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Abstract

Buried water pipelines are vulnerable to fail or break due to excessive loading or ground displacements. Accurate evaluation of pipe
performance and serviceability relies on the proper understanding of pipe-soil interactions (PSI). Analytical methods are important
approaches to studying PSI. However, a systematic and thorough literature review to analyze the existing research trends, technological
achievements and future research opportunities is not available. This work investigates analytical methods that analyze the stress and
deformation of pipes in terms of cross-sectional, transverse and longitudinal PSI problems. First, scientometric analysis is performed
to acquire relevant research works from online databases and analyze the existing data of influential authors, productive research sources
and frequent key word occurrence in the fields of interest. Second, a qualitative discussion is performed in the three categories of PSI:
(1) cross-sectional, including ovalization and circumferential behaviours; (2) transverse, including seismic fault crossing, weak soil zones,
ground settlement and pipe uplift; and (3) longitudinal. Third, six research opportunities are discussed, including the role of friction in
cross-sectional deformation, combined effects of bending and compression, choice of soil reaction models and calibration of key param-
eters, effect of pipe flaws, soil spatial variability and behaviours of curved pipes. This study helps beginners familiarize themselves with
PSI analytical methods and provides experienced researchers with ideas for future research directions.
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1 Introduction

Underground water pipelines are indispensable infras-
tructures that guarantee normal, fast and secure delivery
of essential public need. Globally, pipeline operation
always faces many challenges and leads to pipe failure in
many cases. For example, the Water Supplies Department
(WSD) of Hong Kong reported 88 cases of water pipe
bursts and 8512 cases of pipe leakage in 2017, and a leak-
age rate of 15% in 2021 (WSD, 2022). There have been
https://doi.org/10.1016/j.undsp.2023.02.017

2467-9674/� 2023 Tongji University. Publishing services by Elsevier B.V. on b

This is an open access article under the CC BY-NC-ND license (http://creativeco

⇑ Corresponding author.
E-mail address: sherif.gomaa@polyu.edu.hk (S.M.M.H. Gomaa).
extensive reports of pipe failure due to ground displace-
ments, such as induced by tunnelling (Hou et al., 2015),
excavation (Yoo et al., 2005), landslides (Akagawa et al.,
2012), frost heave (Palmer & Williams, 2003; Xu et al.,
2010) and earthquakes (O’Rourke & Liu, 1999;
Cubrinovski et al., 2011; Tokimatsu et al., 2012). Some
types of pipe failure modes, such as circumferential break,
joint leakage, longitudinal cracking have been identified as
a result of the aforementioned ground displacements. For
example, circumferential cracks could result from axial ten-
sile stress due to pipe bending or axial elongation; longitu-
dinal split/cracking mostly occurs from circumferential or
hoop stress; bell split or joint failure normally takes place
ehalf of KeAi Communications Co. Ltd.
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due to differential thermal loads between pipe and joint
materials (Rajani et al., 1996; Makar et al., 2020; Rajeev
et al., 2014; Barton et al., 2019). Hence, evaluating the
stress and deformation of buried water pipes considering
the pipe-soil interaction (PSI) is a vital task in pipeline
engineering. Proper understanding of PSI is still a major
issue because pipes obtain supports as well as carry loads
from surrounding soils. Evaluating the performance and
failure susceptibility of pipelines under different ground
conditions has been an important topic among geotechni-
cal engineers and academia.

Stress and deformation of pipes induced by external
loads have been studied through experimental, numerical
and analytical methods. Experimental studies on PSI usu-
ally involve a model pipe whose size is much smaller than
the pipe in situ. (Hsu et al., 2001, 2006), since field condi-
tions are difficult to be reproduced in laboratories. To over-
come this, centrifuge modelling may be applied to
simulating the in situ stress conditions and pipe perfor-
mance subject to, for example, fault-crossing (Saiyar
et al., 2016). Full-scale experiment is also a choice to inves-
tigate the pipe performance (Sheil et al., 2021; Qin et al.,
2021). Fibre optic sensing, strain gauges and load cells
are popular tools to measure the stresses and strains of
pipes (Ni et al., 2018a; Qin et al., 2021; Saiyar et al.,
2016). Numerical methods studying PSI are dependent on
the purposes of study. Most studies have involved the
continuum-based finite element method (FEM) that simu-
lates the pipe as a beam, which can study the flexural
and longitudinal deformation of the pipe (Cocchetti
et al., 2009; Ni et al., 2018b; Qin & Ni, 2019; Qin et al.,
2019, 2021, 2022; Zhai et al., 2022). Shell model can further
be used to investigate the cross-sectional deformation of a
pipe, while it requires much more computational resources
than the beam model. Therefore, pipe segments with large
cross-sectional deformation (e.g., segments that are close to
fault crossing) are usually modelled as shell elements and
other segments can be simplified as beams (Takada et al.,
2001; Liu et al., 2004; Saberi et al., 2013). Fragility analy-
sis, which investigates the risks of pipe failure subject to
geo–hazards, can be performed through FEM modelling
as well with the help of machine learning techniques (Ni
& Mangalathu, 2018a; Ni et al., 2018, 2020;). The soil reac-
tions in these FEM models are usually modelled through
the Mohr–Coulomb criterion. Alternatively, if the purpose
of study is to examine the pipe-soil interaction at a micro-
scopic scale, discrete element method (DEM) is an appro-
priate tool which gives insights to soil particle
displacements and force chains (Calvetti et al., 2004;
Marshall et al., 2010; Macaro et al., 2021). Compared to
the former two methods, the analytical approach holds
the merits that it does not require complex experimental
conditions and apparatus. Besides, it requires very few
computational resources and the results can be computed
fast with an acceptable accuracy. Moreover, it helps under-
stand the physical rationale and the basic fundamentals of
how pipe interacts with soil. The analytical methods also
have a close connection with design procedures and codes.
For example, ALA (2001) adopted the analytical method
proposed by Hetényi and Hetbenyi (1946) to analyze the
flexural performance of a pipe, which assumes the pipe is
a long beam rested on elastic foundations. Conversely,
Paolucci et al. (2010) referred the values of soil resisting
force to those suggested in ALA (2001) when analyzing
the pipe performance subject to seismic fault. Therefore,
many researchers have attempted to study PSI under differ-
ent ground conditions through analytical approach.
According to the problem of interest, this work classifies
the analytical approach into cross-sectional, transverse (in-
cluding vertical) and longitudinal pipe performance. In
cross-sectional analysis, the problems of interest are usually
the pipe ovalization (Masada, 2000; Masada & Sargand,
2007) induced by soil backfill loads or circumferential
stress and strains (Rajani et al., 1996; Rajani &
Tesfamariam, 2004). Estimation of ovalization has been
predominantly based on the famous Iowa approach
(Watkins & Spangler, 1958). In transverse analysis, the
main focus is usually on the pipe bending performance
induced by surface loads (Wang & Moore, 2014; Wang &
Moore, 2015), landslides (Chaudhuri & Choudhury,
2020; Cocchetti et al., 2009), seismic faults (Karamitros
et al., 2007; Trifonov & Cherniy, 2010), partial loss of soil
support (Rajani & Tesfamariam, 2004), tunnelling and
mining-induced ground settlement (Xu et al., 2020; Klar,
2018) and soil heave (Palmer & Williams, 2003; Hawlader
et al., 2006; Chaudhuri & Choudhury, 2022). These analyt-
ical methods are usually established based on the beam-on-
elastic-foundation theory (Hetényi & Hetbenyi, 1946). In
longitudinal analysis, the area of interest is the pipe buck-
ling or tensile failure induced by longitudinal pipe-soil rel-
ative displacement (O’Rourke et al., 1995; Wham & Davis,
2019). Besides, analytical methods have been proposed to
study the performance of jointed pipes, such as in cases
of ground settlement (Klar, 2022) and longitudinal pipe-
soil relative displacement (Wham & Davis, 2019).

The wide variety of such applications demonstrates the
importance and popularity of analytical methods in evalu-
ating the pipe-soil interactions of buried water pipes. How-
ever, it is laborious for a researcher that is new to this area
to find relevant works from numerous sources, as such
summary seems to be absent in existing literature which
introduces the recent research developments and discusses
possible future research directions. Xu et al. (2021)
reviewed the dynamic responses of buried pipes, while only
a small portion of the nine topics focused on analytical
methods. Li et al. (2019) and Li et al. (2021) reviewed the
interactions between pipes and frozen soils only. Tsinidis
et al. (2019) reviewed the vulnerability of pipelines subject
to seismic wave propagation without including other types
of ground displacements.

This review article can help geotechnical researchers and
engineers that are new to PSI studies using analytical meth-
ods have easy access to relevant works and build compre-
hensive awareness of the progress in the area. Through



Fig. 1. Research methods and review structures.
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this work, the understanding of pipe performance under
various scenarios can be enhanced. Features and limita-
tions of each reviewed soil reaction model are discussed.
To achieve the above goals, this work presents a thorough
review of existing literature about analytical methods for
studying pipe-soil interactions of buried water pipes in
terms of cross-sectional, transverse and longitudinal direc-
tions. Offshore pipes that are not commonly used to trans-
port water are out of the scope of this work. The structure
of this paper is outlined as follows. First, the research
methods are introduced in Section 2. Then, the scientomet-
ric analysis is performed in Section 3 discussing selected
source journals, author contributions and keywords map-
ping. In Section 4, analytical methods studying cross-
sectional, transverse and longitudinal PSI problems are dis-
cussed in detail. Then, Section 5 discusses possible future
research trends in these fields based on the reviewed arti-
cles, followed by Section 6 which summarizes this work.

2 Research methods

The research methodology adopted in this work con-
tains two consecutive phases: (1) scientometric analysis
and (2) qualitative analysis. The former aims to familiarize
the readers with authors and papers that contribute most
to the analytical methods studying PSI. The latter techni-
cally reviews all papers collected in this work and discusses
the current research gaps and future research directions.
The procedures for conducting scientometric analysis gen-
erally follow those discussed in Tariq et al. (2021) and are
briefly introduced below in this section. Figure 1 illustrates
the research methods and sequences of this review paper.

First, the scientometric analysis was initiated by a pre-
liminary validation through searching relevant keywords
in Google Scholar and quickly going through the abstracts,
main contents and conclusions of the papers. The searched
keywords were ‘‘analytical” and ‘‘pipe-soil interaction” (or
its synonyms such as ‘‘soil-pipe interaction”). This proce-
dure was to design a broad framework for this review work
and to make sure no similar review papers have been pub-
lished. Second, screening criteria of including or abandon-
ing a candidate paper were made. This was dependent on
the scope of the sponsor project and the focus of studies
that were found from online resources. The papers were
included in this review if they focused on analytical meth-
ods studying PSI problems in cross-sectional, transverse
and longitudinal pipe performance. On the other hand,
they were abandoned if they focused on experimental or
numerical methods, studied structure-soil interactions
other than pipes, studied offshore pipes buried at sea level
or written in non-English language. The purpose of this
procedure was to ascertain that the topics of the collected
papers agreed with the focus of this review. Third, papers
were collected through searching the above keywords in
Google Scholar and academic databases such as Scopus
and Web of Science, as suggested by Tawfik et al. (2019),
to enhance the accuracy and comprehensiveness of search
results. A primary database was established including the
titles, authors, publication years, source journals, author
keywords, affiliations, references, citation reports, etc.
Some of the papers were screened out and abandoned
according to the above mentioned criteria through a quick
examination of the keywords, abstracts and introduction
part, while the main text of some papers were fully read
to ascertain whether it is appropriate to be collected and
what topic it is focused on. After this procedure, the size
of collection was reduced from over 200 to 67 without
duplication. Fourth, the rest of the papers were checked
in terms of their references and cited-by data. This proce-
dure, herein called ‘‘snowballing”, was to include addi-
tional papers that were not found in previous procedures
to build a more thorough collection of papers for subse-
quent scientometric analysis and qualitative analysis. For
example, if a paper titled ‘A’ was deemed relevant to the
topic of this review and was collected through the above
procedures, the papers that cite ‘A’ as reference and the
papers that are cited by ‘A’ were collected as well, to
enhance the adequacy of the number of papers collected
for scientometric analysis and review. Furthermore, a
new round of screening through reading the full text,



Table 1
Selected source journals (in alphabetical order) that are collected in this
review.

Source journals No. of papers
cited

Field of study

Canadian Geotechnical
Journal

12 Ground settlement
Jointed pipe
Longitudinal displacement
Seismic fault

Computers and
Geotechnics

4 Ground settlement
Upheave
Weak soil

Geotechnique 7 Ground settlement
Seismic fault
Upheave

Journal of Geotechnical
and Geoenvironmental
Engineering

4 Ground settlement
Jointed pipes

Journal of Pipeline
Systems Engineering and
Practice

4 Jointed pipe
Upheave
Longitudinal displacement

Journal of Transportation
Engineering

8 Cross-sectional ovalization
Longitudinal displacement

Soil Dynamics and
Earthquake Engineering

13 Seismic fault

Soils and Foundations 4 Ground settlement
Jointed pipe
Fragility analysis

Tunnelling and
Underground Space
Technology

9 Ground settlement
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especially the technical part, was performed to ensure these
additional papers were relevant to the topics and met the
criteria. By such, a total of 98 papers were collected in
the finalized database. Science mapping analysis was then
conducted using the VOSViewer (van Eck & Waltman,
2010). The results of scientometric analysis include sum-
maries of selected source journals, author contribution
and science mapping of author keyword network.

The second phase, qualitative analysis, was performed
to systematically review the papers in the finalized database
in terms of the application scenarios, solution theories, fun-
damental assumptions, governing equations and research
developments. The classes of analytical methods studying
PSI problems were cross-sectional, transverse and longitu-
dinal. Research gaps were discussed, based on which six
possible future research directions were presented.

3 Science mapping results

Discussions on science mapping results were classified as
source journals, author occurrence and network of author-
provided keywords. The results of science mapping provide
summarized information of common journals that publish
the relevant works, authors whose research focus is analyt-
ical methods for PSI studies and what keywords to search
in academic resources. Table 1 shows some common jour-
nals in alphabetical order that publish studies on the ana-
lytical solution of PSI problems. 9 journals out of 33
were listed in Table 1. The readers can directly search these
journals to access those research articles studying PSI
problems with analytical methods. Some journals have a
specific area of focus, for example, ‘‘Soil Dynamics and
Earthquake Engineering” usually publishes relevant papers
that investigate the performance of a pipeline crossing seis-
mic faults, and ‘‘Tunnelling and Underground Space Tech-
nologies” tends to publish solutions of pipelines subject to
ground settlement induced by tunnelling. On the other
hand, some journals investigate multiple scenarios of pipe-
line performance. These journals are usually geotechnics-
related, such as ‘‘Canadian Geotechnical Journal”, ‘‘Com-
puters and Geotechnics”, ‘‘Geotechnique”, ‘‘Journal of
Geotechnical and Geoenvironmental Engineering” and
‘‘Soils and Foundations”.

Table 2 lists selected authors in alphabetical order with
their number of works that are cited in this review. The
purpose of Table 2 is to allow readers to quickly be aware
of the research experience of each author and access the rel-
evant works. It also includes the authors’ affiliations and
the field of study of these papers. These study areas covered
the three categories of review: cross-sectional, transverse
and longitudinal with focuses on pipe cross-sectional oval-
ization, seismic fault crossing, pipe performance subjected
to ground settlement, upheave and longitudinal pipe-soil
relative displacement. Multiple soil reaction models and
research focus have been studied. These areas, including
those not listed in Table 2, are discussed in detail in
Section 4.
Figure 2 shows the networks of author keywords in the
collected database compiled through fractional counting by
VOSViewer. In the network, the minimum number of
occurrences of a keyword was set at 2, and 46 out of 243
keywords met this criterion. To avoid distraction, some
synonyms were combined into one. For example, ‘‘pipe”,
‘‘pipes” and ‘‘pipelines” were represented by ‘‘pipeline”;
‘‘soil-pipe interaction” and ‘‘pipe-soil interaction” were
combined as ‘‘pipe-soil interaction”; ‘‘analytical solution”
and ‘‘analytical model” were replaced by ‘‘analytical meth-
od”. ‘‘Finite element method” or the abbreviation ‘‘FEM”

were combined into ‘‘Finite element analysis”. Keywords
that occurred frequently were represented by larger nodes
and stood in the center of Fig. 2. For example, ‘‘pipeline”,
‘‘pipe-soil interaction” and ‘‘analytical method” are the lar-
gest nodes and occupy the cores of the network. ‘‘Finite
element analysis” is also a large node because the analytical
studies that are cited in this work are usually validated
through comparison with numerical results. The outer key-
words with small nodes represent the specific field of study
using analytical methods. For example, ‘‘normal fault” and
‘‘ground settlement” are two keywords that explicitly indi-
cate the focus of the respective works. This suggests that
one can search these keywords to find the relevant articles
that study pipe-soil interactions analytically. Such mapping
of keywords analysis may be beneficial for potential
authors to reach broader attention and find more areas



Table 2
Selected authors (in alphabetical order) that are cited in this review.

Author Affiliation No. of papers cited Field of study

Cherniy V. P. Research Institute for Natural Gases
and Gas Technologies, Russia

3 Seismic fault

Huang M. S. Tongji University, China 6 Ground settlement
Karamanos S. A. University of Thessaly, Greece 4 Seismic fault
Karamitros D. K. University of Bristol,UK 3 Seismic fault
Klar A. Israel Institute of Technology, Israel 5 Ground settlement
Kouretzis G. P. University of Newcastle, Australia 4 Seismic fault

Ground settlement
Upheave

Masada T. Ohio University, US 5 Cross-sectional ovalization
Moore I. D. Queen’s university, Canada 7 Seismic fault

Ground settlement
Jointed pipe

Ni P. P. Sun Yat-sen University, China 11 Seismic fault
Ground settlement
Jointed pipe
Fragility analysis

Qin X. G. Sun Yat-Sen University, China 5 Seismic fault
Jointed pipe

Sargand S. M. Ohio University, US 4 Cross-sectional ovalization
Soga K. University of California, Berkeley, US 4 Ground settlement

Upheave
Trifonov O.V. Research Institute for Natural Gases and Gas

Technologies, Russia
4 Seismic fault

Wang Y. City University of Hong Kong, China 6 Seismic fault
Ground settlement

Wham B. P. University of Colorado Boulder, US 2 Longitudinal displacement
Yu J. Tongji University, China 4 Ground settlement

Fig. 2. Network analysis of author keywords.
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of interest. It should be noted that some keywords are not
directly linked to ‘‘analytical method”, such as ‘‘upheaval
buckling”, while this does not mean analytical methods
have not been applied to studying upheaval buckling of
pipes. It is more likely because that the authors used a key-
word that can more specifically describe the analytical
method, like the Winkler beam (Gantes & Melissianos,
2014; Melissianos & Gantes, 2016).



Fig. 3. Stress distribution hypothesis of Iowa formula.
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4 Qualitative analysis

This section discusses the qualitative analysis of analyt-
ical methods studying PSI problems, which are classified
into cross-sectional analysis (Section 4.1), transverse PSI
(Section 4.2) and longitudinal PSI (Section 4.3). In Sec-
tion 4.1, the analysis is classified into cross-sectional oval-
ization and circumferential deformation. In Section 4.2,
the review follows the order of seismic fault (Section 4.2.1),
weak soil zones (Section 4.2.2), ground settlement (Sec-
tion 4.2.3) and pipe uplift (Section 4.2.4). In Section 4.2.1,
Section 4.2.3 and Section 4.3 the review is performed sepa-
rately for continuous and jointed pipelines because of their
different failure modes, while in other sections the analysis
focuses on continuous pipelines.

4.1 Cross-sectional analysis

Buried pipes can be classified as rigid, semi-flexible, flex-
ible and compressible depending on the stiffness of the pipe
materials relative to the surrounding soil stiffness (Moore,
2001). Rigid pipes carry vertical soil loads by their own
stiffness, while flexible pipes sustain the applied loads by
the combined effect of pipe stiffness and the horizontal
thrusts. In this part, cross-sectional ovalization of flexible
pipes and circumferential stress and strain induced by soil
loads were discussed.

4.1.1 Ovalization

In the cross-sectional analysis of buried flexible pipes,
the famous Iowa approach has been implemented for dec-
ades since it was first proposed by Spangler and Shafer
(1938). Some Codes of Practice in pipeline or waterworks
such as ALA (2001) directly adopt this methodology to
compute the cross-sectional ovality. Later, Watkins and
Spangler (1958) revised the original one and proposed the
following modified equation:

Dx
D

¼ 0:5DLKW c=r
EI=r3 þ 0:061E0 ; ð1Þ

where Dx is the horizontal change of pipe diameter, D is the
outer diameter of the pipe, DL is the time lag factor which
accounts for continuing deflection of pipe with time, W c is
the vertical load on pipe crown exerted by soil fill, r is the
original radius of the pipe, K is the dimensionless bedding
constant depending on the bedding angle a (refer to Fig. 3),
EI is the flexural rigidity of the pipe cross-section and E0 is
the modulus of soil reaction.

Figure 3 presents the hypothesis of the fill-load theory of
the Iowa formula, which consists of the following three ele-
ments (Masada, 2000):

� The vertical load carried by a flexible pipe is determined
by Marston’s theory (Marston, 1930), and is approxi-
mately uniformly distributed over the pipe diameter.
Marston’s theory assumes that vertical loads are partly
carried by the frictional forces along the trench wall
and that the cohesion of soils is ignored. Moser and
Folkman (2008) commented that the differential settle-
ment between the backfill and the natural soil affects
the amount of load carried by a pipe, while this is
neglected in the traditional Iowa approach (but will be
discussed later). The vertical load W c in Eq. (1) carried
by a flexible pipe, may be computed by W c ¼ CdcBD,
where Cd is the load coefficient, c is the unit weight of
soil backfill and B is the trench width.

� The vertical reaction at the pipe bottom is uniformly dis-
tributed over the bedding (angle h in Fig. 3) and equals
the vertical load exerted on the pipe.

� The distribution of the passive horizontal pressure on
both sides of the pipe is parabolic and is symmetric
about the pipe’s springline. The spanning of horizontal
pressure is 100� and the maximum horizontal pressure
hmax ¼ eðDx=2Þ, where e is the modulus of passive soil
resistance.

The parameters in Eq. (1) are readily available, except
the modulus of soil reaction E0 whose determination is usu-
ally indirect through the approximate one-to-one corre-
spondence between one-dimensional constrained modulus
M s and E0 (Hartley & Duncan, 1987). Equation (1) also
holds the strength that it is supported by a vast database
of flexible pipes. In recent years its application has also
been extended to scenarios other than estimating horizon-
tal deflections.

A direct extension of implementing the Iowa approach
was the estimation of vertical deflections (Dz) of the pipes.
In practice it was usually assumed that the Dz approxi-
mately equals to Dx, while it was found that Dz should be
greater than Dx (Moser, 1994; Masada, 1996). Masada
(2000) derived an analytical solution for the vertical deflec-
tion of flexible pipes based on the same assumptions as Eq.
(1), and is shown as

Dz
D

¼ P
M s

KM s

ðEI=r3Þ
0:0595M s

ðEI=r3Þ þ 0:061M s

� 1

� �
; ð2Þ

where P ¼ W c=ð2rÞ is the vertical pressure on the pipe
(refer to Fig. 3) and E0 is substituted by M s as explained
above. The deflection ratio is approximated as
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Dz
Dx

����
���� � 1þ 0:0094E0

PS
; ð3Þ

where PS is the pipe stiffness and is given by EI=ð0:149r3Þ.
Equation (3) supports that the vertical deflections should
be greater than the horizontal, and testing results demon-
strated the efficacy of this equation. The percentage errors
between measured (data extracted from Spangler & Shafer
(1938)) and estimated deflection ratio were from 0.2% to
4.4% and 9.7% to 14.3% for the tamped and untamped
backfill conditions, respectively. Parametric studies found
that the increase of E0 reduces both Dx and Dz nonlinearly,
while increases the deflection ratio almost linearly. Increase
in pipe stiffness has a negligible influence on Dx, but
reduces Dz nonlinearly.

The above equations estimate pipe ovality over a rela-
tively long time where pipe deforms into a horizontal
ellipse under loads of native soil backfill, as shown in
Fig. 4(a). However, deflection of pipes during initial back-
filling could be in the shape of a vertical ellipse shown in
Fig. 4(b), resulting from the horizontal forces generated
by compactor and trench fill. This vertical elliptical deflec-
tion was termed ‘peaking deflection’ and was analytically
studied by Masada and Sargand (2007). Denoting outward
deflection being positive, the horizontal shortening induced
by peaking deflection is expressed as

Dx
D

¼ �ð4:7P c þ K0rcÞ
3:874PS

; ð4Þ

where the numerator represents the horizontal soil pressure
induced by (a) soil compaction P c, which is dependent on
soil type and compactor type, and (b) at-rest horizontal soil
pressure K0. Compared to the field measurement data
reported by Sargand (2002), Eq. (4) estimated the peaking
deflections relatively accurately for both polyvinyl chloride
(PVC) and high-density polyethylene (HDPE) pipes under
multiple backfill conditions. Masada and Sargand (2007)
suggested that the peaking and long-term deflections may
be superimposed to reach a possibly more realistic deflec-
tion estimation for buried flexible pipes.

As mentioned above, the traditional Iowa approach did
not take into account the effect of differential settlement on
the pipe vertical load. For a rigid pipe buried in a trench,
sidefill soil settles more than the soil prism above the pipe
and drags the pipe downward through frictional forces.
This leads to a more significant vertical load on the pipe
crown than the self-weight of the soil prism, which is ter-
med negative soil arch effect. On the contrary, flexible pipes
carry less load than the self-weight of the soil prism, which
is termed positive soil arch effect. These two opposite effects
are illustrated in Fig. 5. Besides, buried pipes may also suf-
fer circumferential shortening, which contributes to the
vertical deflection of a pipe as much as 15% for a HDPE
pipe (Sargand & Masada, 2003). Therefore, positive soil
arching and circumferential shortening effects should be
both taken into account for calculating the deflections of
a flexible pipe.
In this regard, Sargand et al. (2005) developed the mod-
ified Iowa formula by introducing a vertical arching factor
(F va). The improved formula is given by

Dx
D

¼ DLKP va

0:149PSþ 0:061E0

� P va

E0
0:364SH þ 0:061SB þ 0:012SHSB

2:571þ 0:572SH þ 0:163SB þ 0:039SHSB

� �
;

ð5aÞ

F va ¼ 1� 0:714
SH � 0:7

SH þ 1:75

� �
þ 0:29

27:31� SB

16:81þ SB

� �
; ð5bÞ

P va ¼ F vacH ; ð5cÞ
where P va is the vertical pressure on the pipe accounting for
vertical arching effect, A is the cross-sectional area of the
pipe, H is the height of soil fill above pipe crown (refer
to Fig. 5), SB and SH are the bending stiffness parameter
and hoop stiffness parameter, respectively. Field measure-
ments of large-diameter HDPE pipes conducted by
Sargand et al. (2005) revealed that the degree of soil arch-
ing (ratio of the measured soil pressure at pipe crown to the
estimation through self-weight of soil backfill) varied in the
range of 34% to 57%, and that the arching effect was more
significant when the backfill soil was compacted denser or
the particles of the backfill soils were larger and more angu-
lar. It was demonstrated that Eq. (5a) which includes soil
arching effect and circumferential shortening better esti-
mated the horizontal deflections of deeply buried flexible
pipes than Eq. (1).

Despite the simple form and broad engineering applica-
tions of the modified Iowa formula (Eq. (1)), there still
lacks a systematic study and sound understanding of the
modulus of soil reaction E0. E0 is not a real soil property.
Rather, it is a parameter of pipe-soil interacting system.
Its empirical nature implies that it can be acquired only
through back calculating the field data with the buried
pipe. Jeyapalan and Watkins (2004) carefully reviewed
the E0 values in the database of Howard (1977) and found
that the percentage errors ranged from �944% to 491%.
Sivakumar et al. (2006) conducted a reliability analysis
which revealed that the coefficients of variation of E0 signif-
icantly affected the reliability of pipe. Because of this, spe-
cial caution should be paid for the choice of the E0 values.
Jeyapalan and Watkins (2004) provided a guideline of
determining E0 for design engineers based on the review
of literature and their project experience. In the procedure,
they introduced the ideas from Leonhard (1973) and
Richard (2000) that E0 can be expressed as

E0 ¼ ScE0
b; ð6Þ

where Sc is the soil support combining factor and E0
b is the

modulus of soil reaction of the pipe zone-backfill embed-
ment. Sc can be determined based on the ratio of trench
width to pipe diameter (Bd=D) together with the ratio of
modulus of soil reaction of the natural soil to that of the
backfill embedment (E0

n=E
0
b), while E0

b is dependent on the



Fig. 4. (a) Long-term pipe deflection, and (b) peaking deflection.

Fig. 5. Soil arch effect. (a) Negative soil arch over a rigid pipe, and (b) positive soil arch over a flexible pipe.
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type of soil and the relative compaction density of the
backfill. Coarser particles and higher density correspond
to greater E0

b values. Compared to the method proposed
in Hartley and Duncan (1987) which investigates the E0 val-
ues based on the constrained soil modulus M s with varying
burial depth, the method by Jeyapalan and Watkins (2004)
does not require assessing M s, but it takes into account of
the influence of trench width and the modulus of backfill
soil. The methods of determining E0 proposed by Hartley
and Duncan (1987) and Jeyapalan and Watkins (2004)
apply to flexible pipe buried in a trench, while whether
the method is feasible for rigid pipes remains to be investi-
gated. The values of both factors (Sc and E0

b) and the
detailed calculating procedures can be referred to the tables
in Jeyapalan and Watkins (2004) and Bowles et al. (2019).

4.1.2 Circumferential PSI

Rajani and Tesfamariam (2004) established analytical
formulations of circumferential (hoop) stress and strain
of a pipe subject to the combining effects of overburden
load, internal pressure and external pressure, Poisson’s
effect from axial stress and temperature difference. The
hoop stress rh is composed of the following:
rh ¼ rw
h þ rP

h þ rT
h þ ra

h; ð7Þ
where rw

h is the hoop stress induced by the overburden

load, rP
h induced by the internal and external pressure, rT

h

induced by the thermal gradient between inside of a pipe
and ambient soil and rh induced by the axial stress. This
formulation was made based on the assumption that the
pipe is rigid and that the lateral earth pressure K0 is zero.
These assumptions were deemed appropriate and conserva-
tive for typical sizes of water mains. It was shown that rT

h

could reach over 14 MPa in a 6-inch diameter cast-iron
pipe with a 10�C temperature change. Trifonov and
Cherniy (2012) and Zhang et al. (2017) established elasto-
plastic hoop stress and strain with the Von-Mises yield cri-
terion. Unfortunately, it seems these formulations were not
validated against any numerical or experimental evidence.
4.2 Transverse PSI

Permanent ground displacements (PGD) that are trans-
verse to the pipe longitudinal axis may cause great damage
to buried pipelines. Transverse pipe displacements can be
induced by surface loads (Wang & Moore, 2014, 2015),
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seismic faults (Karamitros et al., 2007; Trifonov &
Cherniy, 2010), landslides (Chaudhuri & Choudhury,
2020; Cocchetti et al., 2009), ground settlement (Iimura,
2004; Klar et al., 2005), loss of soil support due to weak
zones (Rajani & Tesfamariam, 2004; Imanzadeh et al.,
2013) and soil upheave (Singh et al., 2020; Nixon &
Oswell, 2010). Since pipelines subject to surface loads, seis-
mic fault and landslides can be studied using similar analyt-
ical approach and the principal difference is from the
ground movement profile, this review discusses the studies
on pipelines crossing seismic faults only as the relevant arti-
cles are more ample. Design of thrust restraint at pipe
bends can also be studied with transverse PSI (Liu &
Ortega, 2021), but the source is very limited and is not
included here. This part discusses the flexural behaviour
of pipes subject to transverse PGD.
4.2.1 Seismic faults

Seismic faults are geological discontinuity caused by
earthquakes where continuous soil or rock mass shifts over
another, forming a fault plane between the two blocks.
Figure 6 shows three major types of seismic faults. If a fault
plane is inclined, the block over the plane is the hanging
wall and the block below the plane is the foot wall. A nor-
mal fault is formed when the hanging wall shifts downward
relative to the foot wall, while a reverse fault is formed vice
versa. A strike-slip fault is formed when the two blocks
shift horizontally relative to each other. Since joints which
connect pipe segments bring further complexity to the solu-
tions of pipe performance, the review is performed sepa-
rately for continuous and jointed pipes in this part. The
focus is put on the continuous pipelines as the analysis also
forms the basis of jointed pipes.
Continuous pipelines. In PSI problems where pipes are sub-
ject to seismic faults, it has been a popular method to con-
sider the long pipeline as a cable (Newmark & Hall, 1975;
Kennedy et al., 1977) rested on soil foundations. However,
cables cannot sustain flexural stresses and the method did
not take into account the stiffness of a pipe in resisting
transverse PGD. Then Wang and Yeh (1985) modelled
the pipe as a beam with bending stiffness. The method par-
titioned the pipe into segments where the ones close to the
fault were assumed to be circular arcs while those far from
the fault were treated as beam-on-elastic-foundation. The
beam-on-elastic-foundation method is sometimes associ-
ated with the Winkler model where a beam is supported
by a system of discrete, mutually independent elastic soil
springs. Karamitros et al. (2007) further refined the method
by assuming the segments close to the fault as an elastic
beam. The theories of elastic-beam and beam-on-elastic-
foundation form the basis for analytical solutions of the
pipeline crossing seismic faults. Equation (8) is the govern-
ing equation of beam-on-elastic-foundation theory. EI has
the same meaning as in Eq. (1), wðxÞ is the transverse dis-
placement of the pipe along its longitudinal axis and kts is
the transverse spring stiffness of the elastic soil foundation.
Equation (8) is also the governing equation of elastic-beam

theory if ktswðxÞ is replaced by a distributed load q. It
should be noted that Eq. (8) is only valid for Euler–Ber-
noulli beam theory that assumes all plane sections remain
plane and are perpendicular to the neutral axis of the beam.
It is applied to analyzing the bending-induced deflections
and stresses of thin structures, which suits analytical calcu-
lations of pipeline crossing a strike-slip fault or normal
fault (Ghavami, 2014). Though more complex beam theo-
ries are available, for example, the Timoshenko beam the-
ory which takes into account of the influence of shear
forces on deflections, they are out of the scope for analyz-
ing bending-induced pipeline behaviours (Timoshenko &
Goodier, 1951). Figure 7 illustrates these parameters and
the deflection of a pipe.

EI
d4w
dx4

þ ktswðxÞ ¼ 0; ð8Þ

Vesić (1961) derived a solution for kts as

kts ¼
0:65Es

1� m2

ffiffiffiffiffiffiffiffiffiffi
EsD4

EI

12

s
; ð9Þ

where m is the Poisson’s ratio and Es is the elastic stiffness of
soil foundation. First, second and third-order differentia-
tion of w give the rotation angle h, the bending moment
M and the shear force V of the pipeline, respectively, as
shown in Eq. (10a) to Eq. (10c).

tan h ¼ dw
dx

; ð10aÞ

M ¼ �EI
d2w
dx2

; ð10bÞ

V ¼ �EI
d3w
dx3

: ð10cÞ

The general solution of Eq. (8) is

wðxÞ ¼ ek
t
sx c1 sin k

t
sxþ c2 cos k

t
sx

� �
þ e�ktsx c3 sin k

t
sxþ c4 cos k

t
sx

� �
; ð11Þ

where kts ¼
ffiffiffiffiffi
kts
4EI

4

q
and c1 to c4 are constants to be determined

from boundary conditions. With these, analytical solutions
of flexural performance of a pipeline crossing faults are
available. The hypothesis and theories adopted in
Karamitros et al. (2007) were

� The pipeline crossing the fault is partitioned into four
parts, which are segmented by Point A, B and C in
Fig. 8. Point A and C are supposed to be the points clos-
est to B without lateral displacement.

� The fault plane has a zero thickness so Point B repre-
sents the intersection of the pipeline and the fault plane.

� The geometry shown in Fig. 8 is anti-symmetric about B
and the computation can be performed on one side of
the fault plane (A’B).



Fig. 6. Types of seismic faults (Britannica, The Editors of Encyclopedia, 2022). (By courtesy of Encyclopedia Britannica, Inc., copyright 2016; used with
permission).

Fig. 7. Schematic illustration of beam method.
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� The lateral loads q on the pipe imposed by relative pipe-
soil displacement are uniform and can be estimated
according to ALA (2001).

� The transverse fault displacement Dy in Fig. 8 does not
contribute to pipe elongation.

� The pipe displacement does not cause buckling.

An iterative approach was performed to derive the axial
and bending stress and strain on the pipe, until the results
converged. The procedure is encapsulated as below

1. Segment AA’ is analyzed by beam-on-elastic-foundation
theory. The boundary conditions assume that wðxÞ at A
and A’ (far from Point A) are zero.

2. Segment AB is analyzed by elastic-beam theory with a
rotational spring at A and a joint at B, through which
the shear force and bending moments at A and B can
be obtained together with the boundary conditions.
Maximum bending moments in Segment AB can be
derived as well.

3. The axial strain at B is computed indirectly from the
compatibility of pipeline elongation induced by fault
displacement and accumulated along the unanchored
length. Tensile stress and strain are computed with a
bilinear stress–strain response and the assumption of lin-
ear attenuation of axial stress away from the fault.

4. The maximum bending strain eb;max is approximated as

eb;max ¼ eI
b
eII
b

eI
b
þeII

b

, where eIb is derived from elastic-beam the-

ory and eIIb from second-order geometric effect (neglect-
ing pipe bending stiffness).

5. The total strain in the pipe is obtained from adding the
axial strain and bending strain in the cross-section
(e ¼ eb cosxc þ ea, where xc is the angle of the point
of interest in the pipe cross-section).

6. The secant modulus of pipe material is updated accord-
ing to the axial and bending strains, to account for the
nonlinear behaviour and adopted in the next iteration.

Karamitros et al. (2007) validated their novel analytical
approach by comparing the results against FEM simula-
tions with pipe-fault intersection angle b ¼ 30�; 45� and
60�, and with a fault displacement Df � 2D. Overall good
agreements between the analytical and numerical results
were observed in terms of axial strain at Point B, maximum
axial strain, bending strain and maximum total strain,
though for large fault displacements when Df P 1:5D the
analytical method under-predicted these strains because
Dy was assumed not to contribute to pipe elongation.
Wang et al. (2011) replaced the bi-linear stress–strain rela-
tionship with the Ramberg–Osgood relationship (Ramberg
& Osgood, 1943) to the analytical method. They confirmed
the accuracy of the analytical method for Df � 10D.

Karamitros et al. (2011) and Hu et al. (2022) omitted the
anti-symmetry assumption and combined Segment AB and
BC in Fig. 8 as one segment. This allows such analytical
methods to be used in both strike-slip and normal fault
crossings. Strains obtained from the method were com-



Fig. 8. Partitioning of a pipe crossing strike-slip faults, reproduced from Karamitros et al. (2007) with permission from Elsevier.
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pared with FEM results for three cases of normal fault
crossing, with intersection angle b ¼ 55�; 70� and 85�.
Good agreements were observed for the first two cases.
While the analytical method again under-predicted the
strains when b ¼ 85� and Df P 1:2D, because of the rea-
son discussed above. To remedy the discrepancy between
analytical and FEM results when b is close to 90� or Df
is large, Trifonov and Cherniy (2010) took into account
the contribution of transverse fault displacement to pipe
axial elongation. Besides, the axial force term was directly
incorporated into the governing equation in Segment AC
as

EI
d4w
dx4

þ F
d2w
dx2

þ q ¼ 0; ð12Þ

where F is the pipe axial force. This eliminated the defects
of approximating bending strains in Karamitros et al.
(2007) and was more physically rational. The results
demonstrated the influence of transverse fault displacement
on pipe elongation when Df P 1:2D. Alternatively,
Trifonov et al. (2011) modified pipe strain calculation by
empirically introducing a stiffness reduction factor and
two stiffness distribution factors. The former was depen-
dent on the location of the maximum bending moment
and the length of strain concentration. The latter was
dependent on the maximum bending strain and the ratio
of average to maximum bending strain eb;av=eb;max. This
modification, although empirical, provided a closer match
to FEM results in terms of maximum strains and bending
strains, especially for b P 80� and Df P D.

Apart from axial and bending induced by pipe crossing
seismic faults, pipes also carry service loads such as internal
pressure P i and temperature difference DT (Trifonov,
2018). Trifonov and Cherniy (2012) attempted to take these
into account in the analytical methods for a more thorough
representation of pipe performance. These service loads
were assumed constant in their analysis. Under plane stress
conditions, the elastoplastic stress–strain relationship was
adopted with the Von-Mises yield criterion. The elastic
components of axial, hoop and radial strains were com-
puted from generalized Hooks’ law. The corresponding
plastic strains were computed incrementally with the
assumption of the associated flow rule and linear hardening
of the yield surface. Thermal strains were assumed con-
stant. Then the total strains were the sum of elastic, plastic
and thermal components. Comparisons were made
between analytical and FEM results with variations in
pipe-fault intersection angle b, fault displacement Df , tem-
perature difference DT , hoop stress rh and internal pressure
P i. General agreements were observed. A non-monotonic
effect of P i on the maximum total strain was evident. The
rise in DT was found favorable in this case, where the ten-
sile stress in the pipe resulting from fault crossing was par-
tially compensated. Zhang et al. (2017) improved the
accuracy of analytical results in estimating strains under
large fault displacement. This was accomplished by omit-
ting the assumption of constant axial force in Segment
AB (Fig. 8) and dividing it into infinitesimal segments, each
of which satisfied the force equilibrium in axial and trans-
verse directions.

The analytical approach discussed so far did not
implement axial PSI into the governing equations. Specif-
ically, equations of pipe axial force F mobilized from
longitudinal pipe-soil relative displacement were not
established. Talebi and Kiyono (2020) introduced the
governing equation of axial PSI based on a pipe segment
subject to longitudinal fault split dx without relative pipe-
soil sliding

EA
d2u
dx2

þ kasuðxÞ ¼ 0; ð13Þ

where uðxÞ is the pipe displacement along its longitudinal
axis and kas is the axial soil spring stiffness. The solution
to Eq. (13) is



Fig. 9. Illustration of S-shape deformed pipe crossing a fault (fault plane
is perpendicular to the pipe longitudinal axis).
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F fðxÞ ¼ kasdx
ka

e�kax; ð14Þ

where F fðxÞ is the pipe axial force due to pipe-soil friction

and ka ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
kas=EA

p
. The axial force F mðxÞ due to geometri-

cal nonlinearity (membrane force) in Segment AB can be
expressed as

F mðxÞ ¼ EA cos h
jLconv � xj

Z Lconv

x

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ h2

p
� 1

� 	
dx; ð15Þ

where h ¼ dw=dx is the rotation of pipeline and Lconv is the
length of the curved pipe from Point B to the far end A’
(Fig. 8) where wðxÞ is almost attenuated. The sum of
F fðxÞ and F mðxÞ yields the total pipe axial force F ðxÞ, which
related M and V in the form of

dM
dx

� F
dw
dx

þ V : ð16Þ

Equation (16) gives the governing equation of Segment
A’B which takes axial force and geometrical nonlinearity
into account. Solutions to Eq. (16) showed accurate agree-
ments with FEM results in estimating the axial forces,
bending moments, shear forces and maximum stresses
under strike-slip faults with intersection angle b from 45�

to 90� and fault displacement Df from 1D–6D. Based on
the achievements in Talebi and Kiyono (2020, 2021) further
extended the linear behaviour to the nonlinear behaviour
of axial PSI. They established the equations of F fðxÞ for
both non-sliding and sliding cases. Besides, they omitted
the assumption of pipeline partitioning adopted in most
previous studies and used unified governing equations to
represent the transverse PSI of the entire pipeline. The
study examined the variations of axial force, shear force,
bending moment, maximum stress on pipe springline and
maximum stress on pipe crown, with a maximum distance
of 20 m away from the pipe-fault intersection point. It was
shown that the analytical results successfully matched with
FEM results both qualitatively and quantitatively, except
the axial forces at b ¼ 90�.

In the above studies, bending and tension were assumed
to be dominant behaviours when a pipe crossed a seismic
fault. However, this is incomplete because compression
and local buckling may occur due to pipe bending. Neglect-
ing the interactions between soil and pipe, Vazouras et al.
(2010) proposed an analytical method to estimate the com-
pressive strain in a deformed pipe and to evaluate the
occurrence of local buckling. The method was proposed
based on the assumptions that the fault plane was perpen-
dicular to the pipe longitudinal axis (i.e., b ¼ 90�) and that
the pipe deformed in a presumed S-shape function, as
shown in Fig. 9, where Df is the fault displacement and
LS is the projected length of the deformed pipe. The bend-
ing strain eb can be derived from the deformation function.
The axial strain ea was assumed to be uniformly dis-
tributed. Moreover the corresponding compressive strain
ec was calculated as the difference between eb and ea. These
three strains can be expressed as
eb ¼ p
2LS

� �2

DDf ; ð17aÞ

ea � pDf
4LS

� �2

; ð17bÞ

ec ¼ eb � ea � p2

4L2
S

DDf � ðDf Þ2
4

 !
: ð17cÞ

The maximum compressive strain ec;max was derived by
differentiating Eq. (17c) as

ec;max ¼ pD
2LS

� �2

: ð18Þ

Hu et al. (2022) adopted the presumed deformation
method and distinguished the upward and downward soil
resistance in examining the performance of a pipe crossing
a normal fault. Soil behaviours were characterized using
the Mohr–Coulomb elastoplastic model. Vazouras et al.
(2012, 2015) extended the use of the analytical method to
the cases where b � 90� and took into account the pipe
axial elongation. Sarvanis and Karamanos (2017) further
extended the method to be applied to asymmetric cases
and proposed a method to determine the length of the
deformed pipe segment LS.

Paolucci et al. (2010) and Ni and Mangalathu (2018b)
adopted the dissipated energy method to study the pipeline
performance crossing a seismic fault. The method is fea-
tured by the assumption that plastic hinges are formed at
both sides of the fault plane and the flexural deformation
is concentrated at hinges. Figure 10 illustrates the failure
mechanism of the pipe using this method, where the pipe
segment between the two hinges undergoes plastic defor-
mation. The method does not require presuming a defor-
mation shape of the pipeline (c.f. Vazouras et al., 2010;
Hu et al., 2022). Rather, it determines the deflected shape
through the minimum energy dissipation theorem, where
the only unknown geometrical quantity is the angle /p,

as shown in Fig. 10. The total dissipated energy P r due
to infinitesimal increment of fault displacement df in the
PSI system, consists of four parts: (1) P r1, the energy dissi-
pated by rotation of plastic hinges, (2) P r2, the energy dis-
sipated by plastic elongation of the pipe segment between
plastic hinges, (3) P r3, the energy dissipated by longitudinal
soil-pipe relative motion and (4) P r4, the energy dissipated
by transverse soil-pipe relative motion. The governing
equations of the four energy components can be referred
to Eq. (19a) to Eq. (19d)
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P r1 ¼ 2Mp
_/p; ð19aÞ

P r2 ¼ F p _sðxÞ; ð19bÞ

P r3 ¼
Z Lt

0

tuðxÞ_sðxÞdx; ð19cÞ

P r4 ¼
Z Lt

0

puðxÞ _f tðxÞdx; ð19dÞ

where Mp is the plastic moment of pipe cross-section, _/p is
the incremental change of /p per df ; F p denotes the longi-

tudinal force in the plastic deformation range, _s denotes the
incremental change in pipe elongation in the plastic defor-
mation range, Lt denotes the segment length, tu denotes the
limiting resistance force per unit length in the longitudinal
direction due to soil-pipe relative motion, pu denotes the
limiting resistance force per unit length in the transverse

direction due to soil-pipe relative motion and _f t is the
transverse component of incremental fault displacement.
Mp and F p are available from analytical solutions of
elastic-beam theory, tu and pu can be referred to empirical

expressions (ALA, 2001), and _s and _f t can be solved
through geometric relationships. Thus, the four energy
components can be solved against the fault displacement
Df , and the minimized P r corresponds to the failure condi-
tions. The accuracy of this method has been verified against
numerical modelling results and other analytical methods.

Jointed pipelines. The flexural rigidity and shear resistance
of joints are usually different from the pipe segments. Ana-
lytical solutions of continuous pipelines cannot be directly
applied to jointed pipes since the stress and deformation
are not differential at the joints. Besides, the failure modes
of jointed pipe may be dominated by joint failures (e.g.,
bell split, joint shear failure and pull-out failure) instead
of pipe bending failure (Rajani & Abdel-Akher, 2013;
Qin & Wang, 2022). When a jointed pipeline crosses a seis-
mic fault, the kinematics are different between an odd (the
fault plane crosses at the joint) and an even (the fault plane
crosses at the center of the pipe segment) condition, and the
Fig. 10. Illustration for failure mechanism using energy dissipation
method.
associated pipe performance is also different (O’Rourke &
Liu, 2012). Therefore, a separate analysis of jointed pipe-
line performance is deemed appropriate for this part.

To study the performance of a jointed pipe subject to
seismic fault crossing, it is usually assumed that the pipe
segments between joints are simply supported beams on
elastic foundations, where the joints do not carry moment
resistance and serve as hinge supports (Valsamis &
Bouckovalas, 2020; Qin et al., 2022). Qin et al. (2022)
investigated the performance of a bell-spigot jointed pipe
(a typical joint structure for water pipes) crosses a strike-
slip fault using the beam method. Figure 11(a) illustrates
the structure of a bell-spigot joint and the components of
the beam-on-elastic-foundation analytical model, where
the PSI elements consist of both transverse and axial com-
ponents, and joint springs consist of axial, shear and rota-
tional components. Then, the stresses and deformation of
pipe segments, the rotation and shear forces of joints can
be solved analytically through the elastic-beam theory,
though the procedures are complex as the analytical model
consists of multiple pipe segments and PSI components.
Their study investigated the effect of relative position of
the fault Lrp on the pipe performance, as illustrated in
Fig. 11(b), where Lrp ¼ 0 or 1 denotes an odd condition
and Lrp ¼ 0:5 denotes an even condition. It was found that
an odd condition corresponds to the least joint rotation,
but Lrp � 0:3 corresponds to the largest joint rotation for
fault-crossing angle b ¼ 50�. The smallest axial translation
occurs at Lrp ¼ 0:5 (i.e., even conditions). Qin and Wang
(2022) used the same approach to investigate the failure
modes of bell-spigot joint pipes subject to fault crossing.
They found that joint pull-out failure dominates when
the pipe is buried shallow beneath the surface, while pipe
bending failure controls when the pipe is buried deep.
The worst fault crossing condition occurs at Lrp � 0:1 but
not odd or even conditions.
4.2.2 Weak soil zones

A broken pipe may partially lose soil support when
water leaks from the pipe and scours surrounding soil
(Rajani & Tesfamariam, 2004). Plastic soil deformation
could occur near the unsupported regions if the pipe over-
burden pressure is high or the unsupported length is large.
Figure 12 shows a schematic illustration of partial loss of
soil support. To accommodate the pipe responses in the
plastic portion, Rajani and Tesfamariam (2004) defined
an elastic limit deformation wlim and a plastic transverse
displacement wp. The governing equations of the plastic
and unsupported portions are given in Eq. (20a) and Eq.
(20b), respectively

EI
d4wp

dx4
þ ktswlim ¼ 0; ð20aÞ

EI
d4wu

dx4
þ q ¼ 0: ð20bÞ



Fig. 11. Schematic illustration of a bell-spigot jointed pipe. (a) The structure of a bell-spigot joint connection and components of the beam-on-elastic-
foundation analytical model, and (b) illustration of the relative position of fault Lrp, from Qin et al. (2022).
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A sensitivity analysis was also performed by Rajani and
Tesfamariam (2004) to investigate the influence of the
length of unsupported region, pipe material properties
and soil properties. It was found, as expected, that the
longer the unsupported length is, the larger stress the pipe
suffers. Metallic pipes can generally tolerate more loss of
support than plastic pipes. The stress developed in pipes
was highly dependent on the soil properties as well, i.e.,
maximum bending stress was more significant in pipes bur-
ied in weaker soils. Rajani and Tesfamariam (2004) did not
take into consideration the strain limits which may differ
for orders of magnitude for different materials. For exam-
ple, the allowable strain limit is suggested to take as small
as 0.02% for gray iron pipelines, while for profiled HDPE
pipe or polyvinyl chloride (PVC) pipe the allowable strain
can be 7.5% (Ni & Mangalathu, 2018a; Brachman et al.,
2008). It is worth noticing whether the behaviour is ductile
or brittle when the pipes are subject to lack of soil support.

Tesfamariam et al. (2006) cast the beam method into a
possibilistic framework to investigate the influence of a
bunch of parameters on the structural safety of the pipe.
The influence of unsupported length and temperature dif-
ference was more pronounced on small-diameter pipes
(D ¼ 150 mm) than on large-diameter pipes (D ¼ 500
mm). External loads triggered higher risks for large-
diameter pipes than for small-diameter pipes. Similar work
was performed by Shao and Zhang (2008) where they
observed that weak soil, small pipe diameter, poor bedding
support and large external loads were prone to causing
Fig. 12. Schematic illustration of weak soil support.
plastic deformation. Imanzadeh et al. (2013, 2017) con-
ducted an uncertainty analysis of the effects of soil and pipe
parameters on the pipe performance. In the former, it was
shown that the length of low stiffness zone had a more sig-
nificant influence than the elastic modulus of soil founda-
tion on the uncertainties of differential settlement and
bending moment of a pipe. The latter collected data of soil
properties from a real construction site. Results from the
case study showed that spatial variability of the elastic
modulus of the soil foundation (Es) led to malfunction of
a continuous pipe where the allowable counter slope was
exceeded.

4.2.3 Ground settlement

Tunnelling or mining could induce extensive ground set-
tlement, triggering vertical displacement and longitudinal
deformation of buried pipes. The influence of ground set-
tlement on pipe performance can be analytically studied
using the beam-on-elastic-foundation method (Iimura,
2004; Klar et al., 2005; Wang et al., 2011; Kouretzis
et al., 2015; Ieronymaki & Whittle, 2017; Xu et al., 2020)
or elastic continuum method (Klar et al., 2005; Zhang
et al., 2012; Klar, 2018, 2022; Lin & Huang, 2019). Both
methods can be used to study continuous and jointed pipe-
lines. The analysis of continuous and jointed pipelines is
performed separately. The advantages and weaknesses of
each modelling method are also discussed.

Continuous pipelines. The ground profile of a mining-
induced ground settlement is usually assumed by a proba-
bility integral function (Xia & Zhang, 2017; Xu et al.,
2020). Xia and Zhang (2017) studied the axial strain of
pipeline under mining subsidence, through equating the
pipe elongations induced by axial force and geometrical
second-order effect. Xu et al. (2020) used the same method
to examine the axial stress of pipelines subject to mining
subsidence, and studied the pipe bending performance
through the elastic-beam method. For tunnelling-induced
ground settlement, it is popular to assume the ground pro-
file as a Greenfield function (a Gaussian curve) SvðxÞ as
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SvðxÞ ¼ Smaxe
�1

2
x
ið Þ2 ; ð21Þ

where Smax is the maximum settlement, x is the horizontal
distance from a point on SvðxÞ to the tunnel centerline
and i is the horizontal distance of inflection point to the
tunnel centerline. Sometimes a modified Gaussian curve
is used to describe the soil settlement with greater accuracy
(Vorster et al., 2005). Figure 13 shows schematically a pipe-
line perpendicularly crosses over a tunnel.

A common solution for analyzing pipeline performance
due to tunnelling is the beam-on-elastic-foundation method
(Klar et al., 2005; Wang et al., 2011; Huang et al., 2019). Its
governing equation is similar with Eq. (8) except the right

hand side is replaced by ktsSvðxÞ, as

EI
d4w
dx4

þ ktswðxÞ ¼ ktsSvðxÞ: ð22Þ

The solution to Eq. (22) using Winkler model is usually
associated with the Vesic’s expression of the modulus kts
(Eq. (9)). The Winkler model is a single-parameter model
which assumes that the soil springs are closely spaced
and mutually independent, and that the deflection of one
spring will not induce deflection at another point. This
restricts its application to non-cohesive soils where the
interaction among adjacent soil elements is not significant
(Wang et al., 2005). While in real circumstances a stress
at a point can induce deflections at adjacent points through
shear and soil behaves as a continuum medium.

Methods considering continuum effect of soils are
deemed more appropriate for studying pipe performance
under tunnelling-induced settlement. These involve the
two-parameter nonlinear Pasternak model (Pasternak,
1954; Liang, 2019; Lin et al., 2021) and the elastic contin-
uum model. The Pasternak model introduces a component

of shear interaction Gsd
2wðxÞ=dx2 between soil springs, as

qðxÞ ¼ ktswðxÞ � Gsd
2wðxÞ=dx2, where Gs is the interaction

parameter (Tanahashi, 2004). Its governing equation is

EI
d4w
dx4

þ ktsDwðxÞ � GsD
d2w
dx2

¼ qðxÞD; ð23Þ

where D is the outer diameter of the pipe. Lin et al. (2021)
analyzed the deflection and bending moment of two neigh-
Fig. 13. Illustration for Gr
bouring pipelines subject to tunnelling. The solution using
Pasternak model was validated by both model tests and
field observations. To account for the soil nonlinearity,
Liang (2019) modified the linear Pasternak model to non-
linear, where the distributed load qðxÞ was made equal to
a hyperbolic function of settlement wðxÞ and the shear
interaction. They investigated the tunnelling heave due to
unloading effect with Winkler model, linear and nonlinear
Pasternak model. It was found that the deflection calcu-
lated by Pasternak model is always smaller than using Win-
kler model because of the consideration of interactions
between adjacent soil springs. The nonlinear Pasternak
model resulted in a closer match with finite element simu-
lations and field measurements than the other models.
Lin et al. (2020) waived the assumption adopted by Klar
et al. (2005) that the pipe is always in contact with the soil,
and explicitly considered the gap formed beneath the pipe-
line due to tunnelling-induced settlement. The analysis was
also performed based on the Pasternak model, while the
right hand side of Eq. (23) was replaced by

ktsDsðxÞ � GsDd
2s=dx2, where sðxÞ is the tunnelling-

induced ground settlement at the depth of pipeline axis
and may not necessarily equal to wðxÞ (i.e., the profile of
soil settlement at the level of pipeline axis may not be equal
to the pipeline deflection when a gap exists beneath the
pipe). Results from the analytical solution suggested that
gap formation can reduce tunnelling-induced pipe deflec-
tion and bending moment.

The importance of proper calibration of the soil modu-

lus kts has been highlighted by many authors (Klar et al.,
2005; Liang, 2019; Ni et al., 2018b). It should be noted that
the Vesic’s solution was derived based on the assumption
that the structure (e.g., pipe and foundation) is rested on
the ground surface, while for pipes and tunnels which
may be buried deep below the surface, adopting Vesic’s

solution of kts could give underestimated bending moments
of pipes (Klar et al., 2005). Attewell et al. (1986) suggested
that the modulus should be twice as the Vesic’s solution for
analyzing a buried pipe or tunnel. Yu et al. (2013) derived

an expression of kts that is dependent on the ratio of burial
depth to pipe diameter. Klar et al. (2005) also derived an
alternative expression of kts that is dependent on the
eenfield displacement.
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distance to the inflection point for analyzing pipe perfor-
mance under tunnelling effect, while they found that the
influence of the ratio of burial depth to pipe diameter is
small.

The other method that considers the continuum effect of
soil medium is the elastic continuum model, whose govern-
ing equation for a continuous pipeline can be expressed in a
matrix form as Eq. (24a) (Klar et al., 2005)

½KB� þ ½K s� þ ½K s�½ks�½KB�ð Þfwg ¼ ½K s�fSvg; ð24aÞ

½K s�i;j ¼
1

Gi;j
i ¼ j

0 i – j

(
; ð24bÞ

½ks�i;j ¼
Gi;j i – j

0 i ¼ j



; ð24cÞ

where ½KB� is the pipe stiffness matrix, ½K s� is the local soil
stiffness matrix and ½ks� is the alternating soil stiffness
matrix. Gi;j is the Green’s function which describes soil dis-
placement at i due to a point load at j based on the Mind-
lin’s solution (Mindlin, 1936). The term ½K s�½ks�½KB� in
Eq. (24a) represents the continuum effects, omission of
which results in a solution that is similar to the Winkler
model, while they are not identical because ½K s� is different
from kts using Vesic’s expression. Equation (24a) can be
solved either numerically (Klar et al., 2005) or using
Fourier expansion method (Klar, 2018). Vorster et al.
(2005) used elastic continuum method to obtain an upper
bound approximation of the pipeline bending moment with
an equivalent linear approach. They proposed a rigidity

factor K ¼ EI=EsðD=2Þi3 to quantify the ratio of rigidity
of the pipe to the surrounding soil, and found that when
K � 0:1, the pipe deflection practically follows the soil set-
tlement profile so careful determination of the Greenfield
response is necessary, while when K P 5 the pipe perfor-
mance is dominated by pipe-soil interaction but not exact
soil settlement trough. Lin et al. (2021) demonstrated the
accuracy of the elastic continuum method in estimating
bending performance of one pipeline and two neighbouring
pipelines influenced by tunnelling. They commented that
the Pasternak model can result in similar accuracy with

the elastic continuum method, given that the values of kts
and Gs are carefully calibrated.
Jointed pipelines. Klar et al. (2008) decomposed ½KB� in Eq.
(24a) to a pipe matrix ½Kp� and a joint matrix ½K j�, where
the latter included a rotational stiffness ½K jM� and a shear
stiffness ½K jS�. ½K jS� was assumed infinite so that no vertical
discontinuity occurred at joints (Klar et al., 2008; Zhang
et al., 2012). The solutions can be through boundary inte-
gral method (Klar et al., 2008), finite difference method
(Zhang et al., 2012) or Fourier expansion with the principle
of minimum potential energy (Klar, 2022). It was found
that increasing the joint-to-pipe stiffness ratio increases
the pipe moment but decreases the pipe displacement and
joint rotation. When the joint-to-pipe stiffness ratio is zero,
joints serve as hinges and the pipe suffers least bending
moment while the deflection at joints are maximized.

Alternatively, beam-on-elastic-foundation method with
Winkler model (Huang et al., 2019) and Pasternak model
(Lin & Huang, 2019) can be used to analyze jointed pipe
performance due to tunnelling. The elastic-beam governing
equations (Eq. (10)) are applied to a pipe segment where
the deflection is twice differentiable. Simplifications have
been made for easier calculations, and the subgrade reac-
tion on each pipe segment is uniformly distributed while
the resultant force is imposed only on the center. However,
the solution to rotations at both sides of a joint may rely on
some numerical methods due to the discontinuity at joints.

4.2.4 Pipe uplift and upheaval buckling

Apart from downward or lateral displacement discussed
above, pipes may undergo uplift displacement because of
soil frost heave (Rajani & Morgenstern, 1993; Palmer &
Williams, 2003; Hawlader et al., 2006; Huang et al.,
2015), moisture-induced soil expansion (Singh et al.,
2020) or pipe burst underneath (Chaudhuri &
Choudhury, 2022). Pipe uplift displacements are different
from downward or lateral displacements in that the soil
resistance in the former is usually smaller than that in the
latter, as noticed by Trautmann (1983). Global buckling
tends to occur when pipe elevates above soil surface with
low transverse resistance, while downward and lateral dis-
placement usually do not induce global buckling since the
pipe is still buried and confined in soil. Therefore, uplift soil
resistance, uplift behaviour of pipes and global buckling
are discussed in this part separately from the above parts.

Palmer and Williams (2003) noted that a pipe becomes
unstable if uplift loads q is greater than the uplift resistance
R. ASCE (1984) defined a peak uplift resistance per unit
length as

Rpeak ¼ c0H cNqD; ð25Þ
where c0 is the effective weight of soil, H c is the burial depth
from pipe springline to the ground surface and Nq is a
dimensionless peak uplift resistance factor. Nq is related
to the overburden weight of soil wedge above the pipe
and mobilized shear resistance of the interface between
the wedge and surrounding stationary soil. Its exact formu-
lation has not been agreed and may involve different failure
mechanisms, though it is usually expressed as a function of
the embedment ratio H c=D and soil friction angle /
(Meyerhof & Adams, 1968; Murray & Geddes, 1987;
Rowe & Davis, 1982; Vermeer, 1985; Vesić, 1971; White
et al., 2001). Yimsiri et al. (2004) compared the above ana-
lytical N q values against the experimental results by
Trautmann (1983) for medium dense and dense sand, dif-
ferent embedment ratios and friction angles. Scatter results
were observed especially when H c=D and / increased.
Nonetheless FEM simulations with Mohr–Coulomb and
Nor-Sand model fitted well with experimental results, and
a design chart was made for various H c=D and / values.
White et al. (2008) proposed a limit equilibrium solution



Fig. 14. Analytical model for the buckling of pipes rested on elastic
foundation.
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of Nq incorporating the strength and dilatancy parameters
in Bolton (1986). The solution, which did not require nor-
mality in plastic flow, estimated Nq more conservatively
than the plastic solution which required the assumption
of normality. Design charts were created for various values
of H c=D;D;/ and ID. Ansari et al. (2018) proposed an
alternative peak uplift resistance factor N vu which was nor-
malized against the soil shear strength at pipe springline
level. N vu was empirically derived with stress-dependent
soil strength and dilatancy parameters from experimental
uplift results. Robert and Thusyanthan (2018) performed
FEM analysis on the pipe uplift resistance for unsaturated
soils and it was found that existing analytical methods
underpredicted Nq. An empirical equation was proposed
to account for the increase of Nq contributed by matric
suction.

The pipe uplift performance can also be examined ana-
lytically through the beam-on-elastic-foundation method.
Hawlader et al. (2006) studied the case of soil frost heave.
Uplift resistance R was segmented into elastic, post-peak
degradation and residual regions, which corresponded to
an increasing soil heave displacement. Parametric studies
showed that post-peak reduction of R and residual resis-
tance Rres significantly affect the pipe bending moment,
while the rate of reduction has little influence. Singh
et al. (2020) studied the case of moisture-induced soil
expansion, where a vertical moist-dry interface was
assumed. The method was shown to agree well with
FEM results regarding pipe curvature profiles and maxi-
mum bending stress. Chaudhuri and Choudhury (2022)
studied the case of a pipe bursting beneath. The ground
movement was assumed to follow Sv and the soil behaviour
was assumed through the Pasternak model. It was found
that the critical condition in which maximum upper pipe
curvature occurred was reached when the two pipelines
crossed at an angle of 35�.

Upheaval buckling can be one of the failure modes for
pipes buried shallow below the soil surface especially when
the ratio of pipe diameter to thickness is low. Kounadis
et al. (2006) derived an analytical solution to investigate
the buckling behaviours of pipes through the beam-on-
elastic-foundation method. Initial assumptions were made
that (1) the pipe is in perfect conditions and follows a linear
homogeneous differential equation; (2) the pipe is a simply
supported beam; (3) the soil reaction is modeled as Winkler
springs. Figure 14 shows the analytical model for analyzing
pipe buckling behaviours. The governing equation is

EI
d4w
dx4

þ F a

d2w
dx2

þ ktsw ¼ 0; ð26Þ

where F a denotes the axial load exerted on both sides of a
pipe and L is length of pipe segment, as shown in Fig. 14.
The solution to Eq. (26) is a trigonometric function and the
buckled pipe shows eigen-mode shapes (Gantes &
Melissianos, 2014). The critical buckling load

F cr ¼ n2p2EI=L2 þ ktsL
2=ðn2p2Þ, where n ¼ 1; 2; 3��� denotes
the eigen-mode numbers. The initial imperfections of pipes
may be considered through assuming an initial deflection
of the pipe, following a sine function along the pipe axis.

4.3 Longitudinal displacement

The ground displacement parallel to the pipe longitudi-
nal axis causes pipe wrinkling (O’Rourke et al., 1995) or
tensile failure (Weerasekara & Wijewickreme, 2008,
2015), depending on the relative direction of pipe-soil dis-
placement. To distinguish from pipe axial strain induced
by the combined axial and bending strains discussed in Sec-
tion 4.2.1, this part reviews analytical PSI methods solely
of longitudinal pipe-soil relative displacements. Analysis
of continuous and jointed pipelines is discussed in separate
paragraphs.
4.3.1 Continuous pipelines

O’Rourke et al. (1995) developed analytical equations to
determine steel pipe ec;max for an idealized block mode lon-
gitudinal soil displacement, which was characterized by the
length of soil block Lb and a constant ground displacement
d. For cases where ec;max is controlled by Lb and d, incorpo-
rating the Ramberg–Osgood stress–strain relationship,
ec;max was expressed as Eq. (27a) and (27b), respectively:

ec;max ¼
bpLb

2E
1þ n

1þ r

� �
bpLb

2ry

� �r� �
; ð27aÞ

ec;max ¼
bpLu

E
1þ n

1þ r

� �
bpLu

ry

� �r� �
; ð27bÞ

d
2
¼
Z Lu

0

eðxÞdx; ð27cÞ

where n and r are Ramberg–Osgood parameters, ry is the
yield strength, bp ¼ lc0H c=t. In Eq. (27b), Lu is the

unknown length of mobilized frictional forces on pipes,
which can be solved through integrating the strains within
Lu, as in Eq. (27c). The analytical results accurately pre-
dicted the pipe behaviours subject to longitudinal ground
displacement in the Northridge earthquake (ORourke &
ORourke, 1995).

Weerasekara and Wijewickreme (2008) established ana-
lytical expressions for longitudinal PSI in which PE pipes
were subject to pullout forces. The governing equations
were classified as elastic, peak and post-peak ranges
depending upon the mobilized pipe-soil interface friction
angle df . The relative pipe-soil longitudinal displacement
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characterizing the three regions were denoted as ue and up.
The interface frictional resistance per unit length was

T ¼ 1

2
pDHc0ð1þ KÞ tan df ; ð28Þ

where K is the lateral earth pressure coefficient. The gov-
erning equations for elastic and peak ranges are shown in
Eq. (29a) and Eq. (29b), respectively.

d

dx
EA

du
dx

� �� �
¼ T ppD

u
ue

� �
; ð29aÞ

d2u
dx2

¼ T p

EA

� �
1þ g du

dx

� �
 �3
1� g du

dx

� � ; ð29bÞ

where T p is the resistance at peak and g is a model constant
of the hyperbolic stress–strain relationship of PE pipes.
The equation for the post-peak region was similar to Eq.
(29b) except that T p was replaced by T pp denoting post-
peak resistance. Axial pullout force was expressed as
F po ¼ EAðdu=dxÞ. Given available values for ue; up and
boundary conditions, the analytical relationship between
pullout force and the axial strain was obtained, which
matched well with experimental results. Wijewickreme
and Weerasekara (2015) further improved Eq. (28) to
account for the changes of normal stress on pipe caused
by shear-induced soil dilation and subsequent friction
degradation at large displacements. The governing equa-
tion Eq. (29) was unified without dividing the relative dis-
placement into three regions. Instead, the pipe was
segmented into small elements (e.g., xn; xnþ1, etc.). The dis-
placement, strain, force and mobilized length at each length
level were computed step by step, given the boundary con-
ditions at x0 as u0 ¼ 0 and du=dx ¼ 0.
4.3.2 Jointed pipelines

Wham and Davis (2019) proposed an analytical method
to estimate axial strains developed in a jointed pipeline sub-
ject to block mode longitudinal pipe-soil relative displace-
ment. The joints were assumed to have an axial
displacement capacity D in both tension and compression
direction, beyond which joints locked up and the pipeline
behaved as a continuous one. Figure 15(a) and 15(b) illus-
trates the longitudinal displacements and pipe axial strains
for continuous and jointed pipes, respectively. Positive
strains indicate tension and negative indicate compression.
For a continuous pipe, ground displacement ug equals the
sum of pipe displacement up; while for a jointed pipe, ug
equals the sum of up and a step-wised joint displacement
uj, with a constant step height D. cp in Fig. 15(b) denotes

the strain capacity of joints of a pipe segment defined by
the ratio of D to the length of a pipe segment h, and ls is
the length of a pipe with relative pipe-soil displacement.
With the addition of joints, and assuming joints lock up
consecutively, the governing equation for axial strain is
ea ¼ ðTlsÞ=ðEAÞ. Solving for ls; ea can be expressed as
ea ¼ �cp 	
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2p þ

TdT

EA

r
; ð30Þ

where dT is the total displacement due to pipe elongation
and joint lock-up. Wham and Davis (2019) expressed the
maximum axial strain ea;max in two different scenarios,
depending upon whether Lb exceeded 2ls. And Fig. 15 pre-
sents the case for Lb > 2ls as an example. This analytical
method was validated against numerical simulations in
Banushi and Wham (2021) where an excellent match was
observed. Larger D improved the capacity for a pipe to
accommodate longitudinal pipe-soil relative displacement.

5 Future research opportunities

The study of PSI analytical methods involves multiple
problems of interest and research methods. Therefore
opportunities for future research are broad. This part dis-
cusses some possible research paths that might be of inter-
est to researchers.

5.1 The role of friction in cross-sectional deformation

The pipe cross-sectional deformation consists of ovaliza-
tion or circumferential shortening. The deformation for-
mulations considered the effects of pipe and backfill
stiffness individually, but did not account for the influence
of friction at the interface between the pipe walls and the
surrounding soils on the cross-sectional deformation. It is
well known that soil-structure interface problems are a
function of friction, like skin friction or shaft resistance
of piles. Though omitting the friction should be more con-
servative from the perspective of engineering design, it is
physically rational to consider pipe-soil interface friction,
which is the same as in the analysis of relative pipe-soil dis-
placement in transverse and longitudinal directions.

5.2 Combined effects of bending and compression

Analytical methods adopting the beam-on-elastic-
foundation method usually investigated the bending and
tensile failure of pipes buried in soil. Their accuracy in esti-
mating the performance of a pipe crossing a fault with a
small angle has been demonstrated, while a large discrep-
ancy from numerical results exists when the fault-crossing
angle is large. This implies that the analytical solutions
have not correctly accounted for the combined effects of
bending and compression. The assumption that the pipe
is always in contact with the soil, which has been adopted
in many analysis, may not be true in cases of large pipe
deflections.

5.3 Choice of soil reaction models and calibration of key

parameters

The efficacy of analytical solutions to PSI problems is
largely dependent on the choice of soil reaction models



Fig. 15. Illustration for longitudinal pipe-soil relative displacement and pipe axial strain. (a) Continuous pipe, and (b) jointed pipe.
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(e.g., Winkler model, Pasternak model and elastic contin-
uum model) and proper values of key parameters in the
models, such as the soil modulus E0 for calculating cross-

sectional deformation, subgrade modulus kts in the beam
method and the uplift resistance factor Nq in evaluating
the pipe uplift. The feasibility of applying a soil reaction
model to analyzing pipe performance under different pipe
and soil conditions should be further clarified. There is
some disagreement in selecting values of the key parame-

ters (e.g., kts and N q) which may result in inaccurate and
unsafe estimations of pipe performance. Proper calibration
of these key parameters is beneficial for a more appropriate
representation of pipe performance and soil reactions.

5.4 Effect of pipe flaws

Existing analytical methods usually assumed that the
pipe being studied is intact and robust. While in real cir-
cumstances pipe may be more vulnerable to breakage or
failure at flawed positions, such as corrosion and oxidation
pits. These positions may be associated with a decrease in
pipe thickness, stiffness or strength. The inclusion of pipe
flaws in the analytical methods could be more realistic
and persuasive. A possible approach could be treating
these flawed positions as joints with reduced strengths, stiff-
ness or deformation capacities.

5.5 Soil spatial variability

Existing analytical methods usually assumed that the
surrounding soil is homogeneous. Only a few studies took
into account the effect of soil stratification, where the pipe
longitudinal axis was parallel to the plane of strata. Soil
spatial variability is not limited to horizontal stratification
and can have negative effects on pipe performance. For
example, pipes may cross inclined strata, be supported by
soil foundations with varying stiffness or be adjacent to
local stiffened zones (e.g., granite in soil layers; this is rela-
tive to the case of weak soil zones). Possible methods could
be segmenting the pipes into different regions according to
spatial variability of soil properties, with compatibility of
deformation and appropriate boundary conditions.

5.6 Behaviours of curved pipes

It seems that most analytical methods have been applied
to straight pipes. Curved portions of a buried pipe are also
vulnerable to breakage due to internal and external loads.
Thrust restraint design relies on a proper understanding
of PSI and may be analyzed through beam method as well.
However, research in this area is largely absent and needs
more attention.
6 Conclusions

Buried pipelines are vulnerable to failure or breakage
due to excessive loads or ground displacements. A proper
understanding of pipe-soil interaction (PSI) is the key to
an accurate evaluation of pipe performance and service-
ability. Analytical methods hold the merits of fast calcula-
tion, low requirement of computational resources and
acceptable accuracy. They also provide a physical rationale
to understand how pipes interact with surrounding soils. A
comprehensive review in such a topic can benefit research-
ers that are new to this area to quickly get familiar with rel-
evant works and find possible research paths. This study
conducted a systematic and thorough literature review on
studying PSI problems using analytical methods. Both
scientometric analysis and qualitative analysis were pre-
sented, based on which possible future research paths were
given. The main conclusions are as follows:

� The results from scientometric analysis found some rep-
resentative journals in which many published articles
were collected in this review. The names of authors that
frequently showed up with their focuses of study were
also presented. Network analysis of the article keywords
identified some of the scenarios that have been investi-
gated and models that have been adopted in studying
PSI problems analytically. These serve as a guidance
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to researchers that are new to this area and help them
quickly access the relevant works.

� Qualitative analysis was performed through technically
reviewing the progress in analytical methods for study-
ing PSI problems in cross-sectional, transverse and lon-
gitudinal directions. In cross-sectional analysis, areas of
study were concentrated on the ovalization deformation
and such works have been improved based on the Iowa
formula. In analysis where load and deformation are
transverse to the pipeline axis, the scenarios were classi-
fied into seismic faults, weak soil zones, ground settle-
ment and pipe uplift. In these analysis the most
common method should be the beam on elastic method
that assumes the pipeline as an elastic beam rested on
elastic soil foundations. Multiple soil models were
reviewed with their strengths and weaknesses discussed.
The governing equations of each model were elaborated
and solution methods were introduced. The importance
of key parameters in the soil models was identified. The
different behaviours of continuous and segmented
pipelines were introduced, with the applicability of the
soil models. In the analysis of pipe performance subject
to longitudinal pipe-soil relative displacement, the gov-
erning equations were introduced. Analysis on both con-
tinuous and segmented pipes was performed.

� Six possible paths for future research works were found,
which are (1) the role of friction in cross-sectional defor-
mation, (2) combined effects of bending and compres-
sion, (3) choice of soil reaction models and calibration
of key parameters, (4) effect of pipe flaws, (5) soil spatial
variability and (6) behaviours of curved pipes.
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