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ARTICLE INFO ABSTRACT
Keywords: Different failure modes should be carefully analyzed to effectively design the pipe-in-pipe (PIP)
Pipe-in-pipe systems repair systems to rehabilitate natural gas and water pipelines in place and in service. This study

Performance objectives
Failure modes
Analytical Hierarchy Process

characterizes the failure modes through analytical and numerical modelling of the different
performance objectives to have a comprehensive understanding of the overall behavior of PIP
systems with a range of thicknesses and elastic moduli. It focused on assessing the structural
performance of PIP systems under different load actions including vibration/fatigue due to traffic
loads, lateral deformation, cross-section ovalization, axial stresses and thermal deformation, in-
ternal pressure, and impact. The results of the analyses showed that the thickness and elastic
modulus significantly affect the failure modes of PIP systems. The implemented Analytical Hi-
erarchy Process (AHP) suggested that lateral deformation is the most critical failure mode fol-
lowed by internal pressure based on global priority as well as both criteria (thickness and elastic
modulus) when the design pressure is 200 psi with the cross-section ovalization the least critical
failure mode of the PIP systems. The results of this study provide useful predictive modelling
techniques and preliminary design tools for PIP systems for new material systems development
and/or evaluation of the suitability of the available PIP systems for pipeline repair.

1. Introduction

Critical natural gas service is supplied to nearly 80 million customers in the U.S. [1] through a network of 2 million miles (3.2
million kms) of utility pipes [2]. This essential distribution system, much of which is composed of legacy cast iron and bare steel
pipelines at or beyond their intended design life, needs cost-effective repair techniques to extend its safe operating life. The reha-
bilitation of underground pipes is currently implemented either through open trench methods or trenchless methods. The trenchless
method has become the most popular pipe repair technology in many countries such as the USA and Canada as they reduce envi-
ronmental damages and minimize excavation activities which make them more reliable and cost-effective [3]. This repair method has
developed rapidly in recent years using different techniques (such as Pipe-in-Pipe System or PIPs) and different material systems (such
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as fiber reinforced polymer composites and polymeric coatings). New technologies required to rehabilitate cast iron, wrought iron, and
bare steel natural gas distribution pipes require a detailed understanding of their failure mechanisms to be designed appropriately and
to operate throughout their service life without reliance on the exterior host pipe.

Failures in gas and oil pipelines can cause catastrophic damage to properties, lives, and infrastructure due to their combustibility of
the contented material [4]. On the 9th of September 2010, a rupture, which occurred in the gas pipe in San Bruno, California, resulted
in eight dead and significant loss of property [5]. In addition, Lu et al. [6] listed more than 200 people killed and 500 significantly
injured between 2011 and 2017 in major oil and gas pipeline accidents in the world. Further investigations by The National Trans-
portation Safety Board showed brittle pipe, old welds, corrosion or cracks caused the pipe failure [7]. $11 billion dollars was estimated
as the cost of an upgraded safety program of California pipeline owned by Pacific Gas and Electric Company [5]. Failure modes occur
with the deterioration of existing systems and aging civil infrastructure, which have been subjected to material degradation, corrosion,
environmental attack, impact damage and increases in internal pressure and surface traffic [8-12]. Due to limited financial resources,
rehabilitation of existing pipe networks and infrastructure systems is a preferred solution to replacement [13]. This has led to research
and development of different repair technologies. Sirimanna et al. [14] provided an extensive overview of internal composite repair
technologies for corroded pipelines and evaluated their suitability in terms of their maximum allowable working pressure, pipe
diameter and service temperature. The impact resistance of PIP is reduced due to corrosion defects under transverse impact load and
aggravated the damage of inner pipe [15]. The structural performance of the PIP system can be also affected by the presence of residual
stress in the carrier and inner pipes, induced during the assembly procedure [16]. Moreover, the different service pipes are subjected to
vibrational load during the operation due to the turbulence in the flow which may easily result the failures [17]. Li et al. [18] found
substantial reductions in critical pressure with pipes of variable wall thickness. Similarly, Lu et al. [6] summarizes the characteristics
and applications of mature trenchless technologies for oil and gas pipes. Based on these state-of-the-art reviews, various trenchless
methods have become relatively mature, but there remain certain limitations in their application to oil and gas pipelines due to their
limited technical adaptability and high cost of installation.

In the internal repair systems to rehabilitate pipelines in place and in service, different Performance Objectives (POs), and asso-
ciated Failure Mechanisms (FMs), should be considered to effectively design PIP systems. Unfortunately, there are currently no
comparable regulations nor standards for pipe-in-pipe repair systems. POs for PIPs are not fully understood as many long-term
influential factors are difficult to study experimentally. For example, structural PIP systems should have sufficient modulus of elas-
ticity in the longitudinal direction to accommodate bending deflection and in the radial direction to overcome ovalization/buckling.
Lu etal. [6] highlighted that repair materials are important consideration when selecting a specific trenchless method. This ensures the
suggested PIP systems have sufficient material properties to operate throughout their service life without reliance on the exterior pipe.
Related literature shows that the loading conditions have significant effects on the failure mechanism of the host pipes and PIP system.
Fatigue failure [19,20], crack propagation [21-23] and buckling due to lateral deformation [24-27], localized failures and leakage due
to internal pressure [28-30] and axial deformation due to thermal stresses [19,31] are found as the common failure modes for the host
pipes and PIP system. Many experimental studies and finite element (FE) analyses have been conducted to select the appropriate
parameters design (i.e. repair thickness and composite material structure), the behaviour of the system repair during the service, and
failure scenarios. However, most of these analyses are based on an individual PO and specific PIP materials. Interestingly, these studies
highlighted that the loading conditions and the PIP material properties, in addition to environmental conditions, are critical factors
affecting pipe failure mechanisms. There is a need, therefore, to define and design appropriately the PIP repair system with a range of
mechanical properties under different loading conditions and failure modes.

This study characterizes POs through analytical and numerical modelling for a detailed understanding of the overall behavior of PIP
systems. Initial screening models were implemented to satisfactorily investigate the effect of material and geometric properties of PIP
systems to enable technology developers and the gas industry to establish the performance criteria for pipe replacement technologies.
This study also develops design nomographs for PIP systems for a range of thicknesses and mechanical properties for different POs. The
developed predictive modelling techniques and design tools for PIP systems will help in new material systems development and/or
evaluation of their suitability for use as competent repair methods. These new design techniques can provide engineers and utilities
with sufficient foundational guidance and necessary tools to begin exploring PIP for pipeline repair. Moreover, the Analytic hierarchy
process (AHP) has been implemented to rank the POs and associated FMs. This new knowledge will also help improve the under-
standing of PIP systems for their uptake and exploitation in enhancing the performance and longevity of existing natural gas pipeline
infrastructure, and may be adopted by other industries.

2. Modelling performance objectives of PIP systems

In this study, various POs, and potential FMs, of PIP systems were translated into predictive models to estimate the required
material properties and thicknesses. This study also presents a framework to illustrate the procedure that can be followed to establish
fundamental material performance (stiffness) and geometric characteristics (thickness) of PIP materials that are necessary to meet
performance objectives. Finite element simulations and analytical modelling efforts were focused on assessing the structural perfor-
mance of PIP systems under different load actions that will cause the POs, including (1) internal and external pressure including
hydrostatic pressure, impact, etc., (2) vibration/fatigue due to traffic loads, (3) axial stresses and thermal deformation, and (4) bending
moment and deformation during adjacent excavations and other ground movements. The selection of the POs is based on the current
literature review, wherein most of the studies that evaluated the structural performance of the different PIP repair systems were
conducted under internal pressure, bending moments, vibration and impact, and deformations (axial and transverse). The FE models
for these POs were implemented using the following design parameters.



T. Tafsirojjaman et al. Engineering Failure Analysis 140 (2022) 106510

PO1: Cyclic in-service surface loads or repetitive vibrational loads, due to overhead traffic, which may cause fatigue failure. The
amount of rotation imposed on a buried cast iron pipeline with a circumferential crack that has been retrofitted with a Sanexen
AP2/ALTRA repair decreases with the width of the crack. When the crack is 152.4 mm (6 in.) wide, the rotation is approximately
0.1°; it is estimated that in a 762-1016-762 mm (30-40-30 in.) 4-pt bending setup the load required to achieve this rotation is
approximately 4.9 kN (1.1 kips). When the crack is 12.7 mm (0.5 in.) wide, the rotation is approximately 0.06°; it is estimated that
in a 762-1016-762 mm (30-40-30 in.) 4-pt bending setup the load required to achieve this rotation is approximately 17.35 kN (3.90
kips). A crack width of 12.7 mm (0.5 in.) is representative of a joint that has lost significant rotational stiffness due to pullout.
Hence, this force 17.35 kN (3.90 kips) has been used to determine the minimum thickness of the PIP system for each elastic modulus
under the vibrational loading to achieve the design number of cycles at 1 million to reflect 50 years of service life [32].

PO2: Deflection (lateral deformation), due to adjacent excavation, undermining, frost heave, ground subsidence, surface loads, or
other sources. A design load of 178 kN (40 kips) is used to determine the minimum thickness of the PIP against deflection (lateral
deformation). This level of load is based on the wheel loads positioned directly over a pipe and traveling parallel to the pipeline
longitudinal axis and will generate stresses and deformations representative of worst conditions as found by Jeon et al. [19] and
Stewart et al. [32].

PO3: Cross-section ovalization may be due to external pressure, surface load, deflection (bending) of the pipeline and may be
critical for low modulus PIPs and high buried depth (D)/ pipes thickness (t) ratio, e.g., culverts. Failure modes under cross-section
ovalization were evaluated through parallel-plate loading following the test procedure described in ASTM D2412 [33] Standard
Test Method for Determination of External Loading Characteristics of Plastic Pipe by Parallel-Plate Loading to identify critical
properties of PIP repair systems for natural gas pipelines. The load capacity, stress, and strain of PIP at 5% and 10% diametric
deflection is used to determine the minimum thickness for each elastic modulus under cross-section ovalization [33] where dia-
metric deflection is the relative deflection of the PIP system with respect to its initial outer diameter. Moreover, the nonlinear
behaviour of steel and cast-iron PIP is investigated based on available stress—strain curves for API X42 steel [34] and cast iron [35].
PO4: Axial deformation (axial displacement), due to thermal expansion/contraction caused by seasonal temperature changes.
Failure modes under axial deformation of the PIP due to thermal expansion/contraction by considering the seasonal temperature
variation in the ground, which is applied incrementally by 5 °C (9 °F) were evaluated. The thermal coefficient of expansion of the
PIP materials are approximated based on the relationship curve established from the review of the thermal coefficient of expansion
of available materials with different elastic moduli [36].

PO5: Circumferential (hoop) stress due to internal pressure and pressure fluctuations. Failure occurs when the internal pressure
exceeds the short- and long-term stress carrying capacity of the host pipe-PIP system, excessive hoop stress in PIP with fully
deteriorated host pipe. The circumferential (hoop) stress and strain experienced by the PIP with different thicknesses and ranges of
modulus were evaluated under internal pressure of 60 psi, 100 psi and 200 psi. These pressures are representative of cast iron gas
distribution mains that operate at less than 35 psi (~2 bar) pressure, as well as bare steel pipelines that operate at or below ~200 psi
(~14 bar) pressure.

PO6: Puncture of pipe system due to drop weight, rock impingement, host pipe fracture, contact by excavation equipment or other
construction/external damage. The threat may result in dent, material loss, or crack, and thereby, loss or reduction of the system’s
pressure carrying capacity. The model for the FE analysis to investigate the performance of the PIP under impact loading is
developed based on the testing set-up and system reported in [37]. Dent, material loss or crack under impact loading caused by 1.5
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Fig. 1. Experimental test set-up for PIP systems.
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in (38.1 mm) semi-spherical drop weight of 1.1 Ib (0.5 kg) at a height of 40 in. (1.016 mm), referenced from the top of PIP. The
weight is horizontally placed in the middle of the PIP as shown in Fig. 1(b).

2.1. Details of the FE model

Three-dimensional (3D) finite element (FE) models were developed either using ABAQUS/CAE standard FE software [38] or
ANSYS/Mechanical FEA software [39] to establish the initial range of material properties and thicknesses of the PIP technologies
suitable for natural gas pipelines and under the loading actions that correspond to POs 1-6. As the work presented is an outcome of the
collaborative work between institutions wherein several researchers are working as a team to complete the analyses, ABAQUS/CAE
standard FE software [38] has been used to investigate the POs 2-5 while ANSYS/Mechanical FEA software [39] has been used to
investigate the PO1 and PO6. The FE model of POs are developed based on the experimental setup implemented by the University of
Colorado Boulder for lateral loading and by the Gas Technology Institute in Chicago for impact [37] as shown in Figs. 1(a) and (b),
respectively.

The FE models for the different failure modes were implemented for a PIP system with outer diameter conforming to the inner
diameter of the host pipe [nominal 12-in. (300-mm) cast iron pipe — approximate outer diameter of 335 mm (13.2 in.) and wall
thickness 14 mm (0.54 in.)]. The analyses focused on 300 mm (12 in.) diameter PIP systems as there are approximately 32000 km
(20000 miles) of cast iron mains that exists based on the Pipeline and Hazardous Materials Safety Administration (PHMSA) database
[40]. Lu et al. [6] also highlighted those pipelines with a diameter of 300 mm (12 in.) and smaller are expected to remain the main
object of trenchless repair. The developed FE approach, however, can be extended to other diameters for cast iron and bare steel pipes.
In the FE modeling, the maximum thickness of the PIP was limited to 25.4 mm (1 in.) because a higher thickness may not be cost
effective and may affect the flow capacity of the repaired pipe. The wall thickness varied in an inward direction from 3.175 mm (0.125
in.) to 25.4 mm (1 in.) with increments of 3.175 mm (0.125 in.). The contribution of the existing host pipes was not considered as the
PIP systems are anticipated not to rely on the external pipe to meet the 50-year service requirements. Examples of these FE models for
POs are provided in Fig. 2. In all simulations, a mesh convergence study was carried out to ensure the accuracy and efficiency of the FE
model. The stresses and strains caused by loads to induce the different FMs were analyzed to determine the required thickness and
elastic modulus of the PIP systems.

The PIP system is modelled using 8-node 3-D solid element (C3D8R) with reduced integration and hourglass control for Abaqus and
standard SOLID element for Ansys. In most cases, a detailed mesh at the most critical region was implemented. All the FE models were
designed by confirming the replication of the physical experimental setup. The FE model for the PIP system has the following
attributes:

(1) nominal 307.8 mm (12.12 in.) outside diameter,

(2) Modulus of Elasticity (MOE) of 1 GPa (145 ksi) to 200 GPa (29,008 ksi),

(3) Thickness of 3.175 mm (1/8 in.) to 25.4 mm (1 in.) with increments of 3.175 mm (1/8 in.),
(4) Isotropic material properties, and

(5) linear elastic up to allowable strain (assumed failure).

For simplification, the quarter symmetry conditions are applied in longitudinal and transverse directions wherever possible. Pinned
supports are used at both ends while the loading heads are connected with the pipe clamps via pin — lug system. Frictionless condition
is used where contact happens between the PIP and the supports. The FE model for the PIP systems considered isotropic material
properties and linear-elastic PIP material behavior up to the prescribed allowable strain limit.

2.2. PIP materials system

PIP systems with different material properties were considered in the analysis. Three general materials [steel, cast iron and glass
fibre reinforced polymers (GFRP)] were considered in the investigation. In addition, 4 generic PIP materials with elastic modulus of 15
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Fig. 2. FE models for modelling failure modes of PIP systems.
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GPa (2176 ksi), 10 GPa (1450 ksi), 5 GPa (725 ksi) and 1 GPa (145 ksi) were investigated to provide a wide range of materials (i.e.,
unreinforced polymers, fiber reinforced thermosets and thermoplastics polymers, steel/polymer hybrid layers, particulate-filled
polymers) that are intended to be representative of potential PIP material systems as shown in Table 1. Based on the initial mate-
rial properties of the 24 internal repair technologies reported in Sirimanna et al. [14], the design strain for the analysis of the PIP
systems was divided into two, i.e. 0.002 for metallic systems (70 GPa or 10,153 ksi or higher) and 0.02 for polymeric systems including
composites and thermoplastics (24.5 GPa or 3553 ksi or lower). These design strain simplifications are based on the approximate yield
strain of metallic and polymeric PIP material systems, respectively.

For modelling PO1 (vibrational load or fatigue), the S-N data for the polymeric materials are attuned from the S-N curve presented
in [41,42], based on the strain criteria of 0.02 and the referenced S-N reduction rate. Detailed results of the FE simulations of the
different POs are provided in the next sections. In modelling the axial deformation due to thermal load, the coefficient of thermal
expansion (CTE) of the different PIP materials systems was established from the literature [36] and the relationship between them was
plotted to establish an equation that can be used to approximate the CTE for materials with a specific elastic modulus. Fig. 3 shows the
equation of the curve, which can be used to calculate the thermal coefficient of expansion for the generic PIP material systems while
Fig. 3b shows the boundary conditions used in the FE model.

The coefficient of thermal expansion can be estimated using Eq. (1), where a7 is the coefficient of expansion (x10~® m/m °C) and E
is elastic modulus (GPa).

ar = 70E—0.324 (1)

2.3. Mesh convergence and calibration of the FE model

The mesh convergence study was carried out on the 25.4 mm (1 in.) thick and 1000 mm (39.4 in.) PIP under an internal pressure of
1.38 MPa (200 psi) to ensure the accuracy and efficiency of the FE model. The mesh convergence study results are shown in Table 2.
Both length and width of the mesh were chosen as 5 mm based on previous mesh convergence studies [43-45]. The FE simulated hoop
stress of PIP with the mesh size of 5 x 5 x 6.35 mm was closest to the theoretical hoop stress (0.37% difference). Hence, in all FE
models the mesh size was kept as close as possible of 5 x 5 x 6.35 mm (0.2 x 0.2 x 0.25 in).

2.4. Validation of FE results

2.4.1. Lateral loading
The results of the FE analysis were validated by comparing with the theoretically predicted tensile stress results as shown in Table 3.
Elastic section modulus of a circular hollow section,

oo - D)

32D, @

where D, and Di are the outer and inner diameters of the PIP, respectively.

The applied moment, M =% x x, where P denoted the applied load and x = 762 mm (30 in.) gives theoretical stress of oy, = %. The
tensile stress at the bottom-most layer at midspan of PIP obtained from the FE models are closely matched with the theoretically
predicted tensile stresses and with the coefficient of variation (COV) and the mean ratio is 0.003 and 0.96, respectively.

2.4.2. Internal pressure

Similarly, the FE model simulated results were validated by comparing with the theoretically predicted hoop or circumferential
stress in the PIP as a result of internal pressure. The hoop or circumferential stress in the PIP as a result of internal pressure is calculated
based on both thin and thick plate theories. Circumferential or hoop stress (oy) for a thin wall (D./t > 20) can be calculated using
equation (3):

(3)

o=y
where P is the internal pressure, t is the wall thickness, and D, is the outside diameter of the PIP.
On the other hand, hoop stress (op,) varies across the pipe wall from a maximum value on the inner surface to a minimum value on
the outer surface of the PIP. The hoop stress for thick pipes (D./t < 20) at the inner surface based on the Lame equation when there will
be no external pressure can be calculated using Eq. (4):

Table 1

Properties of PIP materials.
Elastic Modulus (GPa) (1)[145]  (2)[290] (3)[345] (5)[725] (10) (15) (24.5) (70) (200)
[ksi] [1450] [2176] [3553] [10153] [29008]
Poisson’s ratio 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.29 0.29
Properties Generic Generic Generic Generic Generic Generic GFRP Cast iron Steel
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Fig. 3. Inputs for thermal load analysis.
Table 2
Mesh convergence study.

Mesh size (mm) Element no FE stress (MPa) Theoretical stress (MPa) % difference
5x5x6.35 152,800 7.7 7.73 0.37
5x 5 x 8.47 114,600 7.63 7.73 1.28
5x5x12.7 76,400 7.52 7.73 2.70

Table 3
Comparison between theoretically and FE predicted tensile stress.
Modulus of elasticity (GPa) Tensile stress (MPa) FEM/theoretical
Theoretical FEM
200.00 415.06 397.89 0.96
70.00 145.34 138.00 0.95
24.50 50.84 48.74 0.96
15.00 31.13 29.84 0.96
10.00 20.75 19.89 0.96
5.00 10.38 9.95 0.96
1.00 2.08 1.99 0.96
Mean ratio 0.96
cov 0.003
Table 4
Comparison between theoretically and FE predicted hoop stress.
Wall types PIP thickness Hoop stress (MPa) FEM/theoretical
mm in. Theoretical FEM
Thin wall 3.175 0.125 66.169 69.670 1.05
6.35 0.25 32.751 33.361 1.02
9.525 0.375 21.616 21.646 1.00
12.7 0.5 16.053 15.473 0.96
Thick wall 15.875 0.625 12.718 12.497 0.98
19.05 0.75 10.498 9.650 0.92
22.225 0.875 8.914 8.743 0.98
25.4 1 7.729 7.447 0.96
Mean ratio 0.99
Ccov 0.04
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7pi(Di2 + Dez)

D> — D;? (©)]

Op

where

op: Lame hoop stress;

D.: external pipe diameter;

D;: internal pipe diameter and

pi: internal pressure of pipe.

The comparison between theoretically and FE predicted hoop stress is shown in Table 4. The hoop stresses obtained from the FE
models closely matched the theoretically predicted hoop stresses, as indicated by the COV and the mean ratio are 0.04 and 0.99,
respectively.

3. Results and discussion

The results of the FE analysis of the POs were validated with theoretical equations to confirm the reliability of the results. It is to be
noted that the factor of safety and the projected 50-year properties of the PIP systems were not accounted for in the analysis.

3.1. POLl. Vibrational load

The fatigue life of the PIP due to vibrational load is predicted by using the critical stress and its stress-life (S-N) curve. In particular,
the maximum tensile stress at the bottom-most layer of the PIP is firstly calculated under static loading. It is then projected to the S-N
curve of the material to define the stress at failure and the according life cycle. The calculation of the critical tensile stress using
numerical or analytical approaches is validated as shown in Table 3. As an example, the numerical results for tensile stress at the
middle section of the pipe are shown in Fig. 4. Using the typical S-N curve for the PIP materials, the minimum life of the repair system is
determined up to over 10 million cycles.

Fig. 5 shows calculated maximum stresses at the bottom most point of the PIP for different thicknesses. Tables 5 and 6 show
maximum strain and displacement for different thicknesses and material properties. Based on the S-N curves of corresponding ma-
terials, Table 6 shows minimum cycles to failure of the PIP for various thicknesses and properties. From Tables 5 and 6, it is seen that
when the maximum strain of the polymeric PIP system exceeds 0.02, the PIP fails to achieve its first cycle of loading. It requires a
minimum thickness of 9.525 mm (0.375 in.) for MOE of 1 GPa (145 ksi) material to achieve 1 million cycles. While it only requires the
minimum thickness of 3.175 mm (0.125 in) for MOE of 3 GPa (345 ksi) material to reach the design life. From the results, it is observed
that the required thickness decreases with increasing MOE for polymeric PIP liners. PIP systems with an MOE of 70 GPa (10,153 ksi)
require a minimum of 3.175 mm (0.125 in) thickness to achieve the target fatigue life cycle of 1 million.

3.2. PO2. Lateral deformation

FE simulations were implemented to investigate the performance of PIPs under lateral loading/bending with a range of MOE.
Similarly, the load and the level of strain measured for PIP systems with different thicknesses under the lateral load of 178 kN (40 kips)
were determined. The load capacity has been obtained for PIPs with different thicknesses at the strain of 0.002 and 0.02. The

C: Reduced load of Cast Iron 70 GPa (10153 ksi)
Equivalent Stress Pipe

Type: Equivalent (von-Mises) Stress

Unit: psi

Time: 15

5/01/2022 3:18 PM

1141.2 Max
1014.7
888.21
761.71
635.22
508.72
382.22
255.73
129.23
2.7334Min

0.000 15.000 30.000 (in)
]

7.500 22,500

Fig. 4. Stress at cast iron PIP of 12.7 mm (0.5 in.) invert under vibrational load.
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Fig. 5. Maximum stresses at the pipe invert for various pipe thicknesses.
Table 5
Maximum strain at the bottom-most point for various pipe thicknesses.
Thickness Maximum strain mm (in)
mm (in) 1GPa(145 2GPa(290 3GPa(345 5GPa(725 10GPa 15 GPa 24.5 GPa 70 GPa 200 GPa
ksi) ksi) ksi) ksi) (1450 ksi) (2176 ksi) (3553 ksi) (10153 ksi) (29008 ksi)
3.175 2.99E—-02 1.44E—02 9.62E—-03 5.77E—-03 2.89E—-03 1.92E-03 1.18E-03 4.12E—-04 1.44E—-04
(0.125)
6.35 (0.25) 1.54E-02 7.44E—-03 4.96E—03 2.98E—-03 1.49E-03 9.92E—-04 6.08E—04 2.13E-04 7.44E—-05
9.525 1.06E—02 5.12E-03 3.41E-03 2.05E-03 1.02E-03 6.83E—-04 4.18E—-04 1.46E—04 5.12E-05
(0.375)
12.7 (0.5) 8.22E—-03 3.96E—-03 2.64E—-03 1.58E—03 7.92E—-04 5.28E—-04 3.23E-04 1.13E-04 3.96E—-05
15.875 6.79E—03 3.27E-03 2.18E-03 1.31E-03 6.54E—04 4.36E—04 2.67E—04 9.34E—05 3.27E-05
(0.625)
19.05 (0.75) 5.83E—-03 2.81E—-03 1.87E-03 1.12E-03 5.62E—04 3.75E—-04 2.30E—-04 8.03E—-05 2.81E-05
22.225 5.16E-03 2.49E—-03 1.66E—-03 9.95E—-04 4.97E—-04 3.32E-04 2.03E-04 7.11E-05 2.49E-05
(0.875)
25.4 (1) 466E—03  2.25E-03  1.50E-03  8.98E—04  4.49E—04 2.99E—04 1.83E—04 6.42E—05 2.25E-05
Table 6
Minimum life cycles to failure for various pipe thicknesses.
Thickness mm Number of cycles
(in) 1 GPa 2 GPa 3 GPa 5 GPa 10 GPa 15 GPa 24.5 GPa 70 GPa 200 GPa
(145 ksi) (290 ksi) (345 ksi) (725 ksi) (1450 ksi) (2176 ksi) (3553 ksi) (10,153 ksi) (29,008 ksi)
3.175 (0.125) 0 2.6E + 04 1.7E + 08 1.9E + 11 3.7E+ 13 2.1E + 14 8.2E + 14 > 1.00E + 07 > 2.00E + 07
6.35 (0.25) 4.1E + 03 9.0E + 09 8.3E + 11 3.1E + 13 4.7E + 14 1.2E + 15 23E+ 15 > 1.00E + 07 > 2.00E + 07
9.525 (0.375) 2.7E 4+ 07 6.2E + 11 1.4E +13 1.7E + 14 1.1E+ 15 2.0E + 15 3.3E + 15 > 1.00E + 07 > 2.00E + 07
12.7 (0.5) 2.2E + 09 5.1E + 12 5.7E + 13 3.9E + 14 1.7E + 15 2.7E+ 15 3.9E + 15 > 1.00E + 07 > 2.00E + 07
15.875 3.0E + 10 1.8E + 13 1.3E + 14 6.5E + 14 2.1E + 15 3.2E + 15 4.3E + 15 > 1.00E + 07 > 2.00E + 07
(0.625)
19.05 (0.75) 1.7E + 11 4.2E + 13 2.3E + 14 9.1E + 14 2.5E + 15 3.6E + 15 4.6E + 15 > 1.00E + 07 > 2.00E + 07
22.225 5.8E + 11 7.6E + 13 3.4E + 14 1.2E + 15 2.9E + 15 3.9E + 15 4.8E + 15 > 1.00E + 07 > 2.00E + 07
(0.875)
25.4 (1) 1.4E + 12 1.2E + 14 4.6E + 14 1.4E + 15 3.1E + 15 4.1E + 15 5.0E + 15 > 1.00E + 07 > 2.00E + 07
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Fig. 6. Load-strain curves for PIP systems under lateral deformation.
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load-strain curves for PIPs with thicknesses of 3.175 mm (1/8 in.)-25.4 mm (1 in.) and range of elastic modulus under bending are
presented in Fig. 6.

The capacity of the polymeric PIP systems, i.e. 24.5 GPa (3553 ksi) and lower was evaluated at an elastic strain of 0.02. From the
results, it was found the tensile strains in PIP systems with thickness of 9.5 mm (3/8 in.) and thinner does not reach at design strain of
0.02 due to the compressive non-linearity occurring at the compression zone (top of the PIP and between the loading points) as shown
in Fig. 7. The maximum strain recorded is only 0.8%, 1.36%, and 1.76% strain for the PIP with a thickness of 1/8 in., 2/8 in., and 3/8
in., respectively. This failure behavior can be captured using nonlinear FE analyses considering the complete stress—strain behavior of
the PIP material systems. Using the stress—strain behaviour of steel (MOE = 200 GPa or 29,008 ksi) reported in [34], a nonlinear FE
analysis of a 3.175 mm (1/8 in.) thick PIP was implemented to verify the compressive buckling as shown in Fig. 8. For all moduli, the
buckling failure can be eliminated when the thickness of the PIP is 12.7 mm (1/2 in.) or thicker.

The strain level of PIPs and composite PIPs with different thicknesses at the design lateral load of 178 kN (40 kips) is summarized in
Figs. 9 and 10, respectively. Moreover, the lateral load capacity of PIPs and composite PIPs with different thicknesses at the design
strain of 0.02 and 0.002 is summarized in Figs. 11 and 12, respectively. It is evident that the lateral load carrying capacity of the PIP
with a higher modulus will be higher than those of a lower modulus. The summary of results in Figs. 9 and 11 show that a PIP with an
MOE of at least 24.5 GPa (3553 ksi) is required to safely carry a lateral load of 40 kips when the strain is limited to 0.002, however, will
need a thickness of at least 22.2 mm (7/8 in.). In addition, the summarized results for composite PIPs in Figs. 10 and 12 showed that a
PIP system with an MOE of at least 5 GPa (725 ksi) and thickness of at least 12.7 mm (12 in.) is required to safely carry a lateral load of
40 kips when the strain is limited to 0.02. Moreover, the displacement at midspan as shown in Fig. 13 will be around 100 mm (4 in.) or
a rotation of 7.5°. This may not be an issue for PIPs underground but may need consideration for polymeric PIP systems used
aboveground.

3.3. PO3. Cross-section ovalization

Fig. 14 shows the stress diagram of the FE model through nonlinear FE analyses (MOE = 200 GPa or 29,008 ksi and t = 25.4 mm or
1 in.). The applied load-thickness curves for PIP with a range of elastic modulus under parallel-plate loading at 5% and 10% diametric
deflection is shown in Figs. 15 and 16, respectively. It is evident that the lateral load carrying capacity of the PIP with higher thickness
is higher than those with lower thickness. Moreover, at a certain lateral load capacity, the minimum thickness required to not exceed
the 5% and 10% diametric deflection for the PIP with higher modulus is lower than those with lower modulus.

The diametric deflection (%) for PIP at design strain (0.002 for metallic PIP and 0.02 for composite PIP) is summarized in Table 7.
The diametric deflection decreases with the increase of the thickness of PIP system while the lateral load capacity is increasing. The
3.175 mm (1/8 in.) thick steel and cast-iron PIP system can exhibit 16.2% and 15.6% diametric deflection, respectively, i.e. 50 mm (2
in.) and 48 mm (1.9 in.) lateral displacement, respectively. However, both steel and cast-iron PIP of 25.4 mm (1 in.) thick will have
only 1.4% diametric deflection, i.e. 4.3 mm (0.17 in.) lateral displacement. On the other hand, all the 3.175-12.7 mm (1/8-1/2 in.)
thick composites PIP system can have up to 32.5% diametric deflection, i.e. 100 mm (4 in.) lateral displacement but deform only by
13.3%i.e. 41 mm (1.6 in.) lateral displacement when the thickness increases to 25.4 mm (1 in.). Moreover, the diametric deflection of
the PIP with a lower modulus is higher than those with a higher modulus indicating that PIP with lower modulus has a higher tendency
to fail due to cross-section ovalization.

Displacement (in.)

0 1 2 3 4
0.03 y
’
0.025 - P
I’ ,‘
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P
R= S
£0.015 s
B
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Fig. 7. Compressive strain—displacement curves for E = 1 GPa (145 ksi).
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S, 833
(Avg: 75%)

Buckling

Fig. 8. Buckling of PIP systems under lateral deformation.
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Fig. 9. Strain-thickness at 178 kN (40 kips) for metallic PIP.

3.4. POA4. Axial deformation due to thermal load

The seasonal temperature variation in the ground is applied incrementally by 5 °C (9 °F) to determine the level of the pipe
elongation and stress and strain in the PIP system. The elongation (AL) of the PIP system with one end fixed and the other end free can
be calculated using Eq. (5) and given below:

AL = a;LAT )

where ar is the coefficient of thermal expansion, L is the original PIP length, and AT is the difference between the final and initial
service temperature of the PIP.

A study has been carried out analytically to investigate the effect of temperature change, (ranging between 5 °C (41°F) to 40 °C
(104°F) with 5 °C increment) along with the types and thicknesses of PIP materials. Another boundary condition, which is both ends
fixed, has been considered for all PIP materials and thicknesses. In the second boundary condition, an analytical calculation was
carried out to determine the axial thermal forces of PIP due to changing in-service temperature and/or seasonal temperature within the
same range evaluated in the first boundary condition. Fig. 17(a) shows the elongations of different PIP materials as a result of tem-
perature change while Fig. 17(b) demonstrates the thermal loads against different thicknesses of PIP with E = 70 GPa (10,153 ksi) at

11



T. Tafsirojjaman et al. Engineering Failure Analysis 140 (2022) 106510
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Fig. 10. Strain-thickness at 178 kN (40 kips) for composite PIP.
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Fig. 11. Load-thickness at strain = 0.002 for PIP.

different temperatures. In the same way, thermal loads have been predicted for all PIP materials with the change in temperature.
Furthermore, the level of temperature in which the PIP pipes will experience global buckling is estimated as shown in Fig. 19.

The seasonal temperature in New York State and other parts of the Northeast US fluctuate between 21 °C and —1 °C (70 °F and 30
°F) for the buried pipes at the typical depths [31,32] so the temperature increases by 22 °C (39.6 °F) from the winter season to the
summer season is considered as a temperature change in the case study. PIP with different MOE (1 GPa (145 ksi) — 200 GPa (29008
ksi)) and pipe thickness (3.178 mm (1/8 in.)-25.4 mm (1 in.)) at AT = 22 °C (39.6 °F) will elongate between 1.01 mm (0.04 in.) and
5.63 mm (0.22 in.). Based on 0.002 strain criteria for metallic PIP systems, the change in length (AL) of Cast Iron pipe with a length =
3657.6 mm (144 in.) is 0.002 x 3657.6 = 7.31 mm (0.288 in.) and the same CI pipe length will elongate by 1.3 mm (0.05 in) at AT =
22 °C (39.6 °F). The slenderness ratio (A of the PIP with different thicknesses (3.178 mm (1/8 in.)-25.4 mm (1 in.)) of the first
boundary condition varies between 67.9 and 73. The slenderness ratio is calculated by dividing kL/r where k, L and r are the effective
length constant depending on PIP ends boundary conditions, length of PIP, and radius of gyration, respectively. Therefore, all PIP
materials and thicknesses will not buckle at the temperature change of 22 °C (39.6 °F) as can be seen in Fig. 18. This indicates that the
current design parameter for axial deformation caused by thermal expansion may not be critical for the range of PIP systems
considered in this study. Consideration should however be given to the change in material properties of PIP systems at any level of
elevated in-service temperature. It is noted that the relatively flexible PIP system can bulge into the crack opening during cyclic
thermal loading of high temperature change and can be pinched between host pipes, leading to failure. Moreover, the integrity of bond
between the PIP and the host pipe with the temperature change should be considered in more detailed analysis of the PIP system.
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Fig. 12. Load-thickness at strain = 0.02 for composite PIP.
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13. Displacement-thickness at strain = 0.02 for composite PIP.
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(b) 10% diametric ovalization

Fig. 14. Stress diagram of FE model through nonlinear FE analyses (MOE of 200 GPa (29,008 ksi) and thickness 25.4 mm (1 in.).
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Fig. 15. Load-thickness curves at 5% diametric deflection.
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Fig. 16. Load-thickness curves at 10% diametric deflection.

Table 7

Percentage (%) diametric deflection for PIP system.
MOE GPa (ksi) Thickness, mm (in.)

3.175 (1/8) 6.35 (2/8) 9.525 (3/8) 12.7 (1/2) 15.9 (5/8) 19.05 (6/8) 22.225 (7/8) 25.4 (1)

200 (29008) 16.2 8.3 5.7 4.5 2.4 2.1 1.6 1.4
70 (10153) 15.6 7.8 5.2 3.9 2.4 2 1.6 1.4
24.5 (3553) 325 325 325 325 23.7 19.7 15.1 13.3
15 (2176) 325 325 325 325 23.8 19.9 15.1 13.3
10 (1450) 325 325 325 325 23.7 19.7 15.1 13.3
5(725) 325 325 325 325 23.8 19.7 15.1 13.3
1(145) 325 325 325 325 23.9 19.7 15.1 13.3

3.5. POS5. Circumferential (Hoop) stress

The failure due to circumferential hoop stress of the PIP system was evaluated by applying internal pressure incrementally, and the
level of strain and stress were noted. The length of the PIP was varied between 2 and 6 times of its outer diameter (D,), i.e. 2D¢-6D, to
determine the minimum length of the FE model that will not be affected by the boundary conditions and will be developed almost
uniform stress along the circumference and length of the PIP. The FE results show that the boundary support conditions have no
significant effect on the stress and strain behavior of the PIP when the length of the pipeline is longer than 2 D,. Figure shows the

14



T. Tafsirojjaman et al. Engineering Failure Analysis 140 (2022) 106510
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Fig. 17. (a) Pipe elongation and (b) thermal forces generated by different temperature changes for E = 70 GPa (10156 ksi).
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minimum thickness required for PIP systems with a range of elastic modulus under internal pressure of 60, 100 and 200 psi based on a
limiting strain of 0.002 along the hoop direction. A wall thickness exceeding 25.4 mm (1 in.) is required to resist the internal pressure
for PIP materials with MOE of 1 GPa (145 ksi) at a maximum strain of 0.002. PIP materials, however, that have an MOE of 70 GPa
(10,153 ksi) or higher just require a minimum wall thickness of 3.175 mm (1/8 in.) to resist the design internal pressure of 200 psi. The
same minimum thickness can be achieved using PIP materials with a MOE of at least 15 GPa (2176 ksi) and 24.5 GPa (3553 ksi) to
safely carry the design internal pressure of 60 psi and 100 psi, respectively. Fig. 19 shows the minimum thickness required for
polymeric PIP technologies with MOE from 1 GPa to 24.5 GPa (145 ksi-3553 ksi) under internal pressure of 60, 100 and 200 psi based
on a limiting strain of 0.02 along the hoop direction. It is important to note that a thickness of 3.175 mm (1/8 in.) is sufficient to resist
the internal pressure of 60 psi for all ranges of moduli. Using 3.175 mm (1/8 in.) as the minimum thickness, the internal pressure of 100
psi and 200 psi can be safely resisted using PIP with a modulus of 5 GPa (725 ksi) or higher. The minimum required thickness will
increase to 6.35 mm (1/4 in.) and 12.7 mm (1/2 in.) for 100 psi and 200 psi, respectively for a PIP with a modulus of 1 GPa (145 ksi).
Please note however those design properties established from this analysis should consider the projected 50-year properties of the PIP
technologies and apply an appropriate factor of safety based on the overall behavior of the materials.

3.6. PO6. Puncture of pipe system due to drop weight or external force
A 38.1 mm (1.5 in.) semi-spherical drop weight of 1.1 1b (0.5 kg) is used. It is freely dropped from a potential height of 1,016 mm

(40 in.), referenced from the top of PIP. The weight is horizontally placed in the middle of the PIP as shown in Fig. 2 (b). For the sake of
computational cost, the free-fall velocity at the time of impact was utilized and can be derived as follows.

V=1\/2xgxh=4464" or175.75",
S S
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Fig. 19. Minimum thickness requirement for different design internal pressure.

where g = 9.81% (32.17{—§) is the standard acceleration due to earth gravity and h = 1,016mm (40in.) is the drop height. The physical
time of simulation ranges from 0.002 to 0.025 s until the drop weight, which was considered as a rigid body has completely given
maximum impact effect onto the PIP systems in terms of damage and deformation.

Fig. 20 shows the meshing details of the model. At the impact region, an optimal mesh size of 2 x 2 x 2 mm is used and a minimum
of 5 elements are used in the thickness direction. For the rest of the model, the mesh sizes of 2.5 x 2.5 mm and 5 x 5 mm are used for
the surfaces and 5 elements are used in the thickness direction. The mesh size of 2 mm is used for the rigid drop weight. The total
number of elements used is ranging from 100,593 to 301,603 depending on the pipe thickness.

Fig. 21 shows the typical damage mode of PIP systems with different elastic moduli under impact loading. PIP systems with elastic
modulus of 70 GPa (10,153 ksi) and 200 GPa (29,008 ksi) exhibited dent or damage caused by the limit exceeding strain in the
impacted elements. For the thicknesses from 6.35 mm (0.25 in.) to 25.4 mm (1 in.), the drop weight typically makes an oval shape of
dent or damage on the outermost surface of the PIP as shown in Fig. 21(a). However, for the thickness of 3.175 mm (0.125 in) or lower,
the damage happens on both outermost and innermost surfaces of the steel PIP. It penetrates through the thickness of the cast iron pipe
as shown in Fig. 21(b). On the other hand, PIP systems with low elastic modulus, from 1 GPa (145 ksi) to 24.5 GPa (3553 ksi), over the
range of thicknesses, deform under impact but gradually bounce back to its original shape. Typically, the 1 GPa (145 ksi) PIP at 3.175
mm (0.125 in.) is completely cracked along the longitudinal and circumferential lines under impact Fig. 21(b). However, at 6.35 mm
(0.25 in.), the 1 GPa (145 ksi) PIP liner is damaged on the innermost surface due to exceeding the tensile strain.

Fig. 22 shows the maximum deflection under impact loading for different materials and thicknesses. PIP systems with an MOE of 1
GPa (145 ksi) have very high wall deflection, 44.112 mm (1.737 in.) and 8.881 mm (0.3496 in.), at 3.175 mm (0.125 in.) and 6.35 mm
(0.25 in.) thicknesses, respectively. The resultant cracks are shown in Table 8. The high modulus materials of 70 GPa (10,153 ksi) yield
5.719 mm (0.225 in) deflection at 3.175 mm (0.125 in.) thickness, followed by the through wall thickness penetration as shown in
Fig. 21(b). Figs. 23 and 24 show the maximum damage depth and its corresponding percentage for high modulus materials,

Drop weight PIP

Fig. 20. Meshing of the model for the PIP of 25.4 mm (1 in) thick.
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(a) 200 GPa (29008 ksi) at 25.4 mm (1 in.) thickness

(b) 70 GPa (10153 ksi) at 3.175 mm (0.125 in.) thickness

D: 1 Gpa (145 ksi)
Equivalent Stress

Type: Equivalent (von-Mises)
Unit: psi

Time: 2.5e_08

(c) 1 GPa (145 ksi) at 3.175 mm (0.125 in.)

Fig. 21. Typical failure modes of PIP system under impact.

respectively. If we set the percentage limit of 30% for the thickness damage (design factor of 3 for cast iron and 2 for steel), the
minimum thickness requirement is 12.7 mm (0.5 in) for cast iron and 9.525 mm (0.375 in) for steel [46]. Figs. 25 and 26 show the
damage sizes in longitudinal and circumferential directions for the high modulus materials. Overall, it can be observed that the drop
weight produces larger damage on the cast iron surface.
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Fig. 22. Maximum deflection of PIP system under impact.

Table 8
Crack sizes in 1 GPa (145 ksi) material under impact.
MOE of 1 GPa (145 ksi) PIP thickness (mm) [in.]
(3.175) [0.125] (6.35) [0.25]
Crack depth (mm) [in.] (3.175) [0.125] (3.81) [0.15]
Percentage of damage depth 100% 60%
Crack length in longitudinal direction (mm) [in.] (110) [4.33] (41.91) [1.65]
Crack length in circumferential direction (mm) [in.] (60.55) [2.3837] (5.89) [0.2321]
Thickness (in)
0.125 0.25 0.375 0.5 0.625 0.75 0.875 1
5.08 L L L L L L 0.2
g 4.445 —#—70 GPa (10153 ksi) —®—200 GPa (29008 ksi) L 0.175 &
= 381 = ® 015 =
£ g
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% 2
g 2.54 - 0.1 g
5 <
3 1:905 P 0.075 ¢
=]
g 127 - 0.05 E
R %
g 0.635  0.025 =
=
0 0
3.175 6.35 9.525 12.7 15.875 19.05 22.225 254

Thickness (mm)

Fig. 23. Maximum damage depth at impact for high modulus materials.
4. Analytic hierarchy process (AHP) of failure modes
Analytic hierarchy process (AHP) was implemented to screen the identified failure modes for PIP systems for natural gas pipelines
and supported by the results from FE simulations and theoretical analyses. The AHP can help identify the hierarchy of the critical
performance objectives, identify the key design parameters that affect these failure modes including the critical mechanical properties

of the repair system, and develop the most important testing techniques and protocols based on the level of importance. The AHP
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Fig. 24. Maximum damage percentage in depth for high modulus materials.
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Fig. 25. Damage radius in the longitudinal direction for high modulus materials.
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Fig. 26. Damage radius in the circumferential direction for high modulus materials.
proposed by Saaty and Vargas [47] provides measures of judgement consistency, derives priorities among criteria and alternatives, and
simplifies preference ratings among decision criteria using pairwise comparisons [48]. It was applied successfully by Ferdous et al.

[49] in the selection of the optimal mix of particulate-filled epoxy-based polymer coating and was used in this work to screen the
identified performance objectives. The main advantage of this method over other multiple criteria decision-making methods is its
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capability to check the consistency and reduce inconsistencies in judgement [47,49]. In addition, the AHP is scalable, easy to use, and
big-sized decision problems can be accommodated easily by adjusting the hierarchy structure and less data-intensive method [50].
Moreover, this method has already been used in the pipeline industry as a decision support system in complex problems [51-53]. The
outcome of the AHP is based on the attributes considered for each simulated PO as listed in Table 9. It is to be noted that the factor of
safety and the projected 50-year properties of the PIP technologies were not accounted for in the analysis.

A relative importance matrix can be constructed for n attributes, where the relative importance of attribute i with respect to
attribute j is represented by a;. An attribute is compared with itself in all the diagonal entries in the n-order square matrix. Hence, all of
the diagonal entries in the n-order square matrix are equal to 1. For example, a;; = az2 = ass=...=ap, = 1.

A typical relative importance matrix A = [a;],,,., can be expressed by Eq. (6) which has reciprocal properties where aj; = 1/a; and
Ay = 1.

ann st A 1 st A
A= : ool = : oo (6)
Vaw -« am Vay, - 1

The normalized eigenvector of matrix A represents the relative weights of the attributes and is called the priority matrix. The
eigenvector of matrix A can be determined manually or by using a computation tool (e.g., spreadsheet). The eigenvector is normalized

by dividing an element of the eigenvector a; by the sum of all its elements, according to the expression in Eq. (7):
. aij
a; = =ir— 7
DT

4.1. Relative intensities of criteria and alternatives

The criteria are the main drivers for selection of the critical failure mode. A small change in intensity of criteria and alternatives has
a significant effect on the final output, and the priorities of the properties depend on the design requirements. The fundamental FE
models developed and implemented in Section 3 focused on investigating the effect of the thickness and elastic modulus to determine
the initial ranges for acceptable mechanical properties and thicknesses of the PIP. Hence, the thickness and modulus of elasticity of the
PIP system have been chosen as the criteria and are given the same level of priority in the AHP process at this stage. Other important
parameters can be considered as criteria in the AHP process based on more detailed information on the material and geometric
properties. All the performance objectives (PO1-6) considered in the AHP are chosen as alternatives. The relative weightings of the
alternative POs have been taken based on their performance.

The outcome parameters based on design internal pressures of 60 psi (414 kPa), 100 psi (690 kPa) and 200 psi (1379 kPa) are listed
in Tables 10, 11 and 12, respectively. Those outcome parameters have been listed based on the results of detailed analysis in Section 3.
The first column of the outcome parameters is for the thickness requirement for the minimum required modulus of elasticity for each
performance objective. For example, the outcome parameters in the first column of Table 11 for PO5 and the design internal pressure of
100 psi (690 kPa) are chosen as 1/4 in. (6.35 mm) and 145 ksi (1 GPa) when the criteria is the thickness and elastic modulus,
respectively. In other words, for a PIP with an elastic modulus of 145 ksi (1 GPa), a thickness of 1/4 in. (6.35 mm) is required to safely
resist an internal pressure of 100 psi (690 kPa). The second column of the outcome parameters represents the modulus of elasticity
requirement for the minimum required thickness for each PO. For example, the outcome parameters in the second column of Table 11
for PO5 and the design internal pressure of 100 psi (690 kPa) are chosen as 1/8 in. (3.175 mm) and 725 ksi (5 GPa) when the criteria is
the thickness and elastic modulus, respectively. In this case, a minimum wall thickness of 1/8 in. (3.175 mm) is required to resist the
design internal pressure of 100 psi (690 kPa) if the PIP materials have an elastic modulus of at least 725 ksi (5 GPa). However, the
metallic PIP systems are more critical compared to composite PIP systems under PO6 (impact loading) which is the reverse behavior
compared to all other FMs due to their high elastic moduli.

The relative weightings of the alternative POs were chosen based on the outcome parameters for the three design internal pressures
and presented in Tables 10, 11 and 12, respectively. For example, when the AHP criteria is the thickness and the design internal
pressure is considered as 60 psi (414 kPa), PO2 gives the highest relative weighting (10) as PO2 requires the thickest PIP, 1/2 in. (12.7
mm), for the minimum required modulus of elasticity, 725 ksi (5 GPa). Likewise, PO3 and PO5 will have the lowest relative weighting

Table 9
Attributes considered for simulated POs of PIP systems.

Notation  Attributes

PO1 Target life cycle of approximately one-half to one million cycles of repetitive deflections caused by repeated overhead traffic loads applied to a
pavement and subgrade system equivalent to 3,900 1bf (17,350 N) based on a design displacement of approximately 0.07 in. (1.78 mm) for nominal 12-
in. (300-mm) diameter cast iron pipe [19,32,54-56].

PO2 Pipeline deflections are caused by traffic loads applied to a pavement and subgrade system. Deflection (lateral deformation) under the design lateral
load of 40 kips (178 kN) [19,32,54-56].

PO3 Cross-section ovalization up to 5% and 10% diametric deflection [33].

PO4 Axial deformation (axial displacement) due to thermal expansion/contraction at a temperature change of 22 °C (40°F).

PO5 Circumferential (hoop) stress due to internal pressure of 60 psi (414 kPa), 100 psi (690 kPa) and 200 psi (1379 kPa).

PO6 Dent, metal loss or crack under impact loading caused by 1.5 in. (38.1 mm) semi-spherical drop weight of 1.1 1b (0.5 kg) at a height of 40 in. (1.02 m)
[371.
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Table 10
Relative weightings of alternative POs for design internal pressure of 60 psi (414 kPa).
PO Criteria Vibration Lateral Cross-section Axial defor- Internal Impact
loads deformation ovalization mation Pressure
PO1 PO2 PO3 PO4 POS5 PO6
Outcome Parameter  Thickness (in.) 3/8 1/8 1/2 1/8 1/8 1/8 1/8 1/8 1/8 1/8 3/8 1/8
Modulus of elasticity (ksi) 145 345 725 29,008 145 145 145 145 145 145 145 725
Relative weighting Thickness 9 10 6 7 6 9
Modulus of elasticity 8 10 7 7 7 9

Table 11
Relative weightings of alternative POs for design internal pressure of 100 psi (690 kPa).
PO Criteria Vibration Lateral Cross-section Axial defor- Internal Impact
loads deformation ovalization mation Pressure
PO1 PO2 PO3 PO4 PO5 PO6
Outcome Parameter  Thickness (in.) 3/8 1/8 1/2 1/8 1/8 1/8 1/8 1/8 1/4 1/8 3/8 1/8
Elastic of Modulus (ksi) 145 345 725 29,008 145 145 145 145 145 725 145 725
Relative weighting Thickness 9 10 6 7 8 9
Modulus of elasticity 7 10 6 6 8 9

Table 12
Relative weightings of alternative POs for design internal pressure of 200 psi (1379 kPa).
PO Criteria Vibration Lateral Cross-section Axial defor- Internal Impact
loads deformation ovalization mation Pressure
PO1 PO2 PO3 PO4 PO5 PO6
Outcome Parameter Thickness (in.) 3/8 1/8 1/2 1/8 1/8 1/8 1/8 1/8 1/2 1/8 3/8 1/8
Elastic of Modulus (ksi) 145 345 725 29,008 145 145 145 145 145 725 145 725
Relative weighting Thickness 8 10 6 7 9 8
Modulus of elasticity 8 10 7 7 9 9
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Fig. 27. The hierarchy of local priorities based on design pressure of 60 psi (414 kPa).
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(6). In addition, PO2 gives the highest relative weighting (10) as it requires the highest modulus of elasticity, 29,008 ksi (200 GPa), for
the minimum required thickness 1/8 in. (3.175 mm). Similarly, PO3, PO4 and PO5 have the lowest relative weighting (7) for the
alternative case when the AHP criteria is the modulus of elasticity and the design internal pressure considered as 60 psi (414 kPa). It is
noted that, while the highest relative weighting of 10 is given, a reduction of 1 is applied to the next criteria (a reduction of only 10%)
to minimize bias between the different POs as the design criteria for each PO are different and the relative importance of these criteria
against each other is difficult to establish.

4.2. Hierarchy of local priorities for critical POs for PIP system

In the present AHP, the pair-wise comparison matrix (relative importance matrix as per Eq. (6)) which holds the preference values
has been obtained based on the relative weightings of the different alternatives. The matrix was then normalized following Eq. (7). The
developed hierarchy to rate and compare the alternatives for each criterion for the design pressure of 60 psi (414 kPa), 100 psi (690
kPa) and 200 psi (1379 kPa) has been shown in Figs. 27, 28 and 29, respectively.

4.3. Ranking of critical POs for PIP system

The separate rankings of the critical POs for the PIP system have been developed based on the criteria (thickness and modulus of
elasticity of PIP system) as well as global priority. The global priority of critical POs for the PIP system was determined by multiplying
its corresponding local priorities and summing them together, and expressed as

Global priority of critical POs = Z[Prioritya,,em,we X PriOTIY yiseria) 8)

The rankings of the critical POs for PIP systems when the design pressure of 60 psi (414 kPa), 100 psi (690 kPa) and 200 psi (1379
kPa) are presented in Tables 13, 14 and 15, respectively. It is evident that the PO2 (lateral deformation) is the most critical PO based on
global priority as well as both criteria (thickness and modulus of elasticity of PIP system) for all the design pressure of 60 psi (414 kPa),
100 psi (690 kPa) and 200 psi (1379 kPa). PO6, PO1, PO4, PO5 and PO3 respectively are the global ranking for the rest of critical POs
when the design pressure is considered as 60 psi (414 kPa). Moreover, the global ranking of the rest of critical failure modes for PIP
systems is PO6, PO5, PO1, PO4 and PO3 respectively when the design pressure is considered as 100 psi (690 kPa) and PO5, PO6, PO1,
PO4 and PO3 respectively when the design pressure is considered as 200 psi (1379 kPa). Hence, PO3 (cross-section ovalization) is
found to be the least critical failure mode of the PIP system for any design internal pressure. It is important to note, however, that these
rankings are based on the attributes considered for each simulated PO listed in Section 3. It is also noted that the factor of safety and the
projected 50-year properties of the PIP technologies was not accounted for in the analysis.

5. Conclusion

Analytical and numerical modelling was implemented to investigate the effect of material and geometric properties on different
POs for pipe-in-pipe (PIP) systems. Based on the results of the study, the following conclusions can be drawn:
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Fig. 28. The hierarchy of local priorities based on design pressure of 100 psi (690 kPa).
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Fig. 29. The hierarchy of local priorities based on design pressure of 200 psi (1379 kPa).

Table 13

Ranking of critical PIP POs for design internal pressure of 60 psi (414 kPa).
Criteria Global priority
Thickness Modulus of Elasticity
Rank PO Priority (%) Rank PO Priority (%) Rank PO Priority (%)
1 PO2 21.3 1 PO2 20.8 1 PO2 21.1
2 PO6 19.1 2 PO6 16.7 2 PO6 189
3 PO1 19.1 3 PO1 18.8 3 PO1 17.9
4 PO4 14.9 4 PO5 14.6 4 PO4 14.7
5 PO5S 12.8 5 PO4 14.6 5 PO5S 13.7
6 PO3 12.8 6 PO3 14.6 6 PO3 13.7

Table 14

Ranking of critical PIP failure modes for design internal pressure of 100 psi (690 kPa).
Criteria Global priority
Thickness Modulus of Elasticity
Rank PO Priority (%) Rank PO Priority (%) Rank PO Priority (%)
1 PO2 20.4 1 PO2 21.7 1 PO2 21.1
2 PO6 18.4 2 PO6 19.6 2 PO6 19.0
3 PO1 18.4 3 PO5 17.4 3 PO5 16.9
4 PO5 16.3 4 PO1 15.2 4 PO1 16.8
5 PO4 14.3 5 PO4 13.0 5 PO4 13.7
6 PO3 12.2 6 PO3 13.0 6 PO3 12.6

Table 15

Ranking of critical PIP failure modes for design internal pressure of 200 psi (1379 kPa).
Criteria Global priority
Thickness Modulus of Elasticity
Rank PO Priority (%) Rank PO Priority (%) Rank PO Priority (%)
1 PO2 20.8 1 PO2 0.200 1 PO2 20.4
2 PO5 18.8 2 PO5 0.180 2 PO5 18.4
3 PO6 16.7 3 PO6 0.180 3 PO6 17.3
4 PO1 16.7 4 PO1 0.160 4 PO1 16.3
5 PO4 14.6 5 PO4 0.140 5 PO4 14.3
6 PO3 12.5 6 PO3 0.140 6 PO3 13.3
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Target life cycle of 1 million under cyclic in-service surface loads caused by repeated overhead traffic loads can be achieved by PIP
systems with an elastic modulus of at least 1 GPa (145 ksi) and thickness of 9.525 mm (3/8 in). The required thickness decreased
with the increase in the elastic modulus of the PIP material systems.

The lateral load carrying capacity of the PIP system increases with the increase in thickness and elastic modulus. PIP systems with a
thickness of 9.525 mm (3/8 in.) or lower will experience compressive buckling before reaching a tensile strain of 0.02. Buckling
failure can however be eliminated for PIP when the thickness is 12.7 mm (4/8 in.) or higher. PIP system with a modulus of at least 5
GPa (725 ksi) and thickness of 12.7 mm (4/8 in.) is required when the strain is limited to 0.02 while a modulus of at least 24.5 GPa
(3553 ksi) and thickness of 22.225 mm (7/8 in.) is needed when the strain is limited to 0.002.

The tendency for cross-section ovalization of the PIP system decreases with the increase in thickness and elastic modulus.
Polymeric-based PIP materials can have a diametric deflection of up to 32.5% without reaching a strain of 0.02 while metallic-
based PIP system will only deform by 16.2% at a strain of 0.002.

Polymeric PIP systems expand, and contract more compared to the metallic PIP systems in the same level of temperature change.
All PIP systems with a thickness of at least 3.178 mm (1/8 in) will not buckle at a temperature change of 22 °C (39.6 °F) except
when the pipe length exceeds 170 in. (14 ft).

The thickness required for PIP systems to resist the design internal pressure decreases with the increase of elastic modulus. A
thickness of 3.175 mm (1/8 in.), the elastic modulus of 1 GPa and allowable hoop strain of 0.02 is sufficient to resist the internal
pressure of 60 psi but should be increased to 6.35 mm (2/8 in.) and 12.7 mm (4/8 in.) to safely resist an internal pressure of 100 psi
and 200 psi, respectively. A wall thickness of 3.175 mm (1/8 in.) will resist the design internal pressure of 200 psi, 100 psi and 60
psi if the PIP systems have an elastic modulus of at least 70 GPa (10,153 ksi), 24.5 GPa (3553 ksi) and 15 GPa (2176 ksi),
respectively when the allowable hoop strain is at 0.002.

The elastic modulus and thickness of PIP systems have a significant effect on the failure modes under impact loading. High modulus
and thick PIPs will be dented under impact while the impact loads will penetrate high modulus and thin PIPs. A thickness of 9.525
mm (0.375 in) and higher is required for PIP system with an elastic modulus of 1 GPa (145 ksi) under impact loading while a
thickness of at least 12.7 mm (0.5 in) is required for metallic PIP systems.

e The AHP suggested that the lateral deformation (PO2) is the most critical PO based on global priority as well as both criteria
(thickness and elastic modulus of PIP system) for all the design pressure of 60, 100 and 200 psi. Impact load (PO6), vibration load
(PO1), axial deformation (PO4), hoop stress (PO5), and cross-section ovalization (PO3), respectively, is the global ranking for the
rest of critical POs when the design pressure is considered as 60 psi. On the other hand, the global ranking of the rest of the critical
POs for the PIP system is PO6, PO5, PO4 and PO3, respectively, when the design pressure is considered as 100 psi and PO5, PO6,
PO4 and PO3, respectively when the design pressure considered as 200 psi. Cross-section ovalization is found to be the least critical
PO of the PIP system for any design internal pressure.

It is important to note that the above conclusions are derived based on the attributes considered for each simulated PO. Moreover,
the design properties established from these analyses should be the projected 50-year properties of the PIP systems and without the
influence of the host pipes. Nonetheless, the approaches and results implemented in this study provide a framework for preliminary
design of new PIP material systems for pipeline repair and rehabilitation. Moreover, the FE models and analytical analysis developed in
this study can be applied to other PIP systems with different diameters and material properties. A more detailed analysis can also be
implemented using the complete stress-strain behaviour of PIP material systems obtained according to appropriate ASTM Standards.
Once new PIP systems are developed, the reliability and accuracy of the developed models can be validated from the results of the
experimental tests.
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