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Grey Cast Iron (GCI) water pipes are subjected to multiaxial, cyclic stresses caused by combinations of loads such
as internal water pressure and road vehicle weight. However, the multiaxial fatigue performance of this material
has not previously been characterised. To address this gap more than 45 fatigue tests, including some under non-
proportional tension-torsion loading, were completed using a GCI material very similar to water pipe GCI. Of the
four multiaxial fatigue criteria tested, the Smith-Watson-Topper (SWT) criterion provided the best predictions by

a narrow margin, supporting the idea that a tensile cracking mode dominates the fatigue life of GCIL.

1. Introduction

Pipes made of Grey Cast Iron (GCI) are common in many UK water
distribution networks, and around the world, and are often identified as
having high failure rates compared to other pipe materials [1,2]. The UK
water industry has committed to halving leakage rates by 2050,
compared to 2018 levels [3], but only replaces around 0.1 % of pipes per
year [4]. As a result, old GCI pipes will not be completely removed from
service in the foreseeable future. To help reduce leakage rates in a cost-
effective way techniques must be developed which enable targeted
replacement of old GCI water pipes [3].

GCI water pipes are vulnerable to corrosion which can result in the
formation of localised pits or uniform wall loss [5,6]. The reduction in
wall thickness caused by corrosion increases the stresses experienced by
the pipe material and can lead to the formation of leaking cracks under
service loading [7]. Years-to-leakage modelling for GCI water pipes
based on predicting years to fatigue failure [8,9] has the potential to
guide the selection of pipes for replacement. Corrosion of GCI water
pipes has been extensively researched [5,10,11] but the fatigue response
of the pipe material is less well understood and fundamental research is
required to address this gap.

GCI pipes were used in new installations from the mid-1800s until
the 1960s, but many still remain in service [1,12]. A defining feature of
GCI is the graphite flake inclusions contained within its predominantly
iron microstructure, as shown in Fig. 1. The extremely brittle tensile
behaviour of GCI is attributed to these graphite flakes acting as internal
defects [13,14]. GCI pipes were superseded in UK water networks by
pipes made of Ductile Cast Iron (DCI), which is a stronger, less brittle
cast iron [1]. The superior mechanical properties of DCI are in part due
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to the nodular morphology of the graphite found in DCI, instead of the
graphite flakes found in GCI [13,15,16].

Brevis, Susmel and Boxall [8] predicted that millions of load cycles
are required to cause a GCI pipe to crack, while Jiang et al. [9] predicted
in the order of 10* load cycles would be required. Literature data for GCI
indicate that the High-Cycle Fatigue (HCF) regime covers failures
occurring between around 102 and 107 load cycles [9,17-20]. Therefore,
for the water pipe application considered here the fatigue regime of
interest is HCF. The relatively low stresses applied under HCF mean that
for most materials linear elastic behaviour dominates and plastic strains
become insignificant.

Smaller diameter GCI pipes can experience biaxial stress states; in-
ternal water pressure causes a pipe to experience stress acting around its
circumference [21] and bending loads, such as vehicles and soil mois-
ture response, cause stress acting in the pipe’s axial direction [22,23].
These loads are also time variable with the potential to cycle tens or even
hundreds of times per day [24-26]. As a result, models aiming to predict
years to fatigue failure of GCI water pipes must be capable of predicting
the multiaxial fatigue behaviour of GCIL

No data is currently available which describes the multiaxial fatigue
behaviour of water pipe GCI, so it is not possible to select a multiaxial
fatigue criterion for GCI water pipes. However, a large quantity of GCI
uniaxial and rotating-bending fatigue data is available [9,17,19,20].
Additionally, Weinacht and Socie [18] reported tests of GCI specimens
subject to strain-controlled torsional fatigue loads. Some multiaxial fa-
tigue data is available for DCI; Tovo et al. [27] and Benedetti et al. [28]
both performed in-phase and out-of-phase tension-torsion fatigue tests
on DCI specimens. However, there is no literature available to suggest
that GCI and DCI exhibit similar responses to multiaxial fatigue loading.

The work detailed in this paper aimed to identify a fatigue criterion

Received 1 August 2023; Received in revised form 22 September 2023; Accepted 10 October 2023

Available online 13 October 2023

0142-1123/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:l.susmel@sheffield.ac.uk
www.sciencedirect.com/science/journal/01421123
https://www.elsevier.com/locate/ijfatigue
https://doi.org/10.1016/j.ijfatigue.2023.108002
https://doi.org/10.1016/j.ijfatigue.2023.108002

E. John et al. International Journal of Fatigue 178 (2024) 108002
Nomenclature K MMS criterion biaxiality ratio, equal to 63/07 unless o2/
o1 > 0 in which case x = 0
MWCM criterion material constant A Biaxiality ratio, equal to 64/74
MWCM criterion material constant v Poisson’s ratio
Fatigue strength exponent Peff MWCM criterion effective stress ratio

A

B

b

c Fatigue ductility exponent

E Elastic modulus

Erums Logarithmic root mean square error
Negative inverse slope

k. MWCM criterion negative inverse slope

m MWCM criterion mean stress sensitivity index, a material
property which ranges between 0 and 1

Na High-cycle reference cycles to failure

Neap) Predicted cycles to failure for test i

Nexp(i) Experimentally observed cycles to failure for test i

N Cycles to failure

n Number of observations

P Probability of survival

R Load ratio, equal to omin/6max

Trus Mean square error of prediction scatter

Trusm  Mean square error of prediction scatter for uniaxial R = 0.1
loading

Trusr  Mean square error of prediction scatter for TTIP and
TTOOP loading

To Stress amplitude scatter

t Time

a MWCM criterion material constant

p MWCM criterion material constant

8 CS criterion angle in degrees between the weighted mean
direction of maximum principal stress and the normal to
the critical plane

e} Fatigue ductility coefficient

Ena Normal strain amplitude on the critical plane

% Normal strain on an arbitrary material plane defined by the

axes X,Y,Z where X is normal to the plane

01,02 Principal stresses

oap,—10% 10% probability of survival high cycle reference stress
amplitude, determined at N, cycles to failure

oaps—s0% S0% probability of survival high cycle reference stress
amplitude, determined at N, cycles to failure

oaps—90% 90% probability of survival high cycle reference stress
amplitude, determined at N, cycles to failure

oar-——1 Uniaxial fully reversed reference stress amplitude,
determined at N4 cycles to failure

oqr—-1 Equivalent uniaxial fully reversed stress amplitude

5} Fatigue strength coefficient

0q Applied stress amplitude

Omax Maximum applied stress

Omin Minimum applied stress

Ona Normal stress amplitude on the critical plane

Onm Mean value of normal stress on the critical plane

On.max Maximum value of normal stress on the critical plane

ouTs Ultimate tensile strength

oy,0y,0; Stresses acting on an arbitrary material plane defined by
the axes X, Y, Z where X is normal to the plane

0y.0.2% 0.2% offset yield strength

tar——1 Torsional fully reversed reference stress amplitude,
determined at N4 cycles to failure

TA Ref MWCM criterion reference shear stress amplitude,
determined at N4 cycles to failure

Ta Applied shear stress amplitude

Tepa Resolved shear stress amplitude on the critical plane

¢ Phase shift of torsion loading relative to uniaxial loading

that is able to predict the multiaxial HCF response of water pipe GCI.
Due to the lack of multiaxial fatigue data availabe for GCI, a programme
of fatigue tests was carried out to provide the data needed to select a
suitable criterion. To contextualise the choice of fatigue criteria inves-
tigated, the following section reviews the present understanding of crack
formation and fatigue life prediction of GCI, and DCI to a lesser extent.
Subsequent sections detail the experiments performed as part of this
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work, the results obtained, and the effectiveness of the various fatigue
critera.

2. Fatigue criteria for GCI and DCI

As observed by Socie [29], when selecting a multiaxial fatigue cri-
terion it is important to consider how cracks form and grow in the

Fig. 1. X100 magnification images showing typical examples of the graphite microstructure of the bs416-2 pipe used to make the fatigue specimens.
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material of interest. In metals, cracks typically nucleate in a single grain
then grow to the size of several grains under a Mode II shearing mech-
anism (Stage I crack growth). After this, the crack switches to growing
under a Mode I tensile mechanism (Stage II crack growth) until it is large
enough to cause failure [30]. In some metals, 90% of the HCF life may be
accounted for through fatigue crack initiation, in which case, modelling
the Stage I process can be used to predict the fatigue life [31]. However,
Weinacht & Socie [18] found that under torsional and uniaxial loading
Stage II crack growth comprised 90-95% of the fatigue life of their GCI
specimens. Marquis & Karjalainen-Roikonen [32] also observed the
dominance of Stage II crack growth for DCI. This is potentially because
the defects found in GCI and DCI create stress concentrations that
accelerate crack initiation and Stage I growth [33,34].

Critical plane multiaxial fatigue criteria typically aim to model the
fatigue cracking process described above using some function of the
stress and/or strain quantities that are thought to drive fatigue crack
initiation and/or growth. These stress and/or strain quantities are taken
on a ‘critical plane’ that is defined by the criteria and is often the plane
on which the fatigue crack is expected to initiate and/or grow. The
resultant value of the function is then used to compare different load
histories and hence make fatigue life predictions.

Weinacht & Socie [18] successfully applied the Smith-Watson-
Topper (SWT) fatigue criterion using a critical plane approach to pre-
dict the response of GCI specimens to torsional loading, where the
critical plane is that which experiences the maximum normal strain
amplitude. Fash & Socie [17] found that the SWT criterion was also able
to account for the mean stress effect for GCI in the HCF regime. For DCI,
Marquis & Karjalainen-Roikonen [32] modified a maximum normal
stress critical plane model initially developed by Marquis and Socie [35]
and based on the Goodman mean stress correction factor. This model is
referred to hereafter as the Modified Marquis-Socie (MMS) criterion.
The MMS criterion was found effective at predicting torsional and
equibiaxial fatigue limits. Benedetti et al. [28] applied a range of critical
plane criteria to smooth and notched DCI, finding the Modified Smith
Watson Topper (MSWT) and Carpinteri-Spagnoli (CS) criteria to be
most effective; both criteria are normal stress, or strain, criteria. The
shear stress-based Modified Wohler Curve Method (MWCM) and shear
stress and strain-based Fatemi-Socie (FS) criteria were also assessed but
were found to be less effective. As discussed in Section 1, the fatigue
regime of interest for water pipes is HCF which made stress-based fa-
tigue criteria more appropriate for consideration [36]. Therefore, the
effectiveness of the three stress-based criteria (MMS, CS and MWCM)
were assessed in this study. Due to its successful prior applications to
GCI, the SWT criterion was also assessed, but in a stress-based form.
These four criteria are introduced below.

The SWT criterion was proposed by Smith, Topper, and Watson [37]
and is expressed for multiaxial fatigue assessment as:

2
Pummtna =5 (2N)” 076, (2N)" &)

where: 6, mec 1S the maximum value of normal stress on the critical
plane; ¢ is the normal strain amplitude on the critical plane; E is the
material’s elastic modulus; 6} is the fatigue strength coefficient; e} is the
fatigue ductility coefficient; b is the fatigue strength exponent; c is the
fatigue ductility exponent; and Ny is the number of loading cycles to
failure. The critical plane is that which experiences the greatest normal
strain amplitude [29]. For linear elastic behaviour equation (1) equates
to the equivalent fully reversed uniaxial stress amplitude [38]:

Our=—1 = \/OumaxE€na 2

where 6,r-_1 is the equivalent uniaxial fully reversed stress amplitude,
given R = Omin/0max- TO apply the SWT criterion using a stress-based
approach the normal strain on an aribtrary material plane, ¢y, multi-
plied by the material elastic modulus, may be calculated from the

International Journal of Fatigue 178 (2024) 108002

plane’s stresses at any point during a load history using Hooke’s law:
Eey(1) = ox (1) —vloy (1) =0, (1)] (3

where: oy, oy and o, are the stresses acting on an arbitrary material
plane defined by the axes X, Y, Z where X is normal to the plane; v is the
material’s Poisson ratio; and t is time. Ee, 4 is calculated from Eey(t) for
each plane, and the critical plane is that which features the maximum
value of Eep, 4. Cycles to failure are predicted using equation (4):

k
N =N, <6A.R:—]> )

OaR=~1

where: N, is the high-cycle reference cycles to failure; o4 r—_1 is the
uniaxial fully reversed reference stress amplitude, determined at Ny
cycles to failure; and k is the uniaxial fully reversed negative inverse
slope.

The MMS critierion is expressed as [32]:

-1

1 2,0
%, Ona (5)

(1-0.25k)  ours + 0y02n

OaR=—1 =

where: 6,4 is the normal stress amplitude on the critical plane, and the
critical plane is that experiencing the maximum value of 6, 4; onm is the
mean stress on the critical plane; x = 62 /61 unless 63/07 > 0 in which
case x = 0, where 67 and o, are the principal stresses on the critical
plane; oyrs is the material ultimate tensile strength; and oy¢.29 is the
material 0.2% offset yield strength. The number of cycles to failure is
then predicted using equation (4).

Like equation (5), the CS criterion includes a Goodman-type com-
bination of the mean and amplitude of the normal stress acting on the
critical plane. For the CS criterion the critical plane angle is defined by
[39]:

3 |: <TA.R1>2:|
6=45-|1———— (6)
2 OAR=—1

where: § is the angle in degrees between the weighted mean direction of
maximum principal stress and the normal to the critical plane; and
Tar-—1 is the torsional fully reversed reference stress amplitude. For
plane stress the weighted mean direction of maximum principal stress
can be simplified to the direction experiencing the maximum principal
stress [40]. The equivalent uniaxial fully reversed stress amplitude is
then calculated on the critical plane using equation (7) [40]:

2 2
OAR=—1 OAR=—1
OgR=—1 = |:0-n.a + Oum < + T?p.a (7)
ouyrs TAR=—1

where 7, , is the shear stress amplitude on the critical plane. Cycles
to failure is then determined using equation (4).

While the MWCM is primarily a shear-stress criterion, the impacts of
stress normal to the critical plane are accounted for in the MWCM
through the critical plane stress ratio, Peff [41]:

mo, , + 0,
peff — n.m na (8)

Tepa

where m is the mean stress sensitivity index, a material property which
ranges between 0 and 1. The high-cycle fatigue curve of a material can
be characterised by a reference stress amplitude, at a specified number
of cycles to failure, and the slope of the fatigue curve when plotted on
log-log axis. The MWCM considers both these parameters to be linear
functions of Peff which are expressed as follows [41]:

TARef (/’eﬁ) = APy +p 9

ke(poy) = Apoy +B 10)
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where A,B,a, and  are material constants determined from the fully
reversed uniaxial and fully reversed torsional fatigue curves. To deter-
mine m a fatigue curve for uniaxial loading with a mean stress is also
required. Cycles to failure are calculated using a shear stress version of
equation (4) where oar—_1 is replaced by 74 g (peff), k is replaced by

ke(pes)> and 64g— 1 is replaced by 7cpq.
3. Experiments

The experiments conducted for this study aimed to generate the data
required to calibrate the four fatigue criteria selected for assessment in
Section 2 and test the ability of these criteria to predict the multiaxial
fatigue behaviour of water pipe GCI. An additional aspect of these ex-
periments was to investigate the cracking behaviour demonstrated by
the water pipe GCI under different load types to build up a picture of
how this material fails under HCF.

GCI water pipes are no longer manufactured and exhumed water
pipes are often heavily corroded [42,43]. It is also difficult to obtain
large amounts of metallurgically similar pipe material and produce
torsional specimens from pipe walls. To overcome these challenges, fa-
tigue specimens were produced from 16 new BS416-2 [44] soil pipes
sourced from the same foundry (Hargreaves Foundry, Halifax, UK).
These pipes have very similar graphitic microstructures and tensile
stress-strain properties to water pipes [45]. The graphite flake sizes
observed in these pipes ranged from <10 pym to around 80 pm (see
Fig. 1). Additional ‘dog-bone’ specimen tensile tests were performed to
characterise the material comprising the inside half of the pipe’s wall,
the results of which are shown in Table 1.

To enable tension-torsion testing the thin-walled tube specimen
design, shown by Fig. 2, was developed. The specimens were produced
by turning a gauge section into a length of DN50 BS 416-2 pipe. The wall
thickness of the pipe was reduced by approximately 50% to produce the
gauge section with a wall thickness of around 1.9 mm, although the
inside diameter of the pipes did vary somewhat due to the casting pro-
cess used. The spin-casting process used to manufacture the BS416-2
pipes meant that the roughness of the un-machined inside surface did
not vary significantly between specimens. Average roughness values for
the inside surface fell between 5 and 10 um.

As shown by Table 2, the uniaxial R = —1, uniaxial R = 0.1, and
torsional R = —1 fatigue curves were required for calibration purposes.
To characterise these curves with sufficient certainty, five stress levels
were tested with two repeats per stress level. Multiaxial stress histories
can either be proportional, where the principal stress axes do not change
with time, or non-proportional, where the principal stress axes do vary
with time [30]. Non-proportional loading represents a more challenging
condition for fatigue criteria to predict due to the potential for non-
proportional hardening and because the principal directions rotate
during the loading cycle [36]. To establish the effectiveness of each
criterion under proportional and non-proportional multiaxial loading
one of each load type was tested; these were tension-torsion in-phase
(TTIP) loading and tension-torsion 90° out-of-phase (TTOOP) loading,
respectively. For these multiaxial loadings the aim was to generate some
data points across a range of stress amplitudes to compare against the
model predictions, not to characterise the curves fully, so three stress
levels were tested with five specimens. Therefore, around forty fatigue

Table 1
Average monotonic tensile properties of the material used to produce
the fatigue specimens, determined from “dog-bone” specimen tests.

Property Average value
Elastic modulus (GPa) 74.9

Poisson ratio 0.26

Ultimate tensile strength (MPa) 203

Ultimate tensile strain (ue) 5360

International Journal of Fatigue 178 (2024) 108002

tests were conducted for the testing programme.

Fatigue testing was conducted using a Schenck servo-hydraulic rig
(axial load capacity 400 kN, torsional load capacity 1 kNm) controlled
by a MOOG SmarTEST ONE. Grips capable of holding 58 mm diameter
tubular specimens were not available, so RCK80-60x77 Cross and Morse
shaft clamps were used in combination with custom hubs that were
bolted to the rig actuators.

The average stiffness during the two trial tests was calculated from
the applied load and extensometer measurements. Specimen separation
occurred very suddenly with no indicative preceding stiffness drop. As a
result, specimen separation was used as the failure condition for all
following fatigue tests.

Specimens with visible casting defects on the fracture surface were
excluded from the subsequent statistical analysis to ensure that the un-
notched fatigue characteristics of the material were captured. The ratio
of shear to normal stress amplitude was 1 for all tension-torsion tests as
uniaxial and torsional fatigue were found to be approximately equally
damaging when applied independently. 2x10° cycles was used as the
runout definition for all tests.

4. Results

The cycles to failure vs applied stress amplitude for each fatigue test
are plotted in Fig. 3 and Fig. 4. The exact intended stress level was rarely
achieved in practice because the internal diameter of the specimen at the
gauge section varied slightly between specimens and was difficult to
measure accurately before testing. The stress levels plotted and used for
subsequent analysis were determined from the more accurate wall
thickness measurements of the fracture surface after the test, hence the
lack of clear stress levels in many of the data sets. Due to the highly
brittle nature of the material investigated no discernible necking of the
tensile specimens was observed, meaning these fracture surface mea-
surements were representative of the specimens’ pre-test dimensions.

According to the defect criteria explained in the previous section, a
total of ten test results were classed as coming from defective specimens
and were not included in subsequent analyses. These results are marked
on the relevant fatigue curves for reference.

The least squares method was used to estimate the relationship be-
tween stress amplitude and cycles to failure according to ASTM E739-10
[46] for each loading type. The least squares relationships are plotted as
the 50% probability of survival curves in Fig. 3 and Fig. 4. The 50%
probability of survival high cycle reference stress amplitude at 10° cy-
cles, oa p;—s0%, and negative inverse slope, k, are provided in Table 3.
The 10% and 90% probability of survival scatter bands were also
calculated at a 95% confidence level for the uniaxial R = —1, uniaxial
R =0.1, and torsional R = —1 loading curves according to ASTM STP91
[47]. Scatter bands were not calculated for TTIP and TTOOP loading
because the small number of data points for these load types would have
made the resultant scatter bands non-representative. To quantify the
degree of scattering observed To values were calculated from the scatter
bands. To is a measure of the observed scattering of the fatigue data [48]
and is the ratio of the 10% and 90% stress amplitudes at 10° cycles:

To — 04,Ps=10% an
O A Ps=90%

For comparison purposes, several sets of GCI and DCI fatigue data
from the literature were also processed using the same method applied
to the fatigue data generated for this study.

For the uniaxial loading results shown in Fig. 3, the R = 0.1 data all
fell outside the R = —1 scatter bands indicating the material was sensi-
tive to mean stress. Interestingly, all the data points for defective spec-
imens under a load ratio of R =—1 fell within the scatter bands
determined using the non-defective data, but for R = 0.1 loading the
effect of defects was more pronounced. The tension-torsion (TT) results
in Fig. 4 show that the addition of a tensile load had a damaging effect
relative to pure torsion. The different phasing of the TT loads appears to
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Fig. 2. Fatigue specimen geometry.
have had no clear effect. For all loading types few failures occurred after
Table 2

Required calibration fatigue curves for each fatigue criteria and load types
tested.

about 2x10° cycles indicating the knee points of the fatigue curves may
lie close to this value.

The angle of the fracture surface relative to the specimen longitu-
dinal axis appeared to vary depending on the loading type. For uniaxial
loading, regardless of the mean stress, the fracture surface was always
close to 90° from the specimen’s longitudinal axis (Fig. 5a), which is also
the inclination of the maximum normal stress amplitude plane for this
loading. For both tension and TTIP loading the fracture surface angles
were approximately 45° (Fig. 5b), although individual fracture surfaces
typically featured a range of inclinations that deviated from this value by
up to 15°. The inclination of the maximum normal stress amplitude
planes for tension and TTIP loading are 45° and 58°, respectively. The
fracture surface inclination of each TTOOP specimen ranged between
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Uniaxial Uniaxial Torsional Tension- Tension-
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Fig. 3. Fatigue data and fitted curves for uniaxial loading.
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Fig. 4. Fatigue data for torsion and tension-torsion loading. Uniaxial R = —1 Ps = 50% line included for reference.

Table 3
Fatigue curves for GCI and DCI from the present work and literature. All data sets were processed using the same method. o p,—s09, Was evaluated at 10° cycles for
every data set and is given in terms of normal stress for all loading types.

Load type Source Material oyrs(MPa) n R k 64 ps—50%(MPa) OA Ps=50% Ty
ours
Axial Present work BS416-2 pipe GClI, spun-cast pipe 203 12 -1 11.5 85.8 0.44 1.9
Tovo et al. [27] DCI 460 8 -1 12.7 182.3 0.40 1.4
Benedetti et al. [28] DCI 458 12 -1 7.3 181. 6 0.40 1.3
Rotating bending Kommers [19], Series C GCI, spun-cast pipe 209 14 -1 8.4 94.7 0.45 1.4
Kommers [19], Series G GCI, sand-mould casting 245 17 -1 6.4 109.6 0.45 1.9
Axial with mean stress Present work BS416-2 pipe GClI, spun-cast pipe 203 12 0.1 10.5 53.9 0.26 1.5
Jiang et al. [9], Pipe 1 GClI, pit-cast pipe 104 12 0.1 12.9 24.2 0.23 1.3
Jiang et al. [9], Pipe 3 GCI, spun-cast pipe 173 8 0.1 17.5 47.6 0.28 1.3
Jiang et al. [9], Pipe 5 GCI, spun-cast pipe 214 11 0.1 16.0 55.1 0.26 1.3
Tovo et al. [27] DCI 460 6 0 10.8 103.0 0.22 1.5
Torsion Present work BS416-2 pipe GCI, spun-cast pipe 203 11 -1 7.7 66.9 0.32 1.9
Tovo et al. [27] DCI 460 10 -1 9.9 177.5 0.39 1.2
Benedetti et al. [28] DCI 458 10 -1 8.2 187.1 0.41 1.3
Tension-torsion in-phase Present work BS416-2 pipe GCI, spun-cast pipe 203 5 -1 12.1 55.4 0.27 -
Tovo et al. [27] DCI 460 10 -1 7.5 112.1 0.24 1.2
Benedetti et al. [28] DCI 458 12 -1 6.4 110.4 0.24 1.3
Tension-torsion 90° out-of-phase Present work BS416-2 pipe GCI, spun-cast pipe 203 5 -1 8.1 50.1 0.25 -
Tovo et al. [27] DCI 460 6 -1 8.2 125.8 0.27 1.4
Benedetti et al. [28] DCI 458 10 -1 12.8 144.5 0.32 1.2

about 10° and 80° (Fig. 5¢). For TTOOP loading the plane experiencing TTOOP loading, the principal stress axes likely rotated during the crack
the maximum normal stress amplitude lies at an inclination of 55°. From propagation process, resulting in the wide range of fracture surface in-
the above it can be seen that for each load type, expect TTOOP, the clinations observed.

fracture surface inclination matched the inclination of maximum normal

stress amplitude plane quite closely, indicating that Mode I crack

propagation was dominant at a macroscopic level for these loadings. For
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Fig. 5. Examples of failed specimens tested under a) uniaxial loading, b) torsional loading, and c) out-of-phase tension-torsion loading.

5. Estimates

Due to the relatively simple stress histories applied, 7, , was calcu-
lated for the CS and MWCM criteria using the longest chord method
[41]. The CS and MWCM fatigue criteria were calibrated as described in
Section 2 using the fatigue data sets shown by Table 2. For the CS cri-
terion the off-angle, §, was found to be 26.5°. For calibration of the
MWCM criterion, Susmel [49] recommended that in most cases a limit
be imposed on the maximum value of p,y to account for observations
that above a certain level, increasing p.; no longer had the expected
effect on 74 ger. However, for the BS416-2 material the Peff calculated for
uniaxial R = 0.1 loading was greater than the recommended limit.
Therefore, no limits were placed on the value of p 4 when applying the
MWCM to this material. The calibration parameters determined for the
MWCM are provided in Table 4. For the SWT and MMS criteria, the
uniaxial 50% probability of survival curve parameters were used in
equation (4) to make cycles to failure predictions.

The SWT, MMS, CS, and MWCM fatigue criteria were used to predict
the cycles to failure of each data point from Fig. 3 and Fig. 4, excluding
those classed as defects. The fatigue criteria predicted cycles to failure
are plotted against the measured cycles to failure in Fig. 6 for all load
types. The effectiveness of each fatigue criterion was quantified using
the mean square error quantity, Trys, given by Walat and Lagoda [50]

as:
N 2
py [(log ,\;T':S;) }
Erus = — 12)
Trus = 1058 (13)

where: Egys is the logarithmic root mean square error; n is the number of
observations; N, ; is the experimentally observed cycles to failure for

Table 4

Parameters determined for the MWCM.
Parameter Value
a -23.8
B 66.9
A 3.49
B 7.70
m 0.55

test i; and N, is the predicted cycles to failure for test i.

The two TT load types (TTIP and TTOOP) were the only data not used
to calibrate any fatigue criteria, while the uniaxial R = 0.1 data was only
used to calibrate the MWCM. Therefore, to compare the effectiveness of
the fatigue criteria, Trys values were calculated for the TT loadings for
each fatigue criterion (Trmsrr) and also for uniaxial R = 0.1 loading
(Trums M), but for only the SWT, MMS and CS criteria. These Trus values
are given in Fig. 6.

6. Discussion

In this work, new BS416-2 soil pipes were used as an alternative to
exhumed GCI water pipes for fatigue testing, justified by the fact their
tensile properties and graphite microstructure matched closely. Before
moving on to discuss other aspects of the results it is important to first
determine whether the BS416-2 pipe material is also representative of
water pipe GCI from a fatigue perspective by comparing the measured
fatigue properties of the BS416-2 pipes with the available literature data
from uniaxial fatigue tests of actual GCI water pipe material.

From Table 3, the axial R = —1 and axial R = 0.1 high-cycle refer-
ence amplitudes (64 p,—s50%) taken at 106 cycles for the BS416-2 and
literature GCI pipes match closely when scaled by UTS. Therefore, both
the high cycle uniaxial fatigue strength and the magnitude of the mean
stress effect observed for the BS416-2 pipe material is consistent with
that of water pipe GCL. The BS416-2 pipe R =—1 and R = 0.1 negative
inverse slopes of 11.5 and 10.5, respectively, fall between the values
reported by Jiang et al. [9] for R = 0.1 loading (12.9 to 17.5) and
Kommers’ [19] Series C for R = —1 loading (8.4). Hence, the uniaxial
loading 50% probability of survival curves of the BS416-2 pipe material
were considered representative of GCI water pipes due to their high
similarity.

Scattering of the four literature GCI water pipe data sets were
characterised by T, of 1.3 or 1.4, less than the value of 1.9 calculated for
the BS416-2 pipe under fully reversed axial loading. On the other hand,
the T, value for the BS416-2 pipe under axial loading with a mean stress
was similar to the literature data. The scatter of Kommers’ [19] Series G
GCI was also characterised by a T, of 1.9 indicating that this T, value is
not unreasonable for GCI.

Literature multiaxial fatigue data for GCI is not available, however,
some multiaxial fatigue data is available for DCI. Comparison of the
multiaxial fatigue responses of GCI and DCI has therefore not previously
been possible and is interesting from a water pipe perspective as DCI has
also been used as a pipe material. Multiaxial fatigue data for DCI from
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Fig. 6. Predicted cycles to failure vs measured cycles to failure for six fatigue criteria. Dashed lines show the fully reversed uniaxial scatter band.

Tovo et al. [27] and Benedetti et al. [28] were processed using the same
techniques as the GCI pipe material data and the results are summarised
in Table 3.

From Table 3 it is apparent that the DCIs investigated by Tovo et al.
[27] and Benedetti et al. [28] demonstrated very similar fatigue
behaviour for all loading conditions, with some small differences in the
exact values of reference stress amplitude and slope of the fatigue curve.
The fatigue response of the GCI material investigated in the present work
is also similar to the DCIs for all loading types investigated, particularly
when the large degree of scattering present in the BS416-2 pipe GCI
fatigue data is considered. Of particular interest is that both the GCI and
the DCIs show little difference in their response to proportional and non-
proportional loading.

All four fatigue criteria provided reasonable predictions for the new
BS416-2 fatigue data, with a small number of data points falling outside
the scatter bands derived from the uniaxial R = —1 data. The SWT cri-
terion (Fig. 6a) provided good predictions for all the load types inves-
tigated and received the lowest Trys score for uniaxial R = 0.1 loading
(Trmsm = 3.3). This observed effectiveness of the SWT at predicting
uniaxial mean stress and torsional fatigue strengths for GCI aligns with
the findings of Fash and Socie [17] and Weinacht and Socie [18]. Per-
formance of the SWT criterion for multiaxial loading (Trus 1T = 6.7) was
slightly worse than the MMS (Fig. 6b, Trysr = 5.6) and CS (Fig. 6c¢,
Trus.rT = 6.2) criteria. However, all three criteria showed similar trends

for multiaxial loading in that the TTIP predictions were very good and
the TTOOP loading predictions were on the non-conservative side. Both
the SWT and CS criteria had one TTOOP data point that fell just outside
the scatter bands.

For the SWT and MMS criteria TTOOP was the only loading condi-
tion tested where the critical planes experienced a variable shear stress
because the principal stress axes rotated. The fact that these two criteria
both underestimated the damage caused by this loading and both took
no account of shear stresses suggests that this variable shear stress
caused some damage that was not accounted for. This closely matches
the finding of Tovo et al. [27] for DCI that the normal stress amplitude
and mean on the critical plane correlated all results well, except those
obtained under TTOOP loading where the experimental strength was
lower than predicted.

At higher stress amplitudes the MMS criterion underestimated the
fatigue life of specimens subject to uniaxial loading with a mean stress.
As a result the MMS criterion received the worst Trys score for uniaxial
R = 0.1 loading (Trmsm = 22.8). The overestimations of uniaxial R =
0.1 fatigue lives occurred for lives less than 10* cycles. Marquis and
Karjalainen-Roikonen [32] did not report this underestimation of mean
stress fatigue lives for DCI, although this could be because their data
featured no results with fatigue lives less than 10* cycles.

The CS criterion (Fig. 6¢) verged on providing non-conservative
predictions for uniaxial mean stress loading (Trusm = 11.5), although
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no predictions fell outside the scatter bands. Unlike the MMS, this in-
accuracy for the CS criterion occurred across the full range of fatigue
lives.

Like the other criteria, the MWCM (Fig. 6d) predicted the cycles to
failure of the TTIP data well, however, the TTOOP fatigue life pre-
dictions of the were on the conservative side, giving the MWCM the
worst Trys score for multiaxial loading (Trms rr = 13.1). This is because
P = 1 for both TTOOP loading with R = —1 and uniaxial loading with
R = —1, so the MWCM predicted the same response for both types of
loading. Fig. 4 shows that, in terms of shear stress amplitude, TTOOP
loading is less damaging than uniaxial loading for this GCI.

The SWT and MMS criteria were able to make good predictions
despite only using the uniaxial R = —1 data for calibration and using no
shear stress terms. This strongly suggests that tensile cracking dominates
the fatigue life of this GCI under the HCF regime, which aligns with the
findings of Fash [51] and Weinacht & Socie [18] that under torsional
and uniaxial loading Stage II crack growth comprised 90-95% of the
fatigue life of their GCI specimens. The observed similarity of fatigue
behaviour between GCI and DCI suggests that cracking processes similar
to those observed by Billaudeau, Nadot and Bezine [33] for DCI may also
occur in GCL Specifically, that the crack initiates under a shearing mode
at stress concentrations caused by internal defects in the material but
quickly transitions to a tensile crack growth mode. The fracture surfaces
of specimens failed by uniaxial, torsional, and TTIP loading also coin-
cided with the maximum normal stress amplitude plane, as reported in
Section 4, although these surfaces are more likely associated with a fast
fracture process in the final cycle than the bulk of the fatigue life.

Returning to the aim of this work, all four fatigue criteria investi-
gated were able to provide reasonable fatigue life predictions for the GCI
pipe material investigated. The MMS criterion offered the best multi-
axial fatigue predictions, closely followed by the CS and SWT criteria.
However, both the MMS and CS criteria were unable to accurately
predict the mean stress effect while the SWT criterion was able to predict
this well without needing mean stress calibration data. Therefore, the
SWT criterion can be considered to provide the best overall fatigue life
predictions for multiaxial fatigue of water pipe GCI in the HCF regime.

7. Conclusions

The aim of this work was to identify a fatigue criterion that is able to
predict the multiaxial High-Cycle Fatigue (HCF) response of water pipe
(GCD). To obtain the fatigue data needed for this investigation, BS416-2
pipe material was used to represent GCI water pipe material. The con-
clusions drawn from this work are as follows.

e The BS416-2 pipe material displays very similar uniaxial fatigue
behaviour and mean stress sensitivity to literature data for GCI water
pipe material supporting the use of BS416-2 pipes as an alternative to
GCI water pipes for fatigue testing.

e GCI and Ductile Cast Iron (DCI) demonstrate similar multiaxial fa-
tigue behaviour suggesting that the findings of previous studies
regarding crack initiation and growth processes in DCI may also
apply to GCIL. Additionally, the fact that DCI has also been used to
manufacture water pipes means a single fatigue condition assess-
ment process could be developed that covers both pipe materials.

e Of the multiaxial fatigue criteria investigated, the Smith-Watson-
Topper (SWT) criterion was considered to provide the best overall
predictions for the GCI pipe material investigated. The effectiveness
of the SWT criterion closely aligns with previous observations that
tensile crack growth dominates the fatigue life of GCI.
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