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ABSTRACT: Due to aging and deterioration, water pipelines, especially cast iron pipelines, are gradually
approaching the end of their design life. To more effectively reline these deteriorated pipelines, water utilities have
been seeking new solutions for pipe rehabilitation. Various technologies have been developed, among which, spray
lining techniques have attracted the attention of water utilities. A number of water utilities in Australia already
started trialling polymeric spray liners in their water pipe networks. It has been known that deterioration, in
particular corrosion, induces surface defects, which may be in the form of corrosion patches, through-wall holes or
cracks on the external surface of the cast iron water pipes. In the application process of spray liners, imperfections
may also form, e.g., uneven liner thickness. The defects in the host pipe and the imperfections in the liner may
significantly affect the performance of the lined pipes. Literature review reveals that little research was conducted to
investigate the effect of these defects/imperfections on the mechanical behaviours of the lined water pipes. This
paper aims to numerically investigate and quantify the effect of the holes in the cast iron host pipe and the uneven
thickness in the polyurethene spray liner on the performance of the lined pipes, using three-dimensional finite
element analyses. Various sizes of circular holes, different levels of uneven thickness in the liner, different values of
internal pressure and friction coefficients at the interface between the cast iron pipe and liner are considered. The
outcome of this study can assist in quantifying the size and geometry of an unacceptable defect for a given host pipe
and liner.

1.

INTRODUCTION

In Australia, there are approximately 139,000 km of water pipes, a substantial portion of which are made by cast
iron (Kodikara 2018). Long-term service, together with aggressive environment and increased demands have
resulted in a very high rate of cast iron pipe failures. In order to rehabilitate these deteriorated cast iron pipes,
various technologies have been developed, among which, spray lining techniques have attracted the attention of
water utilities. Spray lining not only provides internal corrosion protection, but also improves pipeline hydraulics
and water quality (Ellison et al. 2010). The advantages of using spray lining technology also include minimum
disruptions to community, minimal effort to re-establish service connections and use of traditional
maintenance/repair methods for spray lined pipelines (Marcino and Blate 2015). A number of water utilities already
started trialling polymeric spray liners in their water pipe networks.
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It has been known that due to deterioration, in particular corrosion, surface defects appear, in the form of corrosion
patches, through-wall holes or cracks, on the external surface of the cast iron pipes. Imperfections may also form in
the liner, e.g., uneven thickness for spray liners (Figure 1). These defects/imperfections may significantly affect the
performance of the lined pipes. Literature review reveals that little research was conducted to investigate the effect
of these defects/imperfections on the mechanical behaviours of the lined water pipes. This paper sets out the results
of three-dimensional finite element analyses used to investigate and quantify the effect of the defects/imperfections
on the performance of the lining for spray lined pipes. For a 150mm diameter host pipe, various sizes of circular
holes, different levels of uneven thickness in the polyurethene liner, values of internal pressure and friction
coefficients for the interface between the cast iron pipe and liner are considered.

Figure 1. Uneven thickness in the spray liner (Ellison et al. 2010)
2.

FINITE ELEMENT MODELLING

Numerical analysis using a commercial finite element software ABAQUS (2017) was firstly conducted to examine
the effect of the size of a circular hole in the cast iron pipe on the maximum stresses in the lined pipe. In this study,
the cast iron host pipe has a nominal diameter of 150 mm and a thickness of 9 mm while the spray liner has a
thickness of 3 mm. The material properties of cast iron and polyurethane spray liner used in the numerical models
are presented in Table 1. The Young’s Modulus 2.5 GPa of the liner is assumed to be the long-term modulus.
Various sizes of the hole (5 mm, 15 mm, 25 mm, 50 mm, 80 mm) were considered in the host pipe. Two values of
internal pressure, 0.6 and 1.6 MPa (60m and 160m hydrostatic head) were considered and applied on the internal
surface of the spray liner.
Table 1. Sample table for the as explained in the requirements for papers.
Material properties
Young’s Modulus (GPa)
Poisson’s ratio

Cast iron
100
0.3

Spray liner
2.5
0.4

Due to symmetry, only a quarter of the lined pipe was modelled as shown in Figure 2. Hexahedron elements were
used for both the cast iron pipe and the spray liner. The loading and boundary conditions were also shown in Figure
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2. In terms of contact, a Coulomb-type frictional interface was employed to describe the contact surface between the
cast iron pipe and the liner. The tangential behaviour was defined with a coefficient of friction. Two values of the
coefficient of friction f, namely, 0.0 and 0.3 were considered in the study. The normal contact behaviour was defined
as “hard” contact to ensure any defelections of the spray liner were contained within the circumference of the inside
of the pipe. In addition, separation was allowed between the liner and the cast iron pipe after contact. For each hole
size, a convergence study was conducted to determine a proper mesh for both the host pipe and liner to ensure
accuracy.

Symmetry
Boundary

Fixed
Boundary

Internal
pressure
Symmetry
Boundary

Figure 2. Geometrical model of the spray lined cast iron pipe with a circular hole together with the loading and
boundary conditions (Quarter model)
To investigate the effect of uneven thickness of the spray liner along pipe circumference (Figure 1) on the maximum
stress in the liner, additional finite element models were created to take into account the variation of the liner
thickness along the pipe circumference. In these models, the values of the wall thickness varied from 2.5 and 3.5
mm, and the minimum wall thickness was located at the hole area to simulate the worst case scenario. One of these
models was shown in Figure 3.

Minimum wall thickness
2.5 mm

Spray
00liner
cross section

Maximum wall
thickness 3.5 mm

Minimum wall thickness
2.5 mm

Maximum wall thickness
3.5 mm

Figure 3. Geometrical model of the spray lined cast iron pipe with a circular hole and uneven liner thickness
(Quarter model)
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3.

RESULTS AND DISCUSSIONS

Figure 4 shows a close-up view of the stress distribution around the circular hole (diameter 25 mm, friction
coefficient 0.3 and internal pressure 0.6 MPa) in one of the lined pipe models. The maximum stresses in the host
pipe and spray liner under different conditions are presented in Figures 5 and 6. For both the cases with internal
pressure 0.6 MPa and 1.6 MPa, it can be see that the maximum stress in the spray liner initially increases with the
increase of the hole size. For a 150mm diameter pipe when the hole size is larger than a critical limit (50-60 mm),
the maximum stress tends to be constant. This is because when the ratio of the hole size to the diameter is large
enough, the spray liner will function as a stand-alone pipe and the stress in the spray liner is governed by hoop
stress, which is a function of the internal pressure, the diameter and thickness of the liner. When the internal
pressure is 1.6 MPa, FE results indicated that the maximum stresses in the host pipe and spray liner are quite high.
However, the host pipe is still safe as a typical value of the tensile strength of cast iron is 100 MPa. Therefore,
whether the lined pipe will fail or not will depend on the long-term strength of the spray liner.

Figure 4. Stress distribution around the circular hole with a diameter of 25 mm
As most current liner designs follow ASTM F1216 (2016), a comparison was made between the numerical results
and the design formula in ASTM F1216 (2016). For the case of internal pressure p = 0.6 MPa, the results were
shown in Figure 7. For the cases modelled a discrepancy was found between the numerical results and those from
the design formula in ASTM F1216. It can be seen that the design formula in ASTM F1216 (2016) overestimates
the stress in the spray liner when the host size is small (< 40 mm). However when the host size is larger than 40 mm,
reliance on the formula for ring tension alone underestimates the maximum stress in the spray liner as a consequence
of local increases in flexural stress around the boundary and at the centre of the hole. It should be noted in the
numerical models, the lined pipe is modelled as a composite pipe with interactions considered between the host pipe
and the liner, which simulated the actual interactive behavior of the spray lined cast iron pipe. In ASTM F1216
(2016), for partially deteriorated pipes the liner within the host area is considered to act like a uniformly pressurised
round plate with fixed edges as shown in Figure 8 while for fully deteriorated pipes the liner is considered to
function as a standalone plastic pipe. It should be noted that when the host pipe is flexible, idealizing the lined pipe
as a pressurized round plate with fixed edges is not valid. Therefore, the use of ASTM F1216 for flexible pipes will
lead to inaccurate results. It should also be noted that plates are good approximations of pipes only when the ratio of
pipe diameter to thickness is larger than 20.
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Figure 5. Maximum stresses in the host pipe (nominal diameter 150 mm and thickness 9 mm) and spray liner
(thickness 3 mm) for different friction coefficient f (internal pressure 0.6 MPa)
70

Maximum stress (MPa)

60
50
40

Host pipe (f= 0.3)
30

Spray liner (f= 0.3)

20

Host pipe (f= 0.0)
Spray liner (f= 0.0)

10
0

0

10

20

30

40

50

60

70

80

Hole diameter (mm)
Figure 6. Maximum stresses in the host pipe (nominal diameter 150 mm and thickness 9 mm) and spray liner
(thickness 3 mm) for different friction coefficient f (internal pressure 1.6 MPa)
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Figure 7. Comparison of numerical results with those from ASTM F1216 (2016) (pipe nominal diameter 150 mm,
pipe thickness 9 mm and liner thickness 3 mm)

Pressure

Fixed boundary

Spray liner (Hole in the host pipe)
Figure 8. Simplified model in ASTM F1216 (2016)
The results from the finite element models with uneven thickness were summarised in Table 2 for both the case with
friction coefficient 0.3 and the frictionless case. It can be seen that compared with the lined pipes with even liner
thickness along the pipe circumference, the maximum stress of those with uneven wall thickness might be increased
by up to 35% for the deteriorated cast pipes under an operating pressure of 0.6 MPa. This is more than the 16% that
can be attributed solely to the reduction in thickness at the hole from 3.0mm to 2.5mm. This shows the importance
of limiting the unevenness of the liner thickness to an acceptable level during the installation process.
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Table 2. Comparison of maximum stresses in the spray liner with even or uneven thickness
Hole diameter
(mm)

5
15
25
50
80
4.

Friction coefficient = 0.3
Even liner
Uneven liner
thickness
thickness
0.533
0.61
1.9
2.49
5.8
7.68
18.4
22.57
19.9
22.22

Maximum stress (MPa)
Friction coefficient = 0.0 (Frictionless)
Difference
Even liner
Uneven liner
Difference
(%)
thickness
thickness
(%)
14
0.526
0.685
30
31
1.88
2.54
35
32
5.81
7.71
33
23
18.9
23.42
24
12
21.31
23.49
10

CONCLUSIONS

In this paper, the effect of defects/imperfections in spray lined cast iron pipes has been investigated using threedimensional finite element analyses. It has been found that increasing the size of the hole in the cast iron pipe will
increase the maximum stress in the spray liner until the hole size reaches a threshold level where the effects of hoop
stresses takes over and the maximum stress will tend to be constant. It has also been found that an uneven thickness
may increase the maximum stress of the spray liner more than can be attributed to the reduction in thickness, which
will consequently reduce the pressure containing capacity of the liner. Therefore, it is important to limit the
unevenness of the spray liner thickness to an acceptable level. The results of this study will assist engineers and
asset managers in having a better understanding of the design of spray liners for rehabilitation of their deteriorated
pipelines.
This paper presented some preliminary results of the numerical study, which is limited one pipe diameter and one
spray liner thickness. Future work will include parametric studies to consider a wide range of diameters, thickness
values and material properties of the host pipe and the spray liner. Based on the results, the maximum stresses in the
spray liner will be drived as a function of various dimensionless parameters (hole size to diameter ratio, liner/pipe
wall thickness to diameter ratio, liner modulus to pipe modulus, etc.).
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