analysis and discussion of the initial 

and final critical length are provided in Chapter 4. The number of pressure cycles can be estimated 

using Equations 2.12- 2.14 and 7.1- 7.5. 

 𝑁𝑓 = ∫
1

𝐶(∆𝐾)𝑚
 𝑑𝑎𝑡

𝑎𝑐

𝑎𝑖

 (7.5) 

where, 𝑁𝑓  is failure cycle number, 𝑎𝑖  is half of the initial crack length in pressurised pipe with a 

corrosion patch, and 𝑎𝑐 is half of the final critical crack length in pressurised pipe with a corrosion 

patch. 

The water leak rates from the longitudinal crack were estimated through the analytical solution 

(Equations 7.6- 7.9). The water leak and crack propagation during fatigue test 1 (F1) are shown in 

Figure 7-7, and a comparison of measured leak rates and the analytical solution for the F1 test is plotted 

in Figure 7-8. A modulus of elasticity of 100 GPa was used in this analytical solution. This analytical 

solution is suitable for predicting the leak rates above 25 L/min, which is the lower limit of the global 

leak detection method summarised in Chapter 2. Therefore, the LBB time window can be redefined as 
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the period between a detectable leak and the final burst event, which is shown in the failure analysis in 

Section 7.4. 

 𝜆 =
𝑎𝑡

√𝑅𝑖 𝑡0
 (7.6) 

 𝐺(𝜆) = {
𝜆2 + 0.625𝜆4                                                0 < 𝜆 ≤ 1
0.14𝜆 + 0.36𝜆2 + 0.72𝜆3 + 0.405𝜆4     1 ≤ 𝜆 ≤ 5

 (7.7) 

 𝐴 =
2𝜋𝑅𝑖

2𝑃 𝐺(𝜆)

𝐸
 (7.8) 

 𝑄 = 𝐶𝑑𝐴√2𝑃 (7.9) 

where, 𝜆 is a dimensionless factor for pressurised pipe with uniform wall thickness and a longitudinal 

crack,  𝑡0 is the nominal wall thickness, 𝐺(𝜆) is the geometric factor for crack opening area, 𝐴 is the 

crack opening area, 𝑃 is internal pressure, 𝐸 is the modulus of elasticity, 𝑄 is leak rate,  and 𝐶𝑑 is the 

discharge coefficient, with 0.67 being used for a longitudinal crack in CI pipes (Cassa et al., 2010). 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

 
(h) 

Figure 7- 7 Water leak and crack propagation of full-scale fatigue test 1 (F1) 
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Figure 7- 8 Leak rates with crack lengths based on data and analytical solution 

 

 
(a) 

 
(b) 

Figure 7- 9 Fatigue crack initiation: (a) location of crack initiation; (b) crack initiated by cyclic 

pressures 
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7.2.3.3 Initiation of a through-crack by cyclic pressure 

Fatigue crack initiation was observed in fatigue test 3 (F3). The crack initiated in the central area of an 

artificial patch (Figure 7-9) under cyclic pressures ranging from 0.45 to 0.9 MPa. The through-wall 

crack was generated after about 750 pressure cycles which were recorded by a strain gauge. The 

cumulative hoop strain in the artificial patch is plotted in Figure 7-10. The maximum stress in the 

patched area and cycle number is shown in Figure 7-11, in comparison with the stress-controlled fatigue 

tests obtained from specimens. 

Cyclic pressures enable to generate a through-wall crack in the areas subjected to stress concentration. 

Local manufacturing defects or graphite flakes may also play the role of stress concentrators.   

 

Figure 7- 10 Hoop strain recorded in area of fatigue crack initiation 
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Figure 7- 11 S-N curves of CI water pipes from specimen and full-scale tests 
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7.3 Validation of burst tests: cohesive zone models  

7.3.1 Traction separation law  

The cohesive zone model was established to address the fracture of composite or brittle materials 

(Barenblatt, 1962; Dugdale, 1960). The finite element software Abaqus 6.13 provides a function 

defining the cohesive behaviour for a contacting surface.  

The bilinear traction-separation law is adopted to describe the behaviour of brittle fracture. The bilinear 

traction-separation law (Figure 7-12) is expressed by Equations 7.10 and 7.11 (Chen and El-Hacha, 

2013; Lundberg and Eliasson, 2015).  

 𝐺𝑐 =
𝑇𝑢 𝛿𝑓

2
 (7.10) 

 𝐾 =
𝑇𝑢
𝛿0

 (7.11) 

where, 𝐺𝑐 is the fracture energy, K is the penalty stiffness, 𝑇𝑢 is the ultimate traction stress, 𝛿0 is the 

separation at damage initiation, and 𝛿𝑓 is the separation at failure. 

The ultimate traction stress (𝑇𝑢) is assumed to be equal to the tensile strength of CI (𝜎𝑢), and the penalty 

stiffness (K) is related to the modulus of elasticity (Diehl, 2008). Although the fracture energy of CIs 

cannot be directly measured, the relationship between fracture energy and fracture toughness (Equations 

7.12- 7.14) is used to evaluate the fracture energy of CIs (Anderson, 2005).     

 𝐺 =
𝐾𝐼
2

𝐸
 (7.12) 

 𝐺 ≥ 𝐺𝑐 (7.13) 

 𝐾𝐼𝑐 ≥ 𝐾𝐼 (7.14) 

where, G is the energy release rate, which is larger than or equal to the fracture energy (𝐺𝑐),  𝐸 is the 

modulus of elasticity, 𝐾𝐼 is the intensity factor, and 𝐾𝐼𝑐 is the fracture toughness. 

The fracture toughness of CIs is greatly affected by the methods of testing and analysis (Bradley and 

Srinivasan, 1990). The values of fracture toughness reported for specimen tests are significantly lower 

than the results from the specimen tests (Conlin and Baker, 1991). The typical ranges of mechanical 

properties of CI pipes are summarised in Table 7-3. 
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Figure 7- 12 Bilinear traction-separation model 

Table 7- 3 Typical ranges of mechanical properties of static CI pipes 

Mechanical properties This study Review data References 

Tensile strength 

(MPa) 
80- 120 65- 160 Seica and Packer (2004) 

Modulus of elasticity 

(GPa) 
60- 100 78- 150 

Rajani and Kleiner 

(2013b) 

Fracture toughness 

(MPa√m) 
13- 15 

22- 29  Conlin and Baker (1991) 

15- 27 Mohebbi et al. (2010) 

 

7.3.2 Methodology  

7.3.2.1 Selection of cohesive zone model parameters 

To simulate longitudinal fractures in CI pipe barrels, a contact surface is defined in Abaqus with the 

properties of cohesive behaviour and damage (Figure 7-13). The properties of the contact surface were 

evaluated from the ranges identified in the research literature and test results. The full-scale burst tests 

in corroded CI pipes were simulated using the cohesive zone model (CZM) in the finite element (FE) 

program in Abaqus 6.13.  

The leak and burst pressures can be obtained using intact pipe models (T1, T2, T3, T4 and F3). The 

leak pressure is defined by the separation of elements on internal surfaces, and the burst pressure is 

determined by the pressure which causes the total separation of contact surfaces in the pipe segment. 

The simulation plan and pipe dimensions are summarised in Table 7-4.  

Linear tetrahedral meshes were chosen for meshing the pipe segments with patches. Different mesh 

sizes were used to evaluate the cohesive behaviour of the contact surface, and the optimum mesh size 

of 0.4 mm for cohesive models was determined by trial analyses. The stress concentration of each pipe 

segment (summarised in Table 7-4) is shown in Figure 7-14. 
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Figure 7- 13 Contact surface in pipe structure 

Table 7- 4 FE simulation of pipe dimensions 

Pipe 

sample 

Length 

(mm) 

to  

(mm) 

2a  

(mm) 

2b  

(mm) 

c  

(mm) 
Patch 

T1 1.34 25 125 93 17.9 Natural 

T2 1.71 25 190 190 20 Artificial 

T3 1.26 17 330 100 13 Artificial 

T4 1.58 18 400 160 14.5 Artificial 

F3 1.5 18 500 170 15 Artificial 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 
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(e) 

Figure 7- 14 Abaqus models: (a) T1; (b) T2; (c) T3; (d) T4; (e) F3 

 

7.3.3.2 Evaluation of remaining capacity of leaking corroded CI pipes  

The burst pressures can be analysed using the models with an existing crack (F1 and F2). The simulation 

plan and pipe dimensions are summarised in Table 7-5. To simulate cracked pipes, two separated 

contact surfaces were defined, and the crack length was controlled by the area without surface properties. 

It should be noted that FE-CZM does not simulate the LBB window or fatigue life of corroded CI pipes. 

It only computes the critical crack length at failure under monotonic loading.  

Table 7- 5 FE Simulation of pipe dimensions 

Pipe 

sample 

Length 

(mm) 

to  

(mm) 

2a  

(mm) 

2b  

(mm) 

c  

(mm) 
Patch 

F1 1.58 18 400 160 14.5 Artificial 

F2 1.71 18.5 190 190 15 Artificial 

 

 
(a) 

 
(b) 

Figure 7- 15 Abaqus models: (a) F1; (b) F2 
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7.3.3 Results and discussion  

7.3.3.1 Cohesive zone parameters 

The ranges of cohesive parameters, including the fracture energy (𝐺𝑐), the ultimate traction stress (𝑇𝑢) 

and the penalty stiffness (K), were calculated based on the typical values of the mechanical properties 

of static CI pipes (Table 7-3). Various cohesive parameters within the allowed ranges were trialled to 

meet the observed leak and burst pressures in full-scale burst tests. The selected cohesive parameters 

and mechanical properties used in the Abaqus models are shown in Table 7-6.  

The simulation results of burst tests using the selected cohesive parameters are summarised in Table 7-

7, which give accurate predictions of both the leak and burst pressures of these full-scale tests of CI 

pipe segments. A catastrophic burst was observed in T3 and F3, and these burst pressures were verified 

by the simulation results of the CZMs. In other tests, the maximum achieved pressures were unable to 

produce catastrophic bursts. The burst pressure obtained by the CZMs is above the achieved pressure, 

which explains why bursts did not occur in these full-scale tests.  

7.3.3.2 Evaluation of remaining capacity of leaking corroded CI pipes 

The burst pressures for the pipe segments containing a longitudinal crack were plotted for comparison 

with the maximum pressures achieved during the fatigue tests (Figure 7-16). The burst pressures from 

the CZMs are higher than the pressures observed during the fatigue tests. The results prove that the 

maximum achieved pressures in full-scale fatigue tests do not reach the burst pressures. 

Table 7- 6 Input cohesive parameters and mechanical properties 

Cohesive parameters and 

mechanical properties 
Selected value Allowed range 

Fracture energy (N/m) 12,000 2,250- 14,000 

Ultimate traction stress (MPa) 120 65- 160 

Penalty stiffness (N/m3) 5×1012 5×1011- 3×1013 

Young’s modulus (GPa) 90 60- 100 

Poisson’s ratio 0.3 - 

 

Table 7- 7 Simulation results of burst tests 

Test 
Full-scale tests FE simulation FE-CZM 

𝑃𝑙𝑒𝑎𝑘 𝑃𝑏𝑢𝑟𝑠𝑡 𝑃𝑙𝑒𝑎𝑘 𝑃𝑏𝑢𝑟𝑠𝑡 𝑃𝑙𝑒𝑎𝑘 𝑃𝑏𝑢𝑟𝑠𝑡 
T1 3.5 -1 3.6 - 3.7 5.3 

T2 3.2 -2 3.0 3.55 3.2 3.8 

T3 1.2 1.44 1.24 1.3 1.14 1.45 

T4 0.8 -3 0.97 1.31 1.2 1.6 

F3 0.9 1.23 - - 1.0 1.4 

1. Burst did not occur. The maximum achieved pressure was 3.5 MPa. 

2. Burst did not occur. The maximum achieved pressure was 3.7 MPa. 

3. Burst did not occur. The maximum achieved pressure was 1.25 MPa. 
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Figure 7- 16 Simulation results of burst pressures of CI pipe segments containing a longitudinal crack 

7.3.4 Discussion 

The preliminary analysis undertaken indicates that the fracture behaviour of CI water mains can be 

simulated by cohesive zone models using Abaqus. The CZM parameters were selected to evaluate the 

leak and burst pressures of corroded CI trunk mains. This method is potentially applicable for analysing 

the impacts of corrosion configurations on the remaining capacity of pressurised water pipes. The 

simulation results can be used in future pipeline integrity assessment and full-scale burst test design. 

However, the determination of the LBB time window is not simulated by Abaqus since that requires 

the simulation of crack growth with cyclic loading spectra. 
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7.4 Explanation of selected case study: Harris Street pipe burst 

7.4.1 Background   

A catastrophic pipe burst occurred at the intersection of Harris Street and Ultimo Street, Sydney on 10th 

August 2013 (see Figure 7-17), and caused substantial flooding and traffic interruption. A minor leakage 

was observed several weeks prior to the final failure. The fractured 500 mm diameter spun CI pipe was 

installed in 1961 with a nominal thickness of 15 mm, and the failure mode was identified as a 

longitudinal barrel fracture. The spun CI pipe was buried in a backfill sand trench with tar paint coating 

and factory-applied cement lining. The pavement was a 250 mm-thick bitumen-covered concrete 

surface, and the total burial depth was approximately 1.6 m to the pipe crown. Traffic loads tend to 

cause low stress on buried pipes due to the existence of concrete pavement (Robert et al., 2016b). 

Longitudinal barrel fracture is the predominant failure mode for large-diameter CI pipes and is caused 

by local stress concentrations and hoop stresses produced by internal pressures (Makar, 2000). Fatigue 

from cyclic internal pressures is considered as a mechanism to propagate existing cracks in pressurised 

pipe barrels (Cullin et al., 2014; Rathnayaka et al., 2015). Hence, the effects of internal pressures on 

fractured pipes require detailed analysis. 

In this failure investigation, metallurgical features and mechanical properties are reported for the failed 

CI pipe. Modelling processes and the results of fatigue crack growth and leak rates are specified as part 

of the failure investigation. A significant difference between this study and previous research on large-

diameter water CI pipes is that a crack growth fatigue model is proposed to predict the remaining life 

of leaking pressurised pipelines. A limited time window between leakage and catastrophic failure (LBB 

window) is identified that may be used to detect leakage incidents in order to predict or prevent future 

CI water-pipe bursts. 

 

Figure 7- 17 Layout of failed pipe section and adjacent pipes 
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7.4.2 Methods and materials 

7.4.2.1 Metallurgical analysis 

The microstructure of the CI pipe material was observed using optical microscopy of a polished and 

etched specimen taken from the failed pipe covering the entire wall thickness. The microstructure 

consists of graphite flakes in a ferritic matrix. According to ASTM-A247-67 (1998), the features of 

graphite flakes, including type, form and size, were characterised (Table 7-7). 

Two specimens taken from the major fracture surface (Figure 7-18) were prepared and examined by 

optical microscopy. One specimen was taken from the spigot end of the pipe section, which was inserted 

in an elbow joint, as shown in Figure 7-17.  This specimen showed a dark grey colour that was different 

from the rest of the fracture surface. The second specimen contained orange brown colour corrosion 

products, as present in the rest of the fracture surface. 

Scanning electron microscopy (SEM) using a JEOL 7001 microscope was used to produce SEM images 

of the fracture surfaces of tensile coupon specimens. 

 

Figure 7- 18 Specimens from fracture surface: dark grey colour (left) and orange-brown (right) 

7.4.2.2 Measurements of corrosion damage 

Three-dimensional (3-D) scanning (Creamform) was conducted on remaining pipe pieces to quantify 

the effects of soil corrosion. Sand-blasting at slow speed was undertaken on these pipe pieces to reveal 

the metal surface prior to 3-D scanning.  

7.4.2.3 Mechanical tests 

The mechanical properties of the CI pipe material were measured following the relevant ASTM 

standards (Table 7-9). Specimens were taken from bare piping metal without corrosion products. 

Mechanical tests were conducted in an Instron 4402 with a 50 kN load cell. The Aramis digital image 

correlation system was used to record the deformation of the specimen surface.  

7.4.2.4 Finite element analysis 

3-D finite element analyses were carried out using Abaqus 6.12 to evaluate the buried pipe stresses. The 

model was set up on the basis of the information gathered during the site investigation. The behaviour 

of the CI pipes and soil was assumed to be elastic, and the parameters of piping material were obtained 
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from the mechanical test results. The interaction between pipe and soil interface was simulated by the 

Coulomb frictional model with a friction coefficient of 0.5. As can be seen in Figure 7-17, the effects 

of overlaid other pipelines, anchor blocks and existing cracks were evaluated separately.  

7.4.2.5 Fatigue crack growth models 

A numerical model was proposed to explain the fatigue crack growth behaviour using Paris’ law 

(Equations 2.12- 2.14 and 7.1- 7.4). According to ASTM-E1049-85 (2005), internal pressure cycles 

were counted in order to evaluate fatigue crack growth rate. Equation 7.9 was used to estimate the leak 

rates throughout the service life of the target pipe (Cassa et al., 2010). The orifice area was calculated 

only for the crack area outside the bell joint (Tada et al., 2000), as it was assumed to be the area where 

the leakage occurred. 

7.4.3 Results and discussion  

7.4.3.1 Metallurgical analysis 

Microstructural features observed by optical microscopy showed Type D graphite flakes uniformly 

distributed in mostly ferritic matrices (Figure 7-19 (a)). A small amount of pearlitic matrix was also 

observed. The average ferrite grain size was approximately 20 μm. These features were confirmed by 

SEM examination of the fracture surfaces of tensile coupon specimens (Figure 7-19 (b)). The graphite 

flakes of CI pipe samples are summarised in Table 7-8. The chemical composition of the failed pipe is 

shown in Table 7-9.  

Images of the fracture surfaces of two specimens indicated that the crack may have been existing or 

initiated at the pipe spigot end where it was inserted in the bell joint. Most of the area of the fracture 

surface contained orange-brown coloured corrosion products that were most likely generated after the 

pipe burst event. The existence of dual corrosion phases in failed CI pipes has also been observed in 

other studies, highlighting that a fracture may grow over a period of time prior to final catastrophic 

fracture (Cullin et al., 2014; Makar, 2000; Rajani et al., 2012).  

Table 7- 8 Graphite flakes of cast iron pipe 

ASTM graphite flake Inner surface Centre Outer surface 

Type A& D D D 

Size 4 5 6 

Form VII& V V V 

According to ASTM A247-67 (1998), size 4 (0.08- 0.16 mm); size 5 (0.04- 0.08 mm); size 6 (0.02- 

0.04 mm). 
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Table 7- 9 Chemical composition of spun CI pipe 

Specimen C Mn Si S P Ni Cr Cu V Ti 

CI 3.60 0.51 1.52 0.05 0.49 0.01 0.01 0.01 0.01 0.06 

 

 

(a) 

 

(b) 

Figure 7- 19 (a) Microscopic image of polished/etched specimen; (b) SEM image of fracture surface 

of tensile coupon specimen 

7.4.3.2 Measurements of corrosion damage 

After sand-blasting and 3-D scanning, the remaining pipe section (except the fracture surface discussed 

above) was found to be free of substantial corrosion damage. The maximum corrosion depth was less 

than 2.0 mm. 

Table 7- 10 Summary of mechanical testing results 

Property 
Number of 

tests 
Average 

Standard 

deviation 

ASTM 

standard 

Literature 

reported  

Tensile strength, 𝜎𝑢 

(MPa) 
8 148.1 14.1 E8- 09 

137- 212 

(Conlin and 

Baker, 1991) 

Modulus of 

elasticity, 𝐸 (GPa) 
8 108.5 3.2 E8- 09 

103 (AIS, 

1941) 

Fracture toughness, 

𝐾𝑚𝑎𝑥 (MPa√m) 
4 14.0 1.7 E1820- 13 

10.5- 15.6 

(Conlin and 

Baker, 1991) 

Paris constant, 

m 
6 6.4 - 

E647- 13a 

6.2- 6.7 

(Bulloch, 1995) 

Paris constant, 

C (m/cycle) 
6 2.2×10-12 - 

6.1×10-16-

2.6×10-12 

(Bulloch, 1995) 
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7.4.3.3 Mechanical tests 

The ultimate tensile strength based on eight coupon tests yielded test results in the range from 133 to 

165 MPa with an average value of 148 MPa and a standard deviation of 8 MPa. The modulus of 

elasticity was estimated by the initial slope of the strain-stress curves. Single-edge notched bend 

(SENB) specimens were adopted for both fracture toughness and fatigue crack growth rate (FCGR) 

tests. The results of mechanical tests from this study along with the values reported in the research 

literature are summarised in Table 7-10. These properties were used for subsequent FE analysis and 

fatigue crack growth modelling.  

7.4.3.4 Finite element analysis 

The results of 3-D FE analyses indicated that, as expected, pipes with a pre-crack show high stress 

concentration in the crack tip region. As the crack lengthens, the stress level increases significantly. The 

correlation between crack length and crack tip stress is shown in Figure 7-20. This indicates that pre-

existing cracking is likely to be the predominant factor in the deterioration of pipe structural integrity. 

The critical crack length can be estimated using the limit stress criteria (Equation 7.15): 

 0.002a2 − 0.2558a + 17.732 ≤ σu (7.15) 

The critical crack length was conservatively calculated as 300mm, since the average tensile strength of 

the target pipe is 148 MPa. According to the measurement, the length inserted in the bell joint was 

around 175 mm. FE analyses also revealed that the impact of the overlaid pipes and the supporting 

anchor could be ignored for the purposes of stress analysis.  

 

Figure 7- 20 Maximum stress in crack tip by different crack lengths 
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7.4.3.5 Fatigue crack growth model 

It is not clear how the original crack was initiated from the spigot end. However, CI pipes with existing 

damage in bell joints are common, due to the high stresses introduced by installation techniques and 

transportation (Rajani and Abdel-Akher, 2013; Rajani et al., 2013). Figure 7-21 shows the crack growth 

trend between 180 and 300 mm using Equations 2.12- 2.14 and 7.1- 7.4. The measured pressure changes 

ranging from 390 to 520 kPa were approximately 14 events per day at the failure site. Therefore, the 

predicted period of crack growth is over 51 years, which matches the recorded data well. 

The leak rates throughout the service life are shown in Figure 7-22 using Equation 7-9. The leak rate 

was relatively consistent over the majority of service life. However, a dramatic rise was expected to 

occur several months prior to the pipe burst. The period between significant leakage (which may have 

led to field observations of leakage) and pipe burst was at least one month in this case. 

 

Figure 7- 21 Long-term crack growth in pipe barrel 
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Figure 7- 22 Long-term increase of leak rate 

7.4.4 Summary 

This section reports the results of the failure analysis of a 500mm CI water main which burst on the 10th 

of August 2013 in Harris Street and Ultimo Street, Sydney. Different analysis methods were used to 

investigate the possible causes of the catastrophic failure. Analysis indicates that an existing crack can 

grow due to cyclic loading (mainly water pressure in this case) over a period and can result in major-

scale bursts, even in environments with low corrosion potential. Hence, the cause of failure was 

identified as a combination of initial (existing) material flaws and repetitive (i.e. fatigue) loading.  

Metallurgical analyses were conducted to investigate the microstructure of the failed pipe. The results 

revealed that a pre-crack existed a long time before final fracture, which led to the eventual burst when 

the crack length increased to the critical size. Correlations between crack length and crack tip stresses 

were calculated using 3-D FE analyses to investigate the total length of the crack (300 mm in this study) 

that caused the pipe to burst under high operating pressures.  

Fatigue analyses were performed to identify the likely fatigue crack growth rate under cyclic internal 

water pressure. It was shown that the pre-crack may have stably propagated over a long period under 

constantly low changes of internal pressure. Unstable crack growth was expected to occur when the 

total crack length exceeded 250 mm in the current study.  
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A window in time can be identified between significant leakage and pipe burst, verifying that the LBB 

concept can potentially be applied to pressurized CI water pipes. For a pressurised pipe with 

longitudinal cracks, leakage rates are strongly related to crack lengths and internal pressures, as was 

shown in the present study. During the period of stable crack growth, a leakage rate less than 0.03 L/s 

was calculated in the current study. With unstable crack propagation, the leakage rate rises dramatically 

and becomes detectable weeks before catastrophic failure of the CI pipe. However, accurate LBB 

assessment incorporating the effects of fatigue damage in deteriorated CI pipes is required to prevent 

the failure of ageing pipes. 
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7.5 Conclusions 

A burst facility established by the ACAPFP is capable of supplying cyclic pressures to large-diameter 

CI water pipes. The fatigue mechanism generated by cyclic internal pressures enables the initiation and 

propagation of through-wall cracks in CI pipe barrels. The Paris’ law is able to predict the fatigue crack 

growth of CI pipes, and the fatigue crack growth rates (FCGR parameters) in CI pipe barrels are similar 

to the results of experiments conducted on SENB specimens. A LBB time window may occur in 

deteriorated CI pipes with corrosion patches subjected to cyclic internal pressures.  

The CZM is applicable for the prediction of leak and burst pressures of longitudinal barrel fractures of 

CI water pipes. This method can be used to evaluate the bursting pressures of CI pipes containing a 

longitudinal fracture. The effects of corrosion patch configurations can be evaluated to identify critical 

corrosion patches for operational pressures.  

The procedures of the forensic investigation of CI water pipe failures are shown in the failure analysis 

of a 500mm CI water main which burst on the 10th of August 2013 in Harris Street and Ultimo Street, 

Sydney. The analysis indicates that an existing crack can grow due to cyclic pressures over a period of 

time and can result in major-scale bursts, even in environments with low corrosion potential. Hence, 

the cause of failure was identified as a combination of initial (existing) material flaws and repetitive 

(i.e. fatigue) loading. Fatigue analyses were performed to identify the likely fatigue crack growth rate 

under cyclic internal water pressure. A window in time can be identified between a significant water 

leak and pipe burst, verifying that the LBB concept can potentially be applied to pressurized CI water 

pipes. The leak rates are strongly related to the crack lengths and internal pressures, as shown in the 

present study. With unstable crack propagation, the leak rate rises dramatically and becomes detectable 

weeks before catastrophic failure of the CI pipe. Therefore, an accurate LBB assessment incorporating 

the effects of fatigue damage in deteriorated CI pipes is required for better rehabilitation of ageing pipes. 
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Chapter 8 Conclusions and Recommendations   

 

 

 

 

 

8.1 Conclusions   

This thesis summarises the research study identifying the critical assets of CI water trunk mains in 

Australia and evaluating the influence of fatigue generated by cyclic pressures on CI pipe failure. This 

chapter presents the key findings and recommendations for future studies and for the attention of water 

utilities.  

The results and conclusions are summarised as follows: 

o CI water pipes buried between the 1860s and 1980 still account for a significant proportion of 

the Australian water transmission network. In Australian cities, the manufacturing methods and 

corrosion mitigation techniques used for CI pipes depend strongly on the burial year. In order 

to identify critical pipelines with high potential of longitudinal fracture in pipe barrels, an 

approach to summarising the remaining in-service CI trunk mains into several cohorts is 

proposed. Despite the various manufacturing methods used in Australian CI pipes, two major 

cohorts, static and spun CI pipes, are identified for the characterisation of material properties, 

microstructural analyses and wall thicknesses. Statistical analysis confirms that, on average, 
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spun CI pipes have higher burst rates and shorter life spans than statically cast pipes, due to 

their thinner walls. A general method of pipe cohorting for CI pipes used in Australian water 

utilities is developed, mainly on the basis of the pipe burial year.  

 

o The leak-before-break (LBB) phenomenon has been observed in recent failures and full-scale 

bursting tests of large-diameter CI pipes. Over-designed pipe walls and pitting soil corrosion 

are the main reasons for the occurrence of LBB in CI pipes. Procedures for LBB assessment of 

corroded CI pipes are proposed in accordance with the available LBB standards issued for other 

piping industries. LBB criteria for large-diameter CI pipes are proposed and verified on the 

basis of the results of full-scale burst tests. Similarly, some findings of LBB evidence in small-

diameter CI pipes which failed by circumferential fracture explain why the tightened clamp is 

an effective method to repair leaking small-diameter CI pipes. Based on field evidence, a 

detectable leak may be observed prior to a burst event, resulting in an LBB time window 

ranging from several days to months for intervention to prevent pipe failure.  

 

o Most CI water trunk mains fail by the mode of longitudinal barrel fracture due to soil corrosion 

and internal pressure. The S-N curves obtained by fatigue testing of five CI pipes and data from 

the research literature confirm that fatigue strengths are strongly correlated with ultimate tensile 

strengths. A fatigue endurance ratio of 0.5 was observed for CI pipes under a low stress ratio 

(less than 0.1), and the endurance ratios under high stress ratios may be estimated based on the 

Gerber relationship. The increase of stress ratios prolongs the failure cycles. A sensitivity 

analysis was conducted using time-dependent simulations. The analysis shows that assets in 

transient zones or with frequent refill events may experience higher levels of fatigue damage. 

In addition, long-term corrosion rates and the stress ratios of transients also contribute to fatigue 

damage.  

 

o The fatigue crack growth in CI water pipe barrels was evaluated using the Paris’ law, and the 

FCGR parameters were reported based on the results of a testing program of FCGR experiments 

on SENB specimens taken from five large-diameter CI water pipes. The stress ratios were found 

to have limited effects on the FCGR parameters. The threshold toughness is significantly 

dependent on the stress ratios used in fatigue tests, and the threshold toughness parameters were 

provided from the best fitting curve of test data and data from the research literature. Water and 

corrosive soil environments may reduce the threshold toughness of CI water pipes. The fracture 

surfaces of FCGR specimens were examined to capture the features of fatigue fracture surfaces. 

The region of the fatigue surface shows a smoother texture and light colours, compared with 

the fast fracture surfaces. Furthermore, tide marks were commonly observed in SEM images, 

and fatigue striations were rarely seen on the fatigue fracture surfaces. However, these features 
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of fatigue surfaces may be damaged in corrosive media. In the field, detectable leakage may be 

observed prior to a burst event, resulting in an LBB time window ranging from ten days to 

months, depending on the leakage detection methods used. 

 

o A burst facility established by the ACAPFP at Monash University can supply cyclic pressures 

to enable the understanding of the influences of repetitive/cyclic internal loading such as 

pressure transients on the fatigue failure of large-diameter CI water pipes. The results of 

laboratory pipe fatigue tests conducted using the new test facility showed fatigue as a failure 

mechanism in large-diameter CI water pipes. The fatigue mechanism generated by cyclic 

internal pressures can initiate and propagate through-wall cracks in CI pipe barrels. The Paris’ 

law is able to predict the fatigue crack growth of CI pipes, and the fatigue crack growth rates 

(FCGR parameters) in CI pipe barrels are similar to the results of experiments conducted on 

SENB specimens. In addition, the tests also verified the possible application of the LBB concept 

for failure prediction and prevention in large-diameter CI pipes. The cohesive zone model 

(CZM) is applicable for the prediction of the leak and burst pressures of longitudinal barrel 

fractures of CI water pipes. This method can be used to evaluate the bursting pressures of CI 

pipes containing a longitudinal fracture. The effects of corrosion patch configurations can be 

evaluated to identify critical corrosion patches for operational pressures. The procedures of 

forensic investigation of CI water pipe failure are shown in the failure analysis of a 500mm CI 

water main which burst on the 10th of August 2013 in Harris Street and Ultimo Street, Sydney. 

Fatigue analyses were performed to identify the likely fatigue crack growth rate under cyclic 

internal water pressure. A time window can be identified between a significant water leak and 

pipe burst, verifying that the LBB concept can potentially be applied to pressurised CI water 

pipes to prevent catastrophic failures. Leak rates are strongly related to crack lengths and 

internal pressures, as is shown in the present study. With unstable crack propagation, the leak 

rate rises dramatically and becomes detectable, possibly weeks before catastrophic failure of 

the CI pipe.  

 

 

  



CHAPTER 8 

150 

 

8.2 Recommendations for future research 

The failure mechanisms of CI water pipes have been explored in this research project. The findings 

summarised in this thesis can be implemented in the asset management and failure prediction of CI 

water pipes by water utilities. The following recommendations are made for future studies and for the 

information of water utilities:  

o The cohort approach to identifying the critical assets of CI trunk mains needs to be verified and 

augmented with the statistical analyses of failure rates of CI trunk mains. Water utilities need 

to revise this approach for their pipeline assets using data on CI pipe materials, corrosion 

mitigation methods and pressure zones.  

 

o The leak-before-break (LBB) concept has been verified for large-diameter CI water pipes 

experiencing soil pitting corrosion. The configurations of corrosion patches have significant 

impacts on fatigue crack propagation in CI pipe barrels. Therefore, research on the lateral 

growth of corrosion patches will enable the accuracy of window period predictions to be 

improved. In addition, suitable leak detection techniques with sufficient resolution of leak 

signatures need to be employed by water utilities to prevent catastrophic failures of CI water 

pipes. If such techniques are not available, research can be directed to develop techniques to 

differentiate the leak signatures and identify the severity of cracks for LBB window time 

analysis to enable intervention prior to catastrophic failure. 

 

o Ageing CI mains buried in transient zones or with frequent burst rates may require additional 

condition assessment of fatigue damage. Future research is required to explore the impact of 

corrosive soil environments on fatigue resistance. 

 

o Full-scale burst tests have been conducted in large-diameter static CI pipes. However, there are 

no experimental results of full-scale burst tests in large-diameter spun CI pipes. Future research 

should also be conducted on CI pipe specimens buried in soil environments by upgrading the 

Monash University burst facility. In addition, cohesive zone models can be modified to evaluate 

the failure analyses of small-diameter CI pipes subjected to soil bending stress. 
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