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iron pipes using bending and pressure
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e Small cracks can close and stop leaking
under high positive pressures.

o Pit-stress alignment significantly affects
pipe strength and leak stability.

o Pit shape measurements would improve
pipe condition assessment accuracy.
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GRAPHICAL ABSTRACT

Fatigue and leakage behaviour of corroded cast iron pipes

Experimental investization: E.D.A. John, 1.B. Boxall, R.P. Collins, E.T. Bowman, and L. Susmel
Atrtificially pitted cast iron pipes Leaking fatigue crack
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ABSTRACT

This research explored the hypothesis that different corrosion pit and multiaxial stress alignments cause a sig-
nificant change in the fatigue strength and leakage behaviour of grey cast iron pipes. Destructive laboratory
experiments were used to characterise the fatigue strength and failure mechanisms, including leak-to-burst
behaviour. The experiments subjected the pipes to cyclic internal pressure and/or bending loads to cause
stresses acting in different directions for a range of artificial pit shapes, including long, narrow pits for the first
time. These unique experiments revealed that small cracks in cast iron pipes can close and stop leaking even
under high positive water pressures, which has significant implications for leak modelling and detection. Small
corrosion pits with stress alignments that caused a high stress concentration were shown to extend the leak-to-
burst interval by about two orders of magnitude due to stress concentration effects of the pit. Such pits will
progress to catastrophic burst behaviour more slowly than from small initial cracks under uniform wall loss or
lower stress concentration pits. From a leakage onset perspective, the fatigue strength reduction caused by long,
narrow corrosion pits was found to change by about 60 % depending on the applied stress direction, showing the
importance of considering pit-stress alignment in damage assessment and modelling. This research has found that
corrosion pit shape, and the relative alignment of the pipe wall stresses, can substantially affect the ability of cast
iron pipes to withstand cracking, as well as affecting the stability of leaking cracks once formed. These findings
can be utilised to improve cast iron pipe condition assessment and leak detection techniques.
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Nomenclature

FEA Finite element analysis

GCI Grey cast iron

SWT Smith-Watson-Topper (multiaxial fatigue criterion)

WDN Water distribution network

Aer Critical crack half-length

E Elastic modulus

F Bending load

Fan Fatigue average notch effect

K s Fatigue strength reduction factor predicted by the Effective
Volume approach, coupled with the Smith-Watson-Topper
criterion

K¢ Fracture toughness

K; Stress concentration factor, equal to the maximum linear-
elastic stress divided by the net (K;,) or gross stress (Kig)

ko Negative inverse slope of the reference SN-curve

Mg Material constant for the Effective Volume approach
coupled with the SWT criterion

Na High-cycle fatigue reference cycles to failure/leakage

Ny Number of load cycles to burst

Ny Number of load cycles to failure/leakage

n Number of non-runout experiments

P Pressure load

R Load ratio, equal to minimum applied cyclic stress divided
by maximum applied cyclic stress

Trus Mean square error of prediction scatter

Vegswr  Effective Volume calculated in terms of the SWT criterion.
Subscript 0 indicates the Effective Volume of the reference
condition

Vi Volume of element i

€na Critical plane normal strain amplitude

oA High-cycle fatigue reference stress amplitude

0q Stress amplitude. Subscript (i) indicates the stress
amplitude applied during the i th experiment

Oanet Net stress amplitude

Smith-Watson-Topper equivalent uniaxial fully reversed
stress amplitude. Subscript i indicates the SWT equivalent
stress experienced by the i th element in an FEA model.
Oaswrmax Maximum value of the SWT criterion at the notch/pit, or
the greatest SWT equivalent stress amplitude experienced
by any element in an FEA model.

Oa SWT

On Stress applied normal to a crack

On.max Critical plane maximum normal stress

Ornet Net stress

Opeakrz ~ Maximum linear-elastic stress

oUTS Ultimate tensile strength

Ox, Oy Stress acting in the x and y directions, respectively

1. Introduction

Leakage from water distribution pipes must be reduced to improve
the drought resilience of water supplies and reduce water stress
(National Infrastructure Commission, 2018; UN-Water, 2021). Leakage
from Water Distribution Networks (WDNs) in the UK is typically esti-
mated at close to 20 % of water put into supply (National Infrastructure
Commission, 2018; Sanders et al., 2022). In North America average
WDN leakage is 10 %, with some states at 20 % (Folkman, 2018), while
in Europe France’s leakage rate is at 20 %, Italy’s is 35 % and Ireland’s is
45 % (Sanders et al., 2022). These figures illustrate the global scale of
the leakage problem. Sanders et al. (2022) identified that to meet the
UK’s 2050 target for halving leakage water companies will need to find
and fix the small leaks that cause “background” leakage (leaks that are
below current detection and location methods) and prevent new leaks
through proactive asset management practices.

The leakage estimates provided by water companies in England and
Wales as part of the Price Review 2024 submissions, and summarised in
Table 1, show that 65 % of total leakage is thought to be due to

Table 1

Estimated leakage breakdown for the 10 largest water utilities* (by population
served) in England and Wales for 2022-2023 from the Price Review 24 data
tables.

Leakage Distribution Customer Total
upstream of main losses supply pipe leakage
distribution (ML/d) losses (ML/ (ML/d)
mains (ML/d) d)
Combined 313.1 1765.1 621.5 2699.7
leakage for
10 largest
utilities
Proportion of 12 % 65 % 23 %
total
leakage

" Data sources: Anglian Water (2024); Dwr Cymru (2024); Northumbrian
Water (2024); Severn Trent Water (2024); South West Water (2024); Southern
Water (2024); Thames Water (2024); United Utilities (2024); Wessex Water
(2024); Yorkshire Water (2024).

distribution main losses making these mid-sized pipes a target for
leakage reduction measures. Distribution mains pipes in the UK typically
have diameters of 3" to 6" (75 to 150 mm) and about 41 % of pipes, by
length, in this diameter range are Grey Cast Iron (GCI) (UKWIR, 2021).
GCl is often identified as requiring a higher rate of repairs per unit length
than other pipe materials (Barton et al., 2019; Boxall et al., 2007;
Folkman, 2018; Rezaei et al., 2015) making these pipes a key target for
leakage reduction measures.

To proactively replace GCI pipes before they start to leak, asset
managers must be able to assess the condition and remaining service life
of pipes. To develop effective techniques for detecting small leaks the
form and behaviour of these leaks must be known. Both aspects require a
good understanding of the mechanisms behind leak formation in GCI
pipes.

GCI pipes are vulnerable to a unique form of corrosion pitting,
known as graphitic corrosion, where the iron matrix is replaced by a
corrosion product that can maintain the original shape of the iron, but is
much weaker (Logan et al., 2014; Makar and Rajani, 2000; Seica and
Packer, 2004). Seica and Packer (2004) and Yamamoto et al. (1983)
both found that the strength of the graphitic corrosion residue is negli-
gible relative to the strength of the remaining iron. As a result, from a
structural perspective, corrosion pits are often modelled as air filled
notches (Fahimi et al., 2016; Zhang et al., 2017). As notches, corrosion
pits cause stress concentrations when service loads are applied to GCI
pipes, acting as initiation points for cracks that allow leakage (Atkinson
et al., 2002; Makar, 2000; Rathnayaka et al., 2017; Zhang et al., 2017).
Previous investigations indicate that corrosion pits penetrating at least
80-90 % through a pipe’s wall are required to cause failure under in-
ternal pressure service loads (John et al., 2024b; Rathnayaka et al.,
2017). The ability to predict when a leaking crack will form at the base
of a particular corrosion pit would enable proactive replacement of GCI
pipes before they start leaking. Given the amount of existing leakage it is
likely that a large number of such small cracks exist. Hence it is also vital
to develop understanding of when and which of these small cracks are
most likely to develop into catastrophic failures such that these can be
identified and prioritised for repair.

The time-variable and cyclic nature of the loads experienced by
water pipes (e.g. daily cycles of and transient internal water pressures,
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dynamic traffic loads, and soil movement linked to the weather) (Chan
et al., 2015; Jara-Arriagada and Stoianov 2022; Robert et al., 2020)
means that initial leaking cracks in GCI pipes are likely to form through a
fatigue crack growth mechanism (Barton et al., 2019; Brevis et al., 2015;
John et al., 2024a). Internal water pressure loads cause hoop stresses,
whereas bending loads caused by vertical loads on a poorly supported
pipe (Elmrom, 2021; Rajani and Tesfamariam, 2004) or by soil move-
ment (Chan et al., 2015) tend to cause axial stresses which act perpen-
dicular to the hoop stress. Asymmetric notches amplify stresses to a
different degree depending on the alignment of the notch and stress
direction (Pilkey and Pilkey, 2008), meaning that the interaction be-
tween corrosion pit shape and the applied stress direction is likely to be
important in determining the remaining life of a GCI pipe. Inspections of
exhumed GCI pipes have revealed a wide range of pit shapes including
long narrow axially-aligned pits with a high aspect ratio (Jara-Arriagada
and Stoianov 2024; Makar, 2000) and large flat-bottomed corrosion
patches (Fu et al., 2023; Soltani Asadi and Melchers, 2018). Previous
research has shown via experiments the significant effect of pits on the
static and fatigue strengths of GCI pipes (John et al., 2026; Zhang et al.,
2017), but have not explored the interaction between pit alignment and
stress application direction.

To develop effective detection techniques for small leaks it is
essential to understand the nature and behaviour of very early-stage
leaks. For example, acoustic and hydraulic model-based leak detection
techniques both require information about the leak behaviour to be
effective (Fox et al., 2018; He et al., 2026; Li et al., 2022; Yu et al., 2023).
Rathnayaka et al. (2017) showed using a small number of experiments
that, under a ramped internal pressure load, cracks a few mm long in GCI
pipes can allow water loss and that a stable leak-before-burst period can
exist. Rathnayaka et al. (2018) generated a crack in the same way but
cycled the pressure once the crack had formed, showing that existing
leaks may grow due to fatigue loading. However, the behaviour of
leaking cracks initiated through fatigue loading has not previously been
explored, nor has the interaction between pit shape and the nature of the
resultant leak.

The research presented in this paper explored the hypothesis that
different corrosion pit and multiaxial stress alignments cause a signifi-
cant change in the fatigue strength and leakage behaviour of GCI pipes.
If proven, this hypothesis implies that corrosion pit shape holds
important information about the residual strength and likely failure
behaviour of a GCI pipe, which could be utilised for pipe condition
assessment.

2. Material and methods

It was anticipated that pits with higher aspect ratios (e.g. long, thin
pits) are more sensitive to different pit-stress alignments than pits with
aspect ratios close to one (e.g. circular pits) or uniform wall loss. This
research therefore aimed to compare the fatigue and leakage behaviour
of high-aspect ratio pits with low-aspect ratio pits and uniform wall loss.
The fatigue behaviour of GCI pipes featuring uniform wall loss and
rounded pits has previously been characterised (John et al., 2024c,
2026), however, the leakage behaviour of fatigue cracks formed at these
types of corrosion has not. Therefore, this research used destructive
laboratory experiments to characterise the leakage behaviour of GCI
pipes featuring rounded pits and uniform wall loss with further experi-
ments conducted to explore both the fatigue and leakage behaviour of
GCI pipes with high-aspect ratio pits. Long, narrow axially aligned pits
have been found in exhumed GCI pipes (Jara-Arriagada and Stoianov
2024; Makar, 2000), whereas long, narrow circumferentially aligned
pits do not appear to be reported. Therefore, pipes with axially aligned
artificial pits were used to test the sensitivity of high-aspect ratio pits to
different stress alignments. Additionally, once characterised and un-
derstood, translating the fatigue cracking and leakage behaviour of
axially aligned pits to circumferentially aligned pits would be straight-
forward as the effects of axial and hoop stresses would effectively be
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swapped.

To perform these destructive fatigue experiments, the recently
developed biaxial fatigue pipe testing apparatus (John et al., 2025)
shown by Fig. 1a was used to apply cyclic bending (Fig. 1b) and/or
cyclic internal pressure (Fig. 1c) loads to GCI pipe specimens. Using the
biaxial fatigue testing apparatus it was possible to explore the effect of
different pit and stress alignments by applying stress parallel to the pit’s
long axis with a bending load (Fig. 1d) and applying stress perpendicular
to the pit’s long axis with an internal pressure load (Fig. 1f).
Out-of-phase biaxial loading using both the bending and internal pres-
sure loads (Fig. 1e) was also tested due to it’s potential to cause greater
damage to GCI pipes (John et al., 2026).

The cycles-to-leakage of each fatigue experiment were observed to
quantify the impact of each pit/stress combination on the pipe’s fatigue
strength. To establish whether the damaging effect of the different pit/
stress combinations could be predicted, the cycles-to-leakage results
were used to test the effectiveness of the Net Stress and Effective Volume
notch fatigue models, which have previously been found effective at
predicting the damaging effect of pits in GCI pipes (John et al., 2026).
Once a leak had formed, additional stress cycles were recorded using
pressure transducers and / or high-speed cameras to capture this rarely
seen, under controlled conditions, phenomenon.

2.1. Cast iron pipe specimens

To enable repeatable fatigue experiments with controlled corrosion
damage, artificial pits (i.e. machined notches) were added to as-new
pipes to make test specimens. This approach was justified by the negli-
gible strength of graphitic corrosion residue relative to iron (Seica and
Packer, 2004; Yamamoto et al., 1983). BS 416-2 soil pipes (British
Standards, 1990) were used to represent as-new GCI pipes. These soil
pipes have very similar graphite microstructures (flake graphite with
lengths <80 pm), tensile stress-strain properties (oyrs = 229 MPa, E =
82 GPa), and uniaxial fatigue strengths to exhumed spun-cast grey iron
water pipes, making them a suitable representation of GCI water pipes in
destructive experiments (John et al., 2024b, 2024c). BS 416-2 pipes
with a nominal diameter of 50 mm were used for testing as they had a
wall thickness to external diameter ratio of 0.06 which is the same ratio
as for UK 4" Class C spun-cast grey iron water pipes (British Standards
Institution, 1958).

The local stresses in the gauge section of the pipe specimens during
the experiments were critical and therefore carefully controlled. The
specimen length (630 mm) and bending load point and support spacings
(200 mm and 480 mm, respectively) were selected via a preliminary FEA
investigation to ensure that uniform stresses and strains were achieved
in the central gauge section of pipes and that boundary effects were
avoided. Verification testing returned measured strains within +10 % of
the predictions (John et al., 2025), showing that the intended strains
were applied and boundary effects were controlled.

Three types of specimens were produced to investigate the effect of
uniform wall loss and low-aspect ratio pits on the leakage behaviour and
leak-to-burst interval of the pipes. These specimen types represented
uniform corrosion (Fig. 2a), and round pits with sharp and blunt bases
(Fig. 2b and Fig. 2¢). The uniform wall loss and round pits penetrated
approximately halfway through the pipes’ walls.

To investigate the sensitivity of the pipes’ fatigue strength and
leakage behaviour to high-aspect ratio pits, pipe specimens with 20 mm
long, 5 mm wide, axially aligned pits were manufactured, as shown by
Fig. 3. A relatively sharp 0.1 mm pit root radius was chosen, giving the
pit a ‘V’ cross-section, as previous research has shown that sharper pits
give similar fatigue strengths as blunt pits, but with more consistent
results (John et al., 2026). The internal diameter of the pipes varied from
the average value by up to +1 mm making manufacturing pits with a
consistent depth challenging, particularly for deeper pits where small
differences in remaining wall thickness causes a disproportionately large
change in pipe stresses. A remaining wall thickness of 1.20 mm at the
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(a) Fatigue test equipment applying bending and/or internal pressure cyclic loads

(b) Four-point bending loading
PooF
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(d) Axial pit, axial stress
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(e) Axial pit, biaxial stress

(c) Internal water pressure loading
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Fig. 1. Illustration of how the fatigue test equipment developed (a) was able to apply four-point bending fatigue loading (b) and internal pressure fatigue loading (c)
to pipe specimens, enabling experiments using either axial stresses (d), hoop stresses (f), or combined biaxial stresses (e).

(a) (b)

(©)

Fig. 2. Images showing the (a) uniform wall-loss (radius 715.0 mm), (b) sharp circular pit (root radius 0.1 mm), and (c) blunt circular pit (root radius 4.0 mm)

artificial corrosion geometries tested to investigate leakage behaviour.

base of the pit was used, corresponding to a wall loss of about 70 %, to
balance these manufacturing constraints with the expected >80 % wall
loss required to cause failure under service loads. In practice, specimens
had remaining wall thicknesses between 0.95 mm and 1.49 mm. Accu-
rate post-test measurements of the pits were used in subsequent

analyses.

2.2. Fatigue experiments

The combinations of artificially corroded pipe specimens and cyclic
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Fig. 3. (a) Dimensioned drawing of the axially notched cast iron pipe specimens tested under bending and internal pressure fatigue loads (dimensions in mm, not to

scale) and (b) an image showing a close-up of an axial pit as machined.

loading shown by Table 2 were tested using the equipment shown by
Fig. la. This equipment was carefully verified to ensure that the inten-
ded cyclic stresses were applied to pipe specimens (John et al., 2025).
The water pressure containment system converted pipes into
closed-ended pressure vessels. This resulted in an additional in-phase
axial stress with half the magnitude of the hoop stress caused by the
water pressure load. This additional stress was accounted for in subse-
quent analysis; however, the logarithmic relations that govern fatigue
behaviour mean that a stress with a 50 % lower amplitude is consider-
ably less damaging and therefore unlikely to substantially effect results.

Two different ‘failure’ definitions were applied to experiments,
corresponding with the research’s aim of investigating both the fatigue
strength and leakage behaviour of GCI pipes. The first definition was
‘cycles-to-leakage’, which was the number of load cycles from an
experiment beginning to the formation of a crack that allowed any water
loss. This definition was used to explore the fatigue strength of the pipes.
The second definition was ‘cycles-to-burst’, which was the number of
load cycles between the onset of leakage and unstable crack propagation
that resulted in the structural failure of the pipe (i.e. burst). This defi-
nition was used to explore the leak-to-burst behaviour of the pipes. The
onset of leakage and burst were detected using a high-speed camera, and
pressure and strain measurements. The high-speed camera was available
for all the sharp axial pit and uniform wall loss biaxial loading experi-
ments. For other experiments, water at a low pressure was sealed into
the pipes, so it was possible to use pressure measurements to detect the
onset of leakage here.

Previous research has estimated around 3 to 10 years would be
required, once corrosion has grown to a sufficient extent, for fatigue
failure of a GCI pipe to occur, which corresponded to approximately 10*
to 107 load cycles (Brevis et al., 2015; Jiang et al., 2019; John et al.,
2024b). This falls within the high-cycle fatigue cracking regime of grey

Table 2
Experiment matrix showing the combinations of loading and artificial corrosion
tested, and the motivation behind each test set.

Motivation of experiment sets completed

Pipe specimen Bending loading (  Internal pressure Out-of-phase biaxial
Fig. 1d) loading (Fig. 1f) loading (Fig. 1e)
Uniform wall Leakage Leakage behaviour
loss (Fig. 2a) behaviour
Sharp, circular Leakage
pit (Fig. 2b) behaviour
Blunt, circular Leakage
pit behaviour
(Fig. 2¢)
Sharp, axial pit (  Fatigue and Fatigue and Fatigue and leakage
Fig. 3) leakage leakage behaviour behaviour
behaviour

cast iron (102 to 107 load cycles (Weinacht and Socie, 1987)) where
elastic strains dominate and a linear relationship exists between cycles
to failure and stress amplitude (Socie and Marquis, 1999; Weinacht and
Socie, 1987). Therefore, the experiments aimed to cause high-cycle fa-
tigue failures. To avoid excessively long test durations, the loads applied
during experiments were selected to cause cycles-to-leakage of at least
10° load cycles and no >10° load cycles. In most metals, at fatigue lives
(i.e. cycles-to-leakage) less than about 10° cycles plastic strains typically
become more important, meaning the fatigue behaviour of a material
changes and linear-elastic analysis becomes invalid (Carpinteri et al.,
2017; Fatemi and Shamsaei, 2011).

A minimum of three experiments were completed per configuration
shown in Table 2, as this was just sufficient to indicate the expected
behaviour and variability of each configuration owing to the practical
limitations associated with running these complex tests. Previous work
has quantified the scatter in fatigue strength of the cast iron material
tested (John et al., 2024c). Some additional internal pressure loading
experiments were performed as ‘scoping’ experiments to determine the
loading required to give failures within the 103 to 10° cycles-to-leakage
range.

The target load ratio (minimum load divided by maximum load) for
all experiments was 0.1, reflecting the fact that real loading on pipes
usually has a mean stress greater than zero. In accordance with the aim
of causing high-cycle fatigue failures the internal pressure loads applied
had amplitudes between 2.0 and 6.3 MPa, with the variation due to the
initial trial-and-improvement process to select the loading and to ac-
count for as-manufactured specimen wall thickness variation. These
internal pressure loads were considerably greater than real water dis-
tribution network pressures owing to the relatively shallow depth of the
pits tested discussed above; deeper pits would have allowed realistic
experimental pressures, but these could not be manufactured consis-
tently. Bending loads were applied at 4 Hz, internal pressure loads at 2
Hz, and biaxial loading was applied at 1.7 Hz, each of which correspond
to the maximum possible loading frequency of the configuration.

2.3. Fatigue data analysis and cycles-to-leakage estimates

To assess the effect of a particular pit/stress combination on the
pipes’ fatigue behaviour the net stress concentration factor, K;,, and
fatigue average notch effect, F,,, were calculated and compared. K, is
the ratio of the maximum linear-elastic stress, opeq 1, tO the net stress,
onet, and indicates the severity of a stress raiser, such as a corrosion pit:

€8]

The net stress of a pitted pipe is the stress experienced by an identical
pipe but with uniform wall loss of the same depth as the pit. The
maximum and net stresses for each experiment configuration were
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calculated using the Finite Element Analysis detailed below.

Fan uses experimental data to quantify how damaging a pit and load
combination is relative to the un-pitted or uniform wall loss case by
providing an effective fatigue strength reduction factor. The Fg, calcu-
lation assumes that the slope of the fatigue curve is the same for the
pitted and un-pitted cases, which is a reasonable assumption for GCI
(John et al., 2026):

772 OA0 2)

v, T ik
oo 2]

where: n is the number of experiments in the data set; 6(; is the stress
amplitude applied during the i th experiment; Ny; is the observed
cycles-to-leakage of the i th experiment; N, is the high-cycle reference
cycles-to-leakage, equal to 10° cycles; and o4 , and kg are the high-cycle
reference stress amplitude and negative inverse slope of the reference
case. Bending loading is known to increase the fatigue strength of GCI
pipes by about 43 % due to the non-uniform stress distribution caused
(John et al., 2026). To enable F,, to capture the effect of pits indepen-
dently of the bending load effect different reference values of 64, and k¢
were used depending on the load type applied. For internal pressure
experiments, the un-notched uniaxial values of 64, and ko were used,
equal to 85.8 MPa and 11.5, respectively (John et al., 2024c). For
bending experiments the un-notched bending values of 64, and ko were
used instead, equal to 76.8 MPa and 11.2, respectively (John et al.,
2026). Fq, was always calculated in terms of net stresses.

Due to its simplicity of calculation, the net stress is frequently used in
practice to account for the effect of corrosion pitting on the stresses
experienced by GCI pipes. Therefore, the net stress states of the pipes
tested were used to estimate the cycles-to-leakage of each experiment.
However, to account for the effect of mean and multiaxial stresses, the
Smith-Watson-Topper criterion was used to determine an equivalent net
stress for making cycles-to-leakage estimates (John et al., 2024c; Smith
et al., 1970):

OaSWT = 1/ Gn.maern.a (3)

where: o, swr is the predicted equivalent uniaxial fully-reversed stress
amplitude, &,, is the normal strain amplitude on the critical plane
(which in the case of linear-elastic multiaxial stress states can be
determined using Hooke’s law), and the critical plane is that which
experiences the maximum value of e, q; 0pmax is the maximum value of
normal stress on the critical plane; and E is the elastic modulus of the
material, equal to 82.1 GPa (John et al., 2024b). The equivalent stress
amplitude was then used to estimate the cycles-to-leakage of each
experiment using the following relationship (Lee, 2005), using the same
o4, and ko values as used to calculate Fgy:

0A0 ko
N, = Ny ( > @
OaSWT

The Effective Volume notch fatigue model was developed by Bomas
et al. (1999) through combining fracture mechanics theory and a
probabilistic approach to the distribution of internal material defects.
GCI features many internal inclusions and defects, making the theory
behind this model highly relevant. Recent work has shown this model to
be effective for GCI pipes featuring circular pits and uniform wall loss,
but high-aspect ratio pits have not previously been investigated (John
et al., 2026). The Effective Volume model was applied, coupled with the
Smith-Watson-Topper criterion, in the following form to make fatigue
life estimates:

—1/Mgg
0a SWT,max Veff,SWT.O )
Kips = —"— "o 5

TS Og,net <Veff 7SWT ( )
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Where: 64swrmax is the maximum value of the SWT criterion at the
notch/pit; 64 e is the net stress amplitude; Mgs is a material parameter;
Vegswro is the effective volume of the reference condition in terms the
SWT criterion; and Vg swr is the effective volume of the condition of
interest in terms the SWT criterion. To facilitate calculation using
elemental results from FEA, Vg swr was approximated as:

Mgs
Ve swr = ZK "“SWT’> Vi} ®)

0q SWT.max

where: n is the number of elements in the FEA model; 6, swr; is the SWT
equivalent stress amplitude experienced by element i, calculated using
Eq. (3); 6aswrmax is the greatest SWT equivalent stress amplitude
experienced by any element in the FEA model; and V; is the volume of
element i. For the cast iron pipes tested, Ve swro and Mgs were found to
equal 13,020 mm?® and 6.90, respectively (John et al., 2026). The
cycles-to-leakage of each experiment were estimated using the following
relationship:

[04.0/Ky 5] > fo %)

Oanet

Nf:NA(

The prediction accuracy of the Net Stress and Effective Volume ap-
proaches were quantified using the mean square error quantity, Trys, as
explained by Walat and fagoda (2014).

FEA was used to calculate the stress quantities needed to determine
K, and K gs. This analysis was performed using a quarter pipe model, as
shown by Fig. 4a. Considerable mesh refinement was required at the
sharp axial pit (see Fig. 4b) to converge the estimate of K s, with the
resultant minimum element size at the pit tip being 0.028 mm. Full
details of the FEA routine used may be found in John et al. (2026), which
was similar to that used here with the exception of the pit geometries
analysed.

3. Results
3.1. Leak behaviour observations

To investigate the behaviour of early stage leaks, high-speed camera
recordings captured the start of leakage for the axial pit experiments
featuring internal pressure or biaxial loading. The full leak-to-burst in-
terval of an axial pit-internal pressure load experiment was captured and
is shown by Fig. 5 and a video recording provided as supplementary
material. The high internal pressure load amplitude applied during this
experiment (2.9 MPa) caused the pipe to develop a leaking crack after
only 14 load cycles (compared to the target of >10%). This crack grew to
the full 20 mm length of the pit during a single load cycle, allowing a jet
of water to leak from the crack. However, as the water pressure cycle
continued and reduced towards the minimum of 1.2 MPa the leak
stopped. This phenomenon is also illustrated for another axial pit-
internal pressure load experiment in Fig. 6, where careful comparison
of the pressure load history and high-speed video frames showed that
leakage only occurred when the internal pressure exceeded approxi-
mately its average cyclic value. This stop-start leakage behaviour was
observed for all axial pit-internal pressure load and axial pit-biaxial load
experiments. In all cases leakage stopped while the internal pressure
load was substantially above zero.

Returning to the experiment shown by Fig. 5, after the sudden for-
mation of a leaking crack during load cycle 14 the crack length remained
stable for 10 load cycles before suddenly growing beyond the pit during
load cycle 23. This crack growth was nearly instantaneous, and the
resultant axial crack was over 100 mm long (i.e. over two pipe di-
ameters). This large crack prevented the pipe from holding any water
pressure and was therefore considered a burst failure.

The experiment shown by Fig. 5 illustrates the typical leak formation
and growth behaviour observed for all axial pit-internal pressure load
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Fig. 4. Illustration of the Finite Element Analysis (FEA) model and boundary conditions (a) and mesh design (b) used to calculate the stress quantities (c, d) required
to make fatigue life predictions for test specimens using the Effective Volume notch fatigue model.

and axial pit-biaxial load experiments, however, the number of cycles-
to-leakage and leak-to-burst cycles varied considerably across experi-
ments. For example, a lower pressure amplitude experiment (2.3 MPa)
where a leaking crack formed after 8167 load cycles is shown by Fig. 7.
The initial leaking crack that formed during this experiment was very
small, only allowing a bead of water to form at the base of the pit. Over
the course of about 150 load cycles this crack grew along the base of the
pit until a water jet appeared during the higher-pressure part of the load
cycles. The crack continued to grow until it spanned the full width of the
pit, however, the crack did not grow beyond the pit despite > 2300 load
cycles being applied after the initial leak appeared. The experiment was
suspended due to the large quantity of water lost from the system.

The high strength of the axially pitted pipes under bending loading
only meant that only one of these specimens developed a leak. The high-
speed camera did not trigger successfully when this pipe began to leak,
however, measurements of the low water pressure sealed in the pipe
during the experiment showed no period of leakage prior to bursting.
Instead, a circumferential crack aligned with one end of the pit, shown
by Fig. 8, formed during a single load cycle. This leakage and failure
behaviour was therefore very different to the axial pit-internal pressure
load and axial pit-biaxial load experiments discussed above. All bending
load experiments and the uniform wall-loss biaxial experiments

developed circumferential cracks upon failure, rather than the axial
cracks observed for the axial pit-internal pressure load and axial pit-
biaxial load experiments.

3.2. Leak-to-burst interval

The leak-to-burst load cycles are plotted against the load cycles taken
for a leaking crack to form in Fig. 9, giving a visualisation of the leak
stability of each group of experiments. Fig. 9 shows that 19 out of 26
experiments featured some period of leakage prior to the pipe bursting.

Within most groups of experiments there was a trend towards leaks
that took more load cycles to form having longer periods of stable
leakage prior to bursting. Axial pit-internal pressure load experiments
that failed prematurely (i.e. before 10% load cycles) are included in Fig. 9
and they illustrate how the trend for this experiment set extends down to
lower cycles-to-failure in an almost linear manner within log-log space.

Looking across the different experiment sets in Fig. 9 there are two
clear groups, which are highlighted using black and grey markers. The
black marker group comprises the axial pit-internal pressure load only
and axial pit-biaxial load experiments, and these sets demonstrated
periods of stable leakage that were about an order of magnitude greater
than the other experiment sets (marked in grey) for similar cycles-to-
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Water leaking
from crack

Crack along pit
base

(f) 25 cycles — Unable to hold pressure

Fig. 5. High-speed video stills showing the development of a leak in a sharp axial notch - internal water pressure experiment with a pressure amplitude of 2.9 MPa
and mean pressure of 4.1 MPa. The high loads applied caused the leak to develop quickly, but this meant the high-speed camera was able to capture the full leak-to-
burst transition. The initial leaking crack grew to the full length of the 20 mm long pit almost immediately during load cycle 14 (a-b) but then remained stable for 10
load cycles (b-d) before suddenly growing out of the pit to a length of > 100 mm (e), resulting in the pipe bursting. The video from which these stills were taken is

provided as supplementary material.

leakage. This indicates that some aspect of the pit-load combination in
these two black-marker experiment sets promoted leak stability, rather
than the more rapid leak-to-burst transitions observed in the other
experiment sets.

3.3. Load cycles-to-leakage for axial pit experiments

Fig. 10 shows the number of load cycles applied before a leaking
crack formed vs the applied net stress amplitude for the axial pit ex-
periments. These results were used to investigate the effect of pit-stress
alignment on pipe fatigue strength. The net stress amplitude is the
equivalent stress amplitude that a pipe with wall thickness uniformly
reduced to the depth of the pit would have experienced for the same
loading. This means that the net stress can be used to compare the effect
of a localised pit with more uniform corrosion. To facilitate this com-
parison, the 10-90 % prediction interval for pipes with a uniformly
reduced wall thickness from John et al. (2024c) are included in Fig. 10.
This prediction interval characterises the spread of the uniform wall loss
data (n = 12).

Only one of the axial pit data points falls within the uniform wall loss
prediction interval, indicating that pipes with axial pits were almost
always significantly stronger or weaker, depending on the loading, than
the uniform wall loss case. This difference from the uniform wall loss
case is also quantified by the F,, values in Table 3. Two of the axial pit-
bending load fatigue experiments survived 10° cycles at the maximum

load the equipment could apply and were classed as runouts, indicated
by the right-pointing arrows on Fig. 10.

Several experiments were performed for the axial pit-internal pres-
sure load experiment set that failed before the threshold 10 load cycles,
mainly due to the pressure load amplitude being set too high while the
behaviour of the pipes was being established. These additional data are
plotted in Fig. 11 along with a curve fitted to the data for experiments
which leaked after 10° load cycles, using the same slope as the un-
notched uniaxial data (ko = 11.5). Surprisingly, given the usual
change in fatigue curve slope between the low- and high-cycle fatigue
regimes, the curve fits the data well down to a single cycle to failure,
except for a single very low strength pipe.

3.4. Fatigue life estimates

To establish whether the observed fatigue strength sensitivity to pit-
stress alignment could be predicted by existing models, the cycles to
leakage onset predictions made using the Net Stress and Effective Vol-
ume methods for the axially pitted pipes are presented in Fig. 12. These
prediction plots indicate the effectiveness of the models by comparing
the experimentally observed cycles to leakage with the model pre-
dictions. Predictions that fall within the parallel chain lines are within
the range of expected fatigue strength variation for the pipe material.
The Trys values used to quantify prediction accuracy are provided in
Table 4. Some predictions for both methods fell beyond the limits of
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Fig. 6. Example of how leakage only occurred during the higher-pressure part of the load cycles for a sharp axial notch pipe with cyclic internal pressure loading
once it had developed a fatigue crack. In image (a) the crack at the base of the pit was closed despite positive internal pressure. Image (b) shows the crack open and
leaking due to the increased internal pressure. Image (c) shows the crack closed once again as the pressure dropped. This behaviour repeated each cycle.

expected material variation, indicating that neither method was able to
fully capture the effects of different pit-stress alignments.

4. Discussion
4.1. Intermittent leakage behaviour of fatigue cracks

A particularly striking and novel observation made by this research
was the stop-start leakage behaviour of the fatigue cracks formed during
the axial pit-internal pressure loading and axial pit-biaxial loading ex-
periments. In all of these experiments leakage began once a fatigue crack
a few mm long penetrated through the pipe’s wall. However, when the
cyclic pressure load dropped below approximately the middle value the
crack closed and leakage stopped (Fig. 6).

This observation is perhaps surprising given that the applied pressure
loads were around ten times greater than those experienced by pipes in
service, meaning the crack was able to close despite the applied pressure
being extremely high. John et al. (2024c) found that normal strain
amplitude (i.e. crack opening) controls fatigue crack growth in grey cast
iron. This means that a lower pressure load which causes a crack to form
must be able to cause sufficient strain to open the crack, and therefore
leakage should be possible for some part of the loading cycle. This
stop-start leakage behaviour is likely to only apply to newer, smaller
cracks because erosion may increase the crack width over time, whilst
long cracks may cause sufficient global plastic deformation during their
formation such that they cannot close.

Fatigue crack closure, where at least the tips of a fatigue crack have
been found to remain closed for portions of tensile load cycles, has been
encountered in other engineering applications including aircraft
aluminium alloys and steel railway axles (Pokorny et al., 2017; Wall-
brink et al., 2023). In these cases, crack closure is important because it
affects crack growth rate. The mechanisms used to explain such crack
closure observations include: plastic deformation; oxidation of the crack
faces; crack face surface roughness; and fretting debris (Janssen et al.,
2004; Pokorny et al., 2017). Recent work has successfully measured
crack opening displacement in 4 mm diameter ductile iron specimens
using X-ray tomography, detecting plasticity-induced crack closure near
the tips of a ~1 mm crack at 37 % of the maximum tensile load (Xiao

et al., 2024). In the present research, crack closure has been inferred
through the cessation of leakage below about 50 % of the maximum
tensile load, implying that the crack closure mechanism affected the full
20 mm crack length, not just the crack tips, which merits future detailed
investigation.

The observation that small through-wall fatigue cracks may close
and completely stop leaking while internal water pressures are above
zero has significant implications for leak detection techniques, WDN
pressure management, and WDN hydraulic modelling. Leak detection
techniques to search for this type of small leaking crack in GCI pipes
should be used during the times of day when the network water pressure
is high to increase the likelihood of the leak being open and detectable,
assuming the leaks were caused by an internal pressure load. Acoustic
and vibration leak detection is commonly conducted at night when
background noise is minimal and pressures are typically higher,
complying with this. Similarly, night line estimation from DMA flow
meters is typically when pressures are highest, so is likely to quantify the
worst effects of such small leaks in GCI pipes. This behaviour can also
explain the benefits of pressure management, and inform pressure
reduction targets: a substantial, non-linear reduction in leakage should
theoretically be achieved in WDNs containing GCI pipes with large
numbers of small leaking fatigue cracks by reducing the operating
pressure such that the cracks are unable to open.

The finding that small fatigue cracks can stop leaking completely
under positive water pressures potentially gives physical meaning to the
negative initial leak areas calculated by Deyi et al. (2014) for a real
water network using the “Fixed and Variable Area Discharges”
pressure-leakage relation. A negative initial leak area in such analysis
results in zero leakage being predicted below some positive value of
water pressure, while using a positive initial leak area predicts that
leakage occurs at zero pressure. Instead of being impossible, negative
initial leak areas may indicate a significant proportion of the leakage
water loss from the WDN is caused by small fatigue cracks that are able
to close, assuming the WDN in question contains many GCI pipes. Such
variable area effects were observed for plastic pipes by Fox et al. (2016),
however not to the extent of causing zero leakage. This is likely due to
removing material to formation the slits in the prior work.

Inferring the existence and location of small leaking fatigue cracks in
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Fig. 7. High-speed video stills showing the development of a leak in a sharp axial notch - internal water pressure experiment. Leakage began after 8167 cycles (a-b)
when a tiny water drop began to form at the bottom of the pit, showing a crack had formed. The leak developed slowly, first allowing water to drip from the crack (c-
d), then growing to allow water to jet out(e-f). The crack eventually grew to the full width of the pit, but the experiment was suspended without bursting after 10,565

cycles due to the quantity of water loss from the system.

Fig. 8. Image showing the circumferential crack alignment of the only axial pit
pipe that failed due to cyclic bending loading. Note that the crack passes
through one end of the pit, rather than the centre.

GCI pipes using hydraulic modelling approaches is likely to be inaccu-
rate if the crack closure behaviour observed in this study is not modelled
accurately. Experiments used to validate pressure-leakage behaviour
models often approximate cracks in pipes as having a small finite width
(~ 1 mm) due to specimen manufacture constraints (Fox et al., 2016; Li
et al., 2022; Van Zyl and Malde, 2017), however, non-zero width cracks
do not display the crack closure behaviour observed in this study.

10

4.2. Effect of pit-stress alignment on the leak-to-burst interval

It was hypothesised that pit-stress alignment can cause a significant
change in the leakage behaviour of GCI pipes. This hypothesis is sup-
ported by the leak-to-burst interval results in Fig. 9 which show that the
axial pit-internal pressure load and axial pit-biaxial load experiment sets
demonstrated periods of stable leakage that were about an order of
magnitude longer (in terms of applied load cycles) than the other
experiment sets.

The axial pit-internal pressure load and axial pit-biaxial load were
also the most “damaging” pit configurations, causing leaks to form at
lower applied stress amplitudes. Fq, for the sharp and blunt round pit
specimens were 0.77 and 0.74, respectively (John et al., 2026), whereas
F,y, for axial pit-internal pressure load and axial pit-biaxial load exper-
iments were higher at 1.40 and 1.60, respectively (Table 3). The higher
Fgn values show that the axial pit-internal pressure load and axial
pit-biaxial load configurations allowed leaking cracks to form under
lower loads, meaning that stresses in the iron surrounding the pits were
lower relative to the stresses at the bottom of the pit where the cracks
formed in these cases.
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tween leakage starting and structural failure of the specimen. Upward arrows
indicate that an experiment was suspended before unstable crack propaga-
tion occurred.
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Fig. 10. Plot showing the fatigue life results for pipe specimens featuring axial
pits subjected to internal pressure, bending, or combined bending and internal
pressure loads (i.e. biaxial loading). The legend indicates the direction of the
stress amplitude shown for each data set. The expected range of fatigue
strengths for pipes with uniform wall loss subjected to R = 0.1 uniaxial loading
(John et al., 2024c) is provided for reference.

The substantial difference in stress state between the bottom of the
axial pit and surrounding iron likely caused the crack propagation
behaviour shown in Figs. 5 and 7. In both figures, the crack was
observed to grow relatively quickly in the high-stress region at the base
of the pit. However, crack growth slowed considerably once the crack
tips reached the significantly lower stress region at the edge of the pit.
The pit was able to arrest crack growth and “trap” the crack for a period.
On the other hand, for the lower stress concentration pit-stress
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configurations the difference in stresses between the bottom of the pit
and the surrounding iron were small, meaning the crack was able to
grow beyond the pit with greater ease, resulting in the shorter leak-to-
burst intervals observed. Similarly, the short leak-to-burst intervals of
the uniform wall loss experiments were also likely due to the more
uniform stresses providing a good environment for crack growth.

The critical crack length for unstable crack propagation (or burst in
this case) can be estimated using the Linear Elastic Fracture Mechanics
relation for a through-thickness crack in an infinite plate (Janssen et al.,
2004):

2
Aer = 1<1&> (8)
V]

On

Where K¢ is the material fracture toughness, typically close to 13.8
MPa\/m for spun GCI pipes (Makar and Rajani, 2000), and o, is the
stress applied perpendicularly to the crack. For the axial pit-internal
pressure experiments that developed leaks after between 10° and 10*
cycles, the predicted critical total crack length, 2ac, g, was about 34
mm (given the maximum gross stress was approximately 60 MPa).
Considering that the length of the sharp axial notches was 20 mm, this
estimated critical crack length indicates that in this loading condition a
critical crack could not form in the high-stress region at the base of the
sharp axial notch, as illustrated by Fig. 13a. If the sharp axial notch
length had been 34 mm, or more, it is unlikely that extended periods of
stable leakage would have occurred because a critical crack would have
been able to form in the high-stress region of the notch, as illustrated by
Fig. 13b This is supported by the observation of rapid propagation of
small cracks in the uniform wall loss experiments reported here, and
some experiments using ramped internal pressures reported by Rath-
nayaka et al. (2017), where there were no barriers to crack propagation.
Further experiments exploring the leak-to-burst interval would be
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Fig. 11. Plot showing all axial pit pipe internal pressure loading fatigue data,
including failures that occurred before 10® cycles. The curve shown was fitted
using only data corresponding to failures after 10> cycles, showing that the
same linear trend persists to very low cycles to failure.

Table 3
Fatigue experiment parameters and quantification of the fatigue strength demonstrated relative to the uniform wall loss case via the parameter Fq, (see Eq. (2)).
Loading Experiments Runouts Average load ratio, R K:q Kin Fan = 90 % confidence interval
Internal pressure 4 0 0.16 18.93 7.63 1.40 £ 0.26
Bending 3 2 0.10 2.44 1.23 < 0.56
Biaxial* 3 0 0.23/0.18 2.29/17.93 1.15/7.23 0.84 £ 0.16 /
1.60 £+ 0.33

“ R, Kig, Kin and Fgy, values for: axial stress / hoop stress.
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Fig. 12. Plots comparing the cycles to leakage predictions of the (a) Net Stress and (b) Effective Volume methods with the cycles to leakage measured during the
experiments. The solid line indicates perfect prediction, whereas the chain lines indicate the observed scattering of the pipe material under uniaxial fully-reversed

fatigue loading (John et al., 2024c).

Table 4
Quantification of the cycles to failure prediction errors using the Tgrms
parameter.

Prediction error, Trms

Axial pit — Four-point Axial pit — Internal Axial pit —

bending loading pressure loading Biaxial loading
Net Stress 339.2 46.2 22.0
Effective 1.1 135.5 8.9
Volume

beneficial to confirm this behaviour for a wide range of real-world
corrosion pit geometries.
This mechanism whereby cracks can become “trapped” in smaller,

(a) Localised corrosion pit

1 - Through-wall crack forms

=
2 - Crack reaches pit edges
and growth slows

3 - Crack slowly grows out of
pit to unstable length

2acr,gross

high stress concentration pits explains how small, difficult to detect
leaks can form and persist for extended periods of time without propa-
gating to form a larger leak or burst. If a crack that has been “trapped” by
a corrosion pit in this way results in a leak that is too small to detect,
then the crack would contribute to the “background” leakage rate of a
WDN until it is able to propagate beyond the pit, which may then enable
the leak to be detected.

The finding that pit shape influences crack stability also creates the
potential for in-pipe inspection tools to identify pipes at risk of devel-
oping “background” leaks from corrosion pit measurement data. Further
research into the relation between pit shape leak stability could ulti-
mately enable asset managers in possession of corrosion pit measure-
ments and stress predictions for in-service GCI pipes to determine the
likelihood of the pipe developing a stable leak or a more sudden burst.

(b) Large area of wall loss

1 - Through-wall crack forms

=
2 — Crack grows to unstable
length within pit

<>

ZaCT,gTOSS

Fig. 13. Illustration of the proposed interaction between corrosion pit size and critical fatigue crack length, showing how pits less than the critical crack length may
“trap” cracks for a period. Double arrows indicate rapid, unstable crack propagation, leading to burst.
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Direct comparison of these experimental leak-to-burst interval re-
sults to real-world case studies requires knowledge of the frequency of
the load which caused the real-world leak, however loading frequency
information is rarely recorded or reported for specific leak-to-burst ex-
amples. Load cycle frequencies can vary significantly: internal pressure
load cycle frequencies may range between perhaps one per year for
extreme events to 10° per year for more minor instabilities
(Jara-Arriagada and Stoianov 2022; Jiang et al., 2019). For an experi-
mental internal pressure load result of 200 leak-to-burst cycles the
real-world leak-to-burst time could therefore potentially vary between
several years to less than a day. Stephens et al. (2020) observed a lon-
gitudinal crack that had a detectable leak-to-burst period of about 6
months; hypothetically, 200 load cycles over this period would corre-
spond to a load frequency of 400 per year, which is within the range of
plausible pressure load frequencies.

4.3. Effect of pit-stress alignment on fatigue strength

The second aspect of this research’s hypothesis was that different
corrosion pit and stress axes alignments cause a significant change in the
fatigue strength of GCI pipes. High aspect ratio pits were tested because
these were expected to be most sensitive to pit-stress alignment changes.

So that these findings can easily be transferred to operational load
magnitudes (from the higher load magnitudes applied during the ex-
periments) the discussion in this section refers to percentage changes in
net fatigue strength at the high-cycle reference cycles to leakage (10°).
Net stress in pipes is a function of load magnitude and remaining wall
thickness and is linked to the local stresses that control the fatigue
damage process. Different combinations of load and wall thickness can
return the same net stress amplitude and therefore similar cycles to
leakage (i.e. a lower, operational load and lower remaining wall thick-
ness could return the same number of cycles to failure as a given
experiment if the net stress amplitudes and pit shapes are equal). The net
stress amplitude is therefore a useful comparative quantity as it is not
constrained to a particular load magnitude.

The effect of pit-stress alignment for the axially pitted pipes is shown
by Fig. 10. Directly comparing the results for the axial pit-internal
pressure load experiments and axial pit-bending load experiments in
Fig. 10 shows that rotating the applied stress direction through 90° from
parallel to the pit axis to perpendicular (see Fig. 1d and f) reduced the
fatigue strength of the pipes by about 60 %. This shows that high aspect
ratio corrosion pits can be highly sensitive to stress direction, as
hypothesised. This effect was caused by the asymmetry of the pit
amplifying stresses applied in different directions to varying degrees,
seen by comparing the K, values in Table 3. This means that if a GCI pipe
features high aspect ratio corrosion pits, such as the examples reported
by Jara-Arriagada and Stoianov (2024) and Makar (2000), changes in
the pipe loading may cause the pit to become substantially more, or less,
damaging.

To illustrate the way in which a change in loading may cause a pit to
become more damaging, and how the results obtained using axially
aligned pits can be translated to circumferentially aligned pits, consider
the following example. A long narrow pit aligned circumferentially is a
90° rotation of the axial pits tested in this research, so a circumferential
pit would amplify the effect of axial stresses and be relatively insensitive
to hoop stresses. Therefore, a circumferentially aligned pit would cause
little reduction in fatigue strength when internal water pressure loading
is applied, however, if a cyclic bending load were subsequently intro-
duced, perhaps due to fluctuations in soil moisture content (Chan et al.,
2015), the pit would amplify the axial stresses caused by this load which
could lead to a leak forming in a short space of time.

Comparing the axial pit results with the uniform wall loss case shows
that all-but-one of the axial pit-internal pressure load data in Fig. 10 fell
below the uniform wall loss prediction interval. This shows the axial pit-
internal pressure load configuration was typically more damaging than
the uniform wall loss case, as quantified by the Fg, value of 1.40 given in
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Table 3 (i.e. a 29 % reduction in fatigue strength). The 90 % confidence
interval for this F,, value is 4= 0.26 due to the scatter in results and small
amount of data, however, t-test results showed that the difference be-
tween these two data sets was significant to a > 95 % confidence level.
Therefore, the damaging effect of the axial pit-internal pressure load
configuration can be considered significant but additional tests, perhaps
with a realistic irregular pit geometry, would be beneficial to quantify
the effect with greater certainty.

On the other hand, all the axial pit-bending load data fell consider-
ably above the uniform wall loss prediction interval, showing this
configuration was less damaging than the uniform wall loss case.
Although only one axial pit-bending load experiment developed a leak,
the number of cycles survived by the other two experiments indicate
that they would likely have demonstrated similar, or higher, fatigue
strengths. This means the F,, value of 0.56 for this dataset (i.e. a 79 %
increase in fatigue strength) can only be considered an approximate
value. Critically, for both the parallel and the perpendicular stress-pit
axis alignments (see Fig. 1d and f) the axially pitted pipes gave sub-
stantially different fatigue strengths than the uniform wall loss case.

An implication of the above finding is that modelling complex
corrosion pit geometries as uniform wall loss (a relatively common in-
dustry practice) has the potential to significantly overestimate or un-
derestimate a GCI pipe’s strength. This in turn may result in wasted
resources due to pipes being replaced prematurely, or water loss due to
pipes developing leaks earlier than expected.

Considering the effect of biaxial loading, the axial pit-biaxial load
experiments behaved similarly to the internal pressure load experi-
ments, making it appropriate to analyse these experiments from a hoop-
stress perspective. The addition of the out-of-phase bending load caused
a further average reduction of fatigue strength by 12 % relative to the
internal pressure load only (F,, = 1.60), however t-test results showed
this difference was not significant to a 90 % confidence level. This
reduction is also less than the 28 % strength reduction reported by John
et al. (2026) for uniform wall loss pipes subjected to out-of-phase biaxial
loading. This indicates that GCI pipes with larger areas of uniform wall
loss corrosion may be more vulnerable to combined loads than pipes
with smaller pointed pits.

The above findings are derived from experiments using machined
pits causing K, from 1.23 to 7.63, depending on the loading condition.
The low sensitivity of cast iron to surface roughness (Lampman, 1996)
and the low strength of graphitic corrosion residue (Seica and Packer,
2004; Yamamoto et al., 1983) mean these machined pits are expected to
cause similar fatigue strength reductions to real corrosion of the same
shape, although it is unlikely such regularly shaped pits would occur in
reality. The parameter K, , quantifies the severity of the geometric stress
concentration effect of different pits, which appears to correlate with the
fatigue strength reduction caused by a pit (John et al., 2026). As a result,
real pits causing a similar K;, to the machined pits are likely to cause a
similar magnitude fatigue strength reduction. However, K, , has rarely
been quantified for real corrosion pit geometries; a small number of
studies have performed FEA using 3D scans of corroded cast iron and
steel pipe geometries with internal pressure loads (Mokhtari and
Melchers, 2020; Rathnayaka et al., 2017), the results of which suggest
K., values of between about 0.8 and 3.2. The small number of real
corrosion patches investigated in this way mean this range cannot be
considered comprehensive and images of corrosion pits available in the
literature suggest that higher K, , pits are likely to exist (Jara-Arriagada
and Stoianov 2024; Makar, 2000). To understand the full range of fa-
tigue strength reductions caused by real corrosion pits, it would be
beneficial to perform a large-scale campaign of exhumed pipe corrosion
pit scanning and fatigue analysis using the understanding developed by
this research.
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4.4. Predicting the effect of pit-stress alignment on fatigue strength

Given that the cycles-to-leakage results in Fig. 10 show that pit-stress
alignment can significantly change the fatigue strength of a GCI pipe it is
important to understand whether this change in fatigue strength can be
predicted. Looking to the fatigue life estimates, the Net Stress method
(Fig. 12a) underestimated the fatigue life of the axial pit-bending load
experiments, showing that this model did not capture the lower damage
caused by this configuration. Similarly, the Net Stress model did not
capture the increased damage caused by the axial pit-internal pressure
load configuration and overestimated the lives of these experiments. The
lives of the axial pit-biaxial load experiments were slightly under-
estimated, suggesting that the damaging effect of the out-of-phase
biaxial load was over-accounted for. The relatively poor performance
of the Net Stress method was not unexpected, given this method assumes
the pits behave as uniform wall loss.

The Effective Volume method (Fig. 12b) provided reasonable pre-
dictions for the axial pit-bending and axial pit-biaxial experiments,
although one of the runout bending experiments would probably have
been underestimated had the experiment continued to failure. This
suggests the method broadly captured the effect of the pit-stress align-
ments in these configurations. Surprisingly, given the good biaxial
experiment predictions, the Effective Volume method provided worse
predictions for the axial pit-internal pressure load experiments than the
Net Stress method (note the higher Trys value in Table 4), with all
predictions overestimating the cycles to leakage beyond the material
scatter band. This indicates that the Effective Volume method did not
capture the damaging effect of the perpendicular pit-stress alignment,
which suggests that the good biaxial experiment predictions noted
above may have been driven by overestimation of the biaxial load effect.
Previously, the Effective Volume approach has been applied to pits
characterised by a net stress concentration factor of 4.5 or less (John
et al., 2026), compared to over 7 in this research. As a result, further
research is needed to understand and predict the notch fatigue behav-
iour of GCI pipes featuring high stress concentration pits. Additional
fatigue experiments of pipes with a range of realistic pit geometries
would be invaluable in developing an improved model.

The cycles-to-leakage results for the axial pit-internal pressure load
configuration that developed leaks after between 1 and 10° load cycles
are surprising because a change in the slope of the fatigue curve would
be expected in this region (Carpinteri et al., 2017; Fatemi and Shamsaei,
2011). Instead, Fig. 11 shows that the curve fitted to the high-cycle fa-
tigue data (Ny > 103) also fits the low-cycle fatigue data well. This may
be because the high stress concentration effect of the axial pit in this
configuration meant that crack development occurred in plastic strain
conditions even when Ny was greater than 10%, meaning there was no
change in cracking mode as Ny reduced. This implies that it may be
possible to use a single unifying linear-elastic model to predict static (i.e.
Ny = 1), low-cycle fatigue, and high-cycle fatigue failures for pitted GCI
pipes, which could simplify failure prediction significantly once a suit-
able model is identified or developed.

5. Conclusions

The research presented in this paper explored the hypothesis that
different corrosion pit and multiaxial stress alignments cause a signifi-
cant change in the fatigue strength and leakage behaviour of grey cast
iron pipes. The conclusions reached are:

e Leaking fatigue cracks in grey cast iron pipes can close and stop
leaking when the load that caused the crack to form is reduced below
about the middle cyclic value. This means that leaks may disappear
(even under high pressure conditions) and subsequently reappear as
the loading applied to a pipe changes.
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e Leaking cracks that take more load cycles to develop tend to have
longer periods of stable leakage prior to bursting, provided condi-
tions do not change.

e Small corrosion pits that cause high stress concentrations can cause

leak-to-burst intervals that are two orders of magnitude longer than

uniform wall loss because they restrict crack propagation.

The common practice of assuming corrosion pitting equates to uni-

form wall loss can result in significant over- or under-estimates of

fatigue strength for cast iron pipes, particularly for those featuring
long, narrow pits.

The fatigue strength reduction caused by long, narrow corrosion pits

can change by about 60 % depending on the applied stress direction.

Therefore, to evaluate the damage caused by specific corrosion pits it

is important to understand the loads experienced by a pipe.

e The Effective Volume notch fatigue model can underestimate the

damaging effect of pit and load combinations that cause high net

stress concentrations of around 7.

The fatigue behaviour of pitted cast iron pipes does not show a clear

transition between the low- and high-cycle fatigue regimes, sug-

gesting that linear elastic fatigue analysis may be applicable to fa-
tigue lives from 1 to > 10° cycles. This would significantly simplify
failure analysis of these pipes.
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