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A B S T R A C T

The interconnectedness of current urban life with infrastructures urges the decision-makers to consider the
resilience of urban lifeline systems as a priority. This motivates the research presented here, where the per-
formance of a complex urban gas distribution system in a city with more than 12 million resident population is
evaluated under the effects of seismic-induced liquefaction. The paper reviews the liquefaction potential in the
Greater Tehran Area, and identifies the inputs for the analysis of soil-pipe interactions. The performance as-
sessment is carried out using both numerical (finite elements analysis) and small scaled experimental assess-
ments, for validation of the numerical models. The experimental results indicate that the numerical models are
adequate for the performance evaluation of buried pipelines. The assessment shows that the buried pipelines
perform well in most areas of the city, however, structural damage is expected in areas with higher seismic
demands. In such areas, hands-on countermeasures are proposed to mitigate the risk of liquefaction-induced
damage on the buried pipelines system. The results, methodology and procedures can be used as a framework
the similar urban infrastructure risk analysis and mitigation studies.

1. Introduction

1.1. Background and motivation

Pipelines are among the most important lifelines in urban and me-
tropolitan areas. Depending on their function, pipeline networks pre-
valently consist of reinforced concrete, steel, or polyethylene (PE)
pipes. Pipeline systems are used for various purposes, including trans-
mission, or distribution of gas, clean water, waste water, etc. Such
distribution systems commonly consist of a network of buried pipelines,
which are susceptible to structural damage during seismic events. In
fact, in seismically active regions, earthquakes can be regarded as the
most destructive natural hazard to buried pipelines.

The dependence of the general public on continuous operation of
buried pipelines makes structural damage to these lifelines following
major earthquakes a public safety concern in large cities. Further,
structural damage to buried pipelines used for the distribution of

combustible, flammable, and/or toxic gases can lead to major sec-
ondary catastrophes. The severity of such risks and consequences are
much greater in larger cities and would, therefore, require special
consideration and risk mitigation by the stakeholders and the decision-
making authorities.

Given the vulnerability of gas distribution pipelines to seismic
events, the socioeconomic importance of their operation, and the post-
hazard risks associated with structural damage to these networks, it is
of great importance to identify the critical seismic mechanisms that can
cause structural damage to the pipeline networks, assess their seismic
performance in large cities, and mitigate their potential risk and da-
mage. Previous studies on the performance of pipeline networks in
large metropolitan areas include [1–10]. Destructive seismic mechan-
isms to buried pipelines, based on the various geological parameters
include seismic wave propagation effects and the induced permanent
ground deformations (PGDs), which can be caused by liquefaction,
faulting, and landslide.
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1.2. Effect of liquefaction on buried pipelines

Saturated or partially saturated loose sandy soils are prone to li-
quefaction during seismic events. Earthquake excitations rapidly in-
crease the pore water pressures in each loading cycle. If the increased
water pressure exceeds the contact stresses between the soil grains, the
soil will become liquefied. In such a state where the effective soil
contact stress is zero, the soil grains lose their contact and soil acts
similar to a viscous liquid with a density equal to that of the saturated
soil specific weight. The occurrence of liquefaction will result in large
permanent ground displacements (PGDs) which will continue until the
pore water has drained and the effective contact stress becomes posi-
tive.

The overall performance of oil and gas pipelines during past
earthquakes has been satisfactory; however, catastrophic events have
also occurred in some cases mostly due to poor soil conditions and
instabilities. Among these cases of soil failure, liquefaction in loose
sandy soils with high groundwater level has been a major cause of
damage. Hence, liquefaction can have destructive effects on buried
pipelines and can be regarded as a potential source of disruption in
buried pipelines. O’Rourke et al. [11–14] have noted that more than
half of the failures in buried pipelines in the 1906 San Francisco
earthquake was due to lateral spreading caused by liquefaction.
Studying the 1906 San Francisco and 1989 Loma Prieta earthquakes has
shown that liquefaction induced damage is directly proportional to
peak ground displacement (PGD). During the 1995 Kobe earthquake
buried water pipelines underwent significant damage, reporting more
than 4000 cases in the overall area subjected to ground shaking [15].

Liquefaction can cause damage in buried structures with different
mechanisms. Some of these mechanisms include reduction of soil
bearing forces, imposed buoyancy forces when the structure is sub-
merged in the liquefied area of the soil [16,17], ground settlements, and
lateral flow of the soil, which is known as lateral spreading. Lateral
spreading occurs in slopes less than 5°. Towhata et al. [18] observed
that lateral spreading is accompanied by vertical movements as well.
The liquefaction-induced damage in buried pipelines can be caused by
each of these mechanisms based on different factors such as soil prop-
erties, soil shear stress capacity, location of the pipe, the topology of the
liquefied area, and the level and duration of ground motion. In addi-
tion, the direction of ground movement relative to the direction of the
pipeline is of importance. For instance, under longitudinal permanent
ground displacements (PGD), the pipeline experiences tension and
compression at different locations [19]. For lateral PGDs, the pipeline is
likely to experience mostly bending. Connection failures such as weld
fracture and bolt failure could occur under these actions if the pipe is
not properly designed and detailed. However, as noted by O’Rouke et a.
[20], when the pipelines are detailed properly, using high-quality
welds, both the pipe section and the welded connections will have in-
herent ductility. The performance of the pipelines depends on pipe
material as well. O’Rouke et a. [20] indicate that high- and medium-
density PE pipes can sustain high tensile strains before fracture.

In order to ensure a satisfactory performance of buried pipelines in
liquefaction, other than careful detailing for seismic demands, real-time
monitoring and consistent field investigations are required. The general
approach for liquefaction risk mitigation, in large urban areas, is to
limit the losses by risk management. However, in more isolated areas,
hazard elimination could be considered by means of soil rehabilitations,
compaction, or other soil reinforcement methods [21–24].

1.3. Performance assessment methods

Several methods can be used for performance assessment of buried
pipelines in liquefaction. One of the common methods is using the
traditional fragility curves [25]. In this method, location of the pipeline
is specified. Next, performance level and the importance factor for the
pipe are determined. Afterwards, the hazard level is determined in

terms of PGD and PGV. The assessment can then be carried out using
charts, tables, and fragility curves that are derived based on empirical
data. Simplified methods have been developed and proposed for the
performance assessment of buried pipelines in liquefaction in many
studies [26–33]. One of such methods, is the equivalent static method
(ESM), adopted and described in many seismic design guidelines and
studies [34–37]. The approach is different for high pressure and low/
medium pressure pipelines due to differences in their function and post-
earthquake desired performance. The limitation of the ESM is that it
can only be used for performance assessment of pipelines under long-
itudinal or lateral PGDs, but not under their combined effect. In many
cases, the direction of the PGD is a combination of longitudinal and
lateral PGDs relative to the pipeline where the ESM may underestimate
the results. The most reliable approach for performance assessment of
pipelines in liquefaction is finite element (FE) modelling, which can
take the combined effect of longitudinal and lateral PGDs into con-
sideration. FE modelling is mostly used for the performance assessment
of pipelines with high importance or in cases where significant non-
linear deformations is expected.

1.4. Paper outline

In this paper, the seismic performance of the Greater Tehran Area
(GTA) buried gas distribution pipelines is evaluated under liquefaction.
In this regard, first the performance assessment inputs, namely seismic
hazard, soil type, liquefaction potential and gas pipeline network in the
GTA are discussed. Afterwards, the performance of pipelines in lique-
faction is assessed in two phases: (1) Extensive finite element (FE)
modelling and analyses of the GTA gas distribution pipelines and eva-
luation of their performance in liquefaction, and (2) Validation of the
methodology for developing the numerical models, which consists of an
experimental program as well as the development of numerical models.
FE models are developed for pipelines with various sizes, materials, end
conditions, bends, and soil conditions, reflecting the variety of pipes
within the GTA gas distribution network. The predicted performance of
the GTA pipelines network is presented. Rehabilitation strategies are
discussed for improving the performance of the system during seismic
events. Countermeasures are recommended to mitigate the extent of
casualties, caused by structural damage to pipelines, following major
earthquakes.

The paper reports a comprehensive research study from early stages
to the end, which can be used as a framework for assessment of pipeline
networks under natural hazards, specifically seismically-induced li-
quefaction in large metropolitan areas. The FE results which are ver-
ified using the experiments can be used for fragility assessment of
buried pipelines in liquefaction, while the details of the experiments are
presented to be used as benchmarks for future assessments. The
methodology and the framework presented in this paper can be adopted
to form the basis for seismic performance assessment of any lifelines in
large urban areas. A better understanding of the performance of lifeline
networks and structures leads to more effective hazard mitigation
techniques; ensuring a more resilient infrastructure.

2. Performance assessment inputs

2.1. Seismic hazard in GTA

Fig. 1 illustrates the major active faults in the GTA. The seismicity of
the GTA has previously been assessed using different methodologies
including a deterministic seismic hazard analysis (DSHA) and a prob-
abilistic seismic hazard analysis (PSHA) [38]. For new design applica-
tions, the PSHA provides a sound approach for hazard determination
and forms the basis for most design standards. However, for risk as-
sessment of high importance structural systems, the DSHA, which
provides a scenario-based hazard prediction, is recommended [39].
Therefore, in order to provide a background on the seismicity of the
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region, the seismicity of the GTA is reported using a DSHA, based on a
10% probability of exceedance in 50 years, at each source. Such ap-
proach, although conservative, can be justified given the vulnerability
of the gas distribution lifelines, the importance of their uninterrupted
operation, as well as the uncertainties associated with the PSHA. Al-
ternative methods for evaluating the seismicity of the region could be a
Monte-Carlo simulation or a DSHA with a 2% probability of exceedance
in 50 years.

In previous studies on the seismicity of the GTA [38,40], different
seismic scenarios were considered for the region including historic and
prehistoric earthquakes as well as the scenario-based earthquake for
Tehran major faults. Specifically, the ground shaking associated with
four different scenarios were determined. The scenarios were based on
three major active faults along with a floating fault model to account for
the hidden faults under the alluvial layers. The three major active
strike-slip faults in the GTA are Mosha, North Tehran, and Ray faults
[40]. Table 1 summarizes the faults’ information and the predicted peak
ground acceleration (PGA). It must be noted that the width of the fault
refers to the geometric distance between the beginning and the end of
the fault, in the vertical plane.

Based on the above information, using the procedure of synthesising
earthquake waves and the empirical Green function method [42,43],
maps in Fig. 2 were developed for the PGA distribution over the GTA
corresponding to each seismic scenario. In this approach, the GTA is
divided into 1 km by 1 km blocks. Next, in each block, the PGA values
under each selected scenario is found, which is indicated in Fig. 2.
Therefore, each block is treated as a unique site, with a unique distance
to the source.

2.2. Liquefaction potential in GTA

Several studies have evaluated the liquefaction potential in the GTA.
Some of such studies are presented in this Section.

The first studies were carried out in 1999 and 2000 by Japan
International Cooperation Agency (JICA), as part of the microzonation
of the GTA [41]. The studies focused on areas in the Southeast of
Tehran, that have ground water levels less than 10 m. Hence, in-
formation from boreholes in these areas were used for the study. The
selected earthquake scenario was the one associated with the Ray fault
model, which has the largest PGA distribution in the area of interest.
The results of this study indicated a “very low” and “relatively low”
liquefaction potential for most areas in this region. This is attributed to
the fact that a hard cohesive clay soil covers almost the entire area.
Only in one borehole, the potential is evaluated as “relatively high”.
However, the liquefied soil is limited to a notably localized area and is
not distributed in the region [41]. The liquefaction potential obtained
from this study is shown in Fig. 3.

In the study by JICA [41], the ground settlement was assumed to be
5% of the thickness of the liquefied soil. The settlement values due to
liquefaction were evaluated by the Osaka Gas company for the GTA and
are shown in Fig. 4 (a). As can be observed in Fig. 4 (b), the effects of
lateral spreading, which was calculated using flow potential on the
slope of the area, were very low (no more than 1.5 mm) for the as-
sessment purposes in the GTA. However, settlements are to be con-
sidered in seismic assessment.

Several research groups from the International Institute of
Earthquake Engineering and Seismology (IIEES) have also evaluated
the liquefaction potential in Tehran. In the first study in 1993, Hosseini
and Kari [44] assessed the liquefaction potential in Southern Tehran in
a medium scale evaluation. In 1998, the southwest of Tehran was stu-
died using a PGA of 0.35 g [45], which showed a very low liquefaction
potential. A joint study was carried out by the IIEES and the laboratory
of Ministry of Roads and Transportation in 1999 [46] in which data
from 41 boreholes in Southeast of Tehran was used. PGA distribution
ranged from 0.2 g to 0.4 g, locating areas with relatively high lique-
faction potential for 0.3 g–0.4 g PGAs [46]. In 2002, a large-scale study
was carried out in the southeast region of Tehran [47]. The study
considered site characteristics and a probabilistic seismic hazard ana-
lysis was carried out. In this study, the area in the southeast of Tehran,

Fig. 1. Greater Tehran area major active faults (from JICA 2000 [41]).

Table 1
Selected major faults in the GTA and the predicted ground motion scenarios.

Faults Mosha North Tehran Ray Floating Modela

Length (km) 68.0 58.0 26.0 13.0
Width (km) 30.0 27.0 16.0 10.0
Depth (km) 0.0 0.0 5.0 5.0
Magnitude (Mw) 7.2 7.2 6.7 6.4
PGAmax (g) 0.3 0.4 0.6 0.6

a Note: The length of the floating model is taken as half of the Ray fault
model.
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as shown in Fig. 5(a) was divided into 1 km by 1 km blocks. Each block
was assigned PGAs associated with the 10% in 50 years earthquake. The
liquefaction potential for the area of interest was evaluated. Fig. 5(b)
and (c) show the PGA and liquefaction potential, respectively, for the
selected area in each block. Further details of this study are provided by
Askari and Kasaei [47]. According to these studies, certain parts in the
southeast region of the GTA have a relatively high liquefaction poten-
tial. However, most areas show a low and relatively low liquefaction
potential.

Based on the findings of studies reviewed above, in the present
study, the performance of gas distribution pipelines in liquefaction is
evaluated only in the southeast region of Tehran, as other areas are not
susceptible to liquefaction. The selected area is shown in Fig. 6 (a) and
includes all regions prone to liquefaction as per previous studies
[41–47]. The network of gas distribution pipelines with 250 psi and 60
psi pressures, in the selected area, are shown in Fig. 6 (b) and (c), re-
spectively.

Fig. 2. PGA Distribution in the GTA Associated with each Fault-Specific Earthquake Scenario – (a) Mosha, (b) North Tehran, (c) Ray, (d) Floating Model.

Fig. 3. Distribution of the liquefaction potential index, PL, in the GTA.

Fig. 4. Liquefaction potential in southeast of Tehran, (a) Settlements, and (b) Lateral spreading (from JICA 2000 [41]).

D.D. Nourzadeh, et al. Soil Dynamics and Earthquake Engineering 124 (2019) 16–34

19



2.3. Soil type

As part of the study, the soil distribution maps of the GTA are
gathered and the properties of the dominant soil types in the selected
area for study are reviewed. Based on GTA soil distribution maps, the
surrounding soil for the pipelines is formed by one of the three domi-
nant soil types in the GTA. The soil types include dense sand (DS) with
internal friction angle (ϕ) of 35°, loose sand (LS) with ϕ of 25°, and soft
clay (SC) with cohesion (C) of 16.8 kPa.

2.4. Tehran gas pipeline network

Tehran gas distribution and transmission pipes form a large network

Fig. 5. (a) Discretization of the Southeast Region of Tehran for Liquefaction Potential Assessment, (b) Distribution of PGA values, and (b) Distribution of Liquefaction
Potential in terms of Calculated PL Values [47].

Fig. 6. (a) Selected area for performance assessment in liquefaction, (b) Network of high pressure gas pipelines, and (c) Network of medium pressure gas pipelines.

Table 2
Specifications for the Pipelines within the GTA pipeline network.

Network Main Transmission Network Local Distribution Network

Internal pressure 250 psi 60, 100 psi
Pipe Material Steel: API 5L-Gr. B Steel: API 5L-Gr. B

Steel: API 5L-X 42 PE: HDPE 80, 100
Pipe Diameters 2–48 inches Steel: 2–12 inches

PE: 63–160 mm
Thickness 0.068 in – 0.375 in 0.068 in – 0.375 in
Burial Depth 1–1.20 m 1–1.20 m
Coating Tar or 3 layered PE Tar or 3 layered PE
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of buried pipelines. The pipeline network in Tehran consists of steel and
PE pipes. The pipes’ specifications, including material, size, dimensions,
internal pressure, burial depth, and coating, are gathered based on
available construction manuals, standards, as-built drawings, and field
investigations as required. Table 2 shows the pipelines specifications for
the gas distribution network in the GTA, and specifically for the se-
lected area for study.

3. Numerical study

3.1. Equivalent static method

The Equivalent Static Method (ESM) for liquefaction performance
assessment is adopted by many seismic design guidelines [34–37] and
can be used in seismic design and analysis of pipelines. In this section,
the method is briefly outlined. The approach is different for high
pressure and low/medium pressure pipelines due to differences in their
function and post-earthquake desired performance.

3.1.1. ESM for high-pressure pipelines
In its document, the Japanese Gas Association (2001) [34], provides

equations for determining the distortion angle of high pressure buried
pipelines subjected to liquefaction. High pressure pipelines are classi-
fied as pipes that experience internal pressures higher than 1 MPa.
Different equations are provided for straight, curved, and T-portions of
the pipes. The curve and bending of pipelines are defined in the plane,
which can be characterized by the direction of the pipe and the direc-
tion of the settlement. In other words, it is the vertical bending and
curve of the pipes that distinguishes the equations, and for horizontal
bends and curves along the pipes, the equation provided for straight
pipes can be used. Equation (3) provides the bending angle imposed on
straight pipes due to ground movement during liquefaction [34]. Si-
milar equations are provided for determining the bending angle in
sloped areas, coastal regions, etc.
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where s is the bending angle imposed on the straight pipe in degrees,
Di is the pipe diameter in meters, parameters and k are partial safety
coefficients. h is the soil displacement in centimeters, EI is the bending
stiffness of the pipe in N.cm2, and c is the yielding stress of the soil in
the direction of loading.

The bending capacity of straight pipelines in liquefaction is given by
Equation (4) [34].
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where ts is the pipe thickness, k is a coefficient which can be taken as
3.2, and f is the ultimate strain of the pipe, suggested to be taken as
0.35.

3.1.2. ESM for medium and low-pressure pipelines
Medium pressure pipelines experience an internal pressure between

0.1 MPa to 1.0 MPa. Low pressure pipelines experience an internal
pressure less than 0.1 MPa. For design and analysis of medium to low
pressure pipelines, the Japan Gas Association (2003) [36] provides
equations for determining the displacement capacity of pipes in lique-
faction. Equations (5) and (6) provide the vertical displacement capa-
city for free ended pipes and clamped pipes, respectively.
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where v is the vertical displacement capacity of the pipe, Di is the pipe
diameter in meters, EI is the bending stiffness of the pipe in N.cm2, ks is
the soil stiffness coefficient, and 0 is the critical strain of pipe material,
which can be assumed as 0.03 for steel and PE pipes. Similar expres-
sions are provided for determining the axial displacement capacity of
steel and PE pipes with different support conditions.

In design applications, the liquefaction settlement demands are
mostly assumed as amplitudes of 5 cm in each direction [36]. Hence, in
design applications, the pipe performance in liquefaction can be as-
sessed by means of comparing the vertical displacement capacity of the
pipe, provided by Equations (5) and (6), with the appropriate demand
based on the desired performance [36]. In the case of risk analysis, the
displacement demand must be obtained according to the selected ha-
zard level.

3.1.3. Results
Since the high-pressure pipes do not feature any vertical curves or

bending, all pipelines in the area could be assumed to deform like
straight pipes and the effects of curves and elbows can be neglected in
the analysis. Hence, Equations (3) and (4) are used for determining the
bending demand and capacity, respectively, for gas distribution pipe-
lines in liquefaction. The partial safety coefficients, and k , are taken
as 1.0 and 1.1, respectively. The ultimate strain of pipes, f , is taken as
0.35. The bending demands and capacities are determined for high
pressure pipelines with different size and materials, reflecting different
pipe specifications within the GTA pipeline database. The results of the
ESM for high pressure pipelines are presented in Table 3. As can be
observed, the bending capacity of Tehran high pressure pipelines in the
southeast region of Tehran is greater than the induced bending demand
with a large margin of safety.

For medium and low pressure pipelines the vertical displacement
capacity is determined using Equations (5) and (6). The critical strain of
pipes, 0, is assumed as 0.03 for both steel and PE pipes. The dis-
placement demands are selected as per the findings of previous studies
by JICA and Osaka Gas Company, and are therefore, taken as 300 mm
and 500 mm for the selected area under consideration. Using the ESM
method, the vertical displacement capacity and demand is compared
for different medium and low-pressure pipes within GTA pipe specifi-
cation database. The results of the ESM for the medium pressure pi-
pelines in the GTA are presented in Table 4. As can be observed in
Table 4, some of the pipes do not have adequate capacity for the in-
duced demand, as per the ESM.

Table 3
Results of the equivalent static method for performance assessment of high
pressure pipelines in liquefaction.

Case Di δh (mm) Material ωs ωsc

1 6″ 300 Steel-GrB 1.35 57.39
2 8″ 300 Steel-GrB 1.18 51.99
3 10″ 300 Steel-GrB 1.07 48.66
4 12″ 300 Steel-X42 1.04 43.66
5 16″ 300 Steel-X42 0.96 36.10
6 22″ 300 Steel-X42 0.90 29.39
7 24″ 300 Steel-X42 0.88 27.81
8 30″ 300 Steel-X42 0.84 24.18
9 6″ 500 Steel-GrB 1.74 57.39
10 8″ 500 Steel-GrB 1.52 51.99
11 10″ 500 Steel-GrB 1.38 48.66
12 12″ 500 Steel-X42 1.34 43.66
13 16″ 500 Steel-X42 1.24 36.10
14 22″ 500 Steel-X42 1.16 29.39
15 24″ 500 Steel-X42 1.13 27.91
16 30″ 500 Steel-X42 1.08 24.18
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3.2. Finite element analysis

Finite element analyses are carried out on the pipes. The pipes are
modelled using beam elements with internal pressure (pipe elements).
Different analytical models are constructed to reflect various pipelines,
with different specifications, within the selected area. Typical stress-
strain responses were used for steel and PE pipes, in the analytical
models. The material models used in the numerical models are pre-
sented in Fig. 7. Steel yield and ultimate strains are taken as 0.5% and
5.0%, respectively. Elastic modulus is taken as 2.06 × 106 N/mm2. The
stress values for steel materials are provided in Table 5.

For the PE material, the ultimate strain is assumed as 8% which is a
conservative assumption as this corresponds to the beginning of
yielding. The selected material model for the PE pipes was based on the
study by Pezeshki et al. [48].

Based on the GTA soil distribution maps and the properties of the
dominant soil types, three different soil types, as described in Section
3.4, are used in the study to represent the surrounding soil for the pi-
pelines in the analytical models. The surrounding soils are modelled as
three-dimensional Winkler vertical and axial nonlinear springs using
the expressions provided by the American Lifeline Alliances (ALA) [37].
The equations for soil springs and their calculated values are reported
in the following section. A schematic illustration of this approach is
shown in Fig. 8. In Fig. 8, tu is the maximum soil axial resistance per
unit length of the pipe, pu is the maximum soil lateral horizontal re-
sistance per unit length of the pipe, Qu is the maximum uplift resistance
of the soil, and Qd is the maximum bearing resistance of the soil. These
values can be determined as per the ALA provisions. The displacement
values Xu, Yp, Zqd, and Zqu are also determined based on the ALA pro-
vision, as reported below.

t Dc DH K1
2

tanu
o= + +

[7]

where D is the pipe diameter, c is cohesion, H is the distance between

the pipe centerline and the ground surface, γ is the soil specific weight,
α is the cohesion factor calculated based on c, δ is the friction angle
between the soil and the pipe calculated as f× ϕ, where f is the friction
constant based on the pipe coating, and ϕ is the soil friction angle. The
value of Ko in Equation (7), can be found as (1-sin ϕ).

The value of Xu is recommended to be 3 mm, for dense sand, 5 mm
for loose sand, 8 mm, for hard clay, and 10 mm, for soft clay [37].

p N cD N HDu ch ch= + [8]

where Nch is the horizontal resistance factor for clay soil, and Nqh is the
horizontal resistance factor for sandy soil. The value of Yp is calculated
using Equation (9).

Y H D D to D0.04
2

0.01 0.02p = +
[9]

Q N cD N HDu cv qv= + [10]

where Ncv is the vertical resistance factor for clay soil, and Nqv is the
vertical resistance factor for sandy soil. For sandy soils, the value of Zqu

is recommended as 0.01H – 0.02H, but not greater than 0.1D, for loose
to dense sandy soils. For clay, the value of Zqu is recommended as 0.1H
– 0.2H, but not greater than 0.2D, for hard to soft clay [37].

Q N cD N HD N D
2d c q

2
= + + [11]

where Nc, Nq, and Nγ are soil resistance factors found based on the
charts or equations provided by Ref. [37]. The value of Zqd is re-
commended as 0.1D for sandy soils and 0.2D for clay soils.

The calculated values for the Winkler springs, for different soil types
and pipes specifications, are summarized in the following tables (see
Tables 6–10).

Different lengths for the liquefied area are considered in the ana-
lyses ranging from 100 m to 2 km. Pipelines are assumed to be con-
tinuous as the code specified weld is deemed sufficient for such as-
sumption. The effects of curves along the pipelines were tested by using
elbow elements in the FE models. However, as it was predicted, their
effects were negligible.

The loads that the pipes are subjected to are evaluated and con-
sidered in the analysis. The soil pressure is considered in the FE models
based on the weight of the soil layer above the pipes. Further, the pipe
internal pressure for high and medium pressure pipes is modelled. The
liquefaction loading is considered based on the results of the study by
JICA [41] and the Osaka Gas company. Generally, liquefaction-induced
loads must be applied to the system in terms of loads associated with
buoyancy, lateral spreading, and ground settlements. The burial depth

Table 4
Results of the equivalent static method for performance assessment of medium
pressure pipelines in liquefaction.

Case Di Material δh (cm) ΔV (cm) ΔV (cm) (Clamped)

1 6″ Steel-GrB 30 73.05 11.78
2 8″ Steel-GrB 30 96.31 15.52
3 10″ Steel-GrB 30 116.38 18.76
4 12″ Steel-GrB 30 135.53 21.85
13 16″ PE100 30 5.83 0.94
14 22″ PE100 30 7.94 1.28
15 24″ PE100 30 10.58 1.71
16 30″ Steel-GrB 50 73.05 11.78
17 6″ Steel-GrB 50 96.31 15.52
18 8″ Steel-GrB 50 116.38 18.76
19 10″ Steel-GrB 50 135.53 21.85
28 12″ PE100 50 5.83 0.94
29 16″ PE100 50 7.94 1.28
30 22″ PE100 50 10.58 1.71

Fig. 7. Material models for (a) steel pipes, and (b) Pe pipes.

Table 5
Steel material yield and ultimate stress values.

Steel Material σy (MPa) σt (MPa)

Gr. B Steel 241.0 414.0
X42 Steel 290.0 414.0
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of pipelines is 1.2 m below the surface. In addition, according to the
studies by JICA [41], ground water level in all locations in the GTA is
5.0 m or more from the surface. Therefore, it can be concluded that in
areas with liquefaction potential, the gas distribution pipelines will not
experience any buoyancy load. The level of lateral spreading is even
less than pipelines’ construction tolerance, and therefore, the effects of
lateral spreading can be neglected in the analyses as well. The effects of
ground settlements are not negligible and must be considered. As
shown in Fig. 4 (a), the amount of settlements due to liquefaction is
reported to be 300 mm and 500 mm in the area under consideration.
These PGD demands will be applied to pipelines in the vertical direction
and perpendicular to the direction of the pipelines, in the event of li-
quefaction occurrence. As such, they are applied in the same direction

in the numerical models, over a limited length.
Fig. 9 shows a schematic illustration of the analytical model used in

the FE analyses for performance assessment of the pipelines in lique-
faction. D in the figure is the diameter of the pipe (see Table 9).

Performance acceptance criteria for the pipelines are selected ac-
cording to the guidelines by ALA [37] and JGA [34–36] based on
comparison of the strain demands with the acceptable strains. Hence,
the performance of the pipes is deemed appropriate if the strain levels
are below the allowable strains as per ALA [37] and JGA [34–36].
Acceptable strains are summarized in Table 11 for common failure
modes in pipelines where t and R are the thickness and the radius of the
pipe, respectively. It must be noted that the limit associated with the
low-cycle fatigue and buckling corresponds to cases where the pipe is in
compression (compressive strain), and a fatigue (cyclic) analysis has
been carried out.

As previously discussed, in addition to liquefaction settlements, soil
pressure and pipe internal pressures are considered in the FE analyses.
Liquefaction induced settlements are inserted to the end of the soil
springs and the imposed strains and stresses are obtained using a quasi-
static analysis.

Fig. 8. (a) Schematic illustration of the 3D soil springs in the finite element models, (b) Properties of the soil springs in the axial direction, (c) Properties of the soil
springs in the horizontal lateral direction, and (d) Properties of the soil springs in the lateral vertical direction.

Table 6
Soil Types and their Calculated Properties in the Finite Element Models.

Soil Type α c (MPa) ϕ (Degree) δ = f × φ Ko H (m) γ (N/mm3)

DS 1.029 0 35 28 0.43 1.2 2 × 10−5

LS 1.029 0 25 20 0.58 1.2 2 × 10−5

SC 1.03 0.0168 0 0 1 1.2 2 × 10−5

Table 7
Axial spring properties for different soil/pipe types.

Pipe DS Soil LS Soil SC Soil

Material Diameter tu (N/
mm)

Xu (mm) tu (N/
mm)

Xu (mm) tu (N/
mm)

Xu (mm)

GrB 4″ 2.90 3.00 2.20 5.00 5.51 10.00
GrB 6″ 4.36 3.00 3.30 5.00 8.26 10.00
GrB 8″ 5.81 3.00 4.40 5.00 11.01 10.00
GrB 12″ 8.71 3.00 6.60 5.00 16.52 10.00
X42 12″ 8.71 3.00 6.60 5.00 16.52 10.00
X42 16″ 11.62 3.00 8.80 5.00 22.03 10.00
X42 22″ 15.98 3.00 12.09 5.00 30.29 10.00
X42 30″ 21.79 3.00 16.49 5.00 41.30 10.00
PE100 63 mm 1.80 3.00 1.36 5.00 3.41 10.00
PE100 90 mm 2.57 3.00 1.95 5.00 4.88 10.00
PE100 125 mm 3.57 3.00 2.71 5.00 6.78 10.00
PE100 160 mm 4.57 3.00 3.46 5.00 8.67 10.00

Table 8
Lateral spring properties for different soil/pipe types.

Pipe DS Soil LS Soil SC Soil

Material Diameter pu (N/mm) Yp (mm) pu

(N/
mm)

Yp (mm) pu

(N/
mm)

Yp (mm)

GrB 4″ 47.86 50.03 17.94 50.03 7.46 50.03
GrB 6″ 61.26 51.05 24.10 51.05 7.13 51.05
GrB 8″ 73.24 52.06 29.95 52.06 6.93 52.06
GrB 12″ 94.57 54.10 40.60 54.10 6.61 54.10
X42 12″ 94.57 54.10 40.60 54.10 6.61 54.10
X42 16″ 114.01 56.13 50.32 56.13 6.35 56.13
X42 22″ 141.50 59.18 63.99 59.18 6.00 59.18
X42 30″ 176.70 63.24 81.40 63.24 5.60 63.24
PE100 63 mm 34.81 49.26 12.15 49.26 7.96 49.26
PE100 90 mm 44.49 49.80 16.50 49.80 7.57 49.80
PE100 125 mm 54.25 50.50 20.79 50.50 7.28 50.50
PE100 160 mm 63.13 51.20 25.00 51.20 7.10 51.20
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The results of the FE analyses are presented in Table 12. In Table 1,
the reported strain value shows the maximum strain obtained from
numerous analysis cases including straight, 45, and 90° bended pipes,
cases in different liquefied area, and different boundary conditions for
the pipelines. The results indicate that the high-pressure pipelines will
not experience any major damage during liquefaction. Although high-
pressure pipelines are expected to maintain their integrity and func-
tionality in the event of liquefaction caused by the 10% in 50 years
earthquake, they may undergo some plastic deformations. The results
further indicate that small diameter PE pipes, in the southeast region of
Tehran, will be subjected to liquefaction settlements beyond their ca-
pacity. Small PE pipes with diameters smaller than 125 mm may lose
their functionality following a major seismic event. The results of the FE
analyses are consistent with the results obtained from the equivalent
static method. It was observed that internal pressures did not affect the

results notably (see Table 12).

4. Validation of the numerical model

4.1. Overview of the experimental program

The focus of the current experimental study is settlements and lat-
eral spreading in pipeline occurring parallel with the direction of ex-
citation. Two sets of scaled experiments are carried out. Each set con-
tains three experiments. In the first set of experiments, the effects of
ground slope on liquefaction and its effect on pipelines due to lateral
spreading are investigated. In the second set of experiments, the effects
of settlements due to liquefaction on buried pipelines are studied. In
addition to the above-mentioned six tests, an additional pilot test is
carried out in which the methodology for the construction of the soil
model and instrumentation is tested. Thus, a total of seven scaled ex-
periments are conducted. Table 13 summarizes the experiments within
the experimental program.

Experiments LSP01, LSP02, and LSP03 are designed to assess the
effects of ground slope and liquefaction on buried pipelines, which are
aligned in the direction of lateral spreading. In addition, the effect of
ground slope on the pipe demands as well as other parameters is as-
sessed. In order to have a physical model that best resembles real-life
conditions, the toe of the slope is cut with a steeper slope to allow the
soil fill to move downward without much resistance. A schematic

Table 9
Vertical spring properties in bearing for different soil/pipe types.

Pipe DS Soil LS Soil SC Soil

Material Diameter Qd (N/mm) Zqd (mm) Qd (N/mm) Zqd (mm) Qd (N/mm) Zqd (mm)

GrB 4″ 85.79 10.16 26.76 10.16 11.22 20.32
GrB 6″ 132.14 15.24 40.71 15.24 16.84 30.48
GrB 8″ 180.81 20.32 55.04 20.32 22.46 40.64
GrB 12″ 285.05 30.48 84.85 30.48 33.72 60.96
X42 12″ 285.05 30.48 84.85 30.48 33.72 60.96
X42 16″ 398.52 40.64 116.18 40.64 45.00 81.28
X42 22″ 586.04 55.88 166.04 55.88 61.94 111.76
X42 30″ 868.36 76.20 237.86 76.20 84.59 152.40
PE100 63 mm 52.11 6.30 16.41 6.30 6.96 12.60
PE100 90 mm 75.53 9.00 23.62 9.00 9.94 18.00
PE100 125 mm 106.85 12.50 33.13 12.50 13.81 25.00
PE100 160 mm 139.28 16.00 42.83 16.00 17.68 32.00

Table 10
Vertical spring properties in uplift for different soil/pipe types.

Pipe DS Soil LS Soil SC Soil

Material Diameter Qu

(N/
mm)

Zqu (mm) Qu

(N/
mm)

Zqu (mm) Qu

(N/
mm)

Zqu (mm)

GrB 4″ 22.91 12.00 16.36 24.00 17.07 240.00
GrB 6″ 22.91 12.00 16.36 24.00 25.60 240.00
GrB 8″ 22.91 12.00 16.36 24.00 34.14 240.00
GrB 12″ 22.91 12.00 16.36 24.00 40.32 240.00
X42 12″ 22.91 12.00 16.36 24.00 40.32 240.00
X42 16″ 22.91 12.00 16.36 24.00 40.32 240.00
X42 22″ 22.91 12.00 16.36 24.00 40.32 240.00
X42 30″ 22.91 12.00 16.36 24.00 40.32 240.00
PE100 63 mm 22.91 12.00 16.36 24.00 10.58 240.00
PE100 90 mm 22.91 12.00 16.36 24.00 15.12 240.00
PE100 125 mm 22.91 12.00 16.36 24.00 21.00 240.00
PE100 160 mm 22.91 12.00 16.36 24.00 26.88 240.00

Fig. 9. Schematic illustration of the finite element model of buried pipelines.

Table 11
Allowable strains in pipelines [34–37].

Pipe Material Failure Mode

Low-Cycle Fatigue, Buckling Tension

Steel 0.175 t/R 3%
PE 20%
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illustration of the test model, for these tests, is shown in Fig. 10 (a).
Experiments LSP04, LSP05, and LSP06 are designed to study the

effects of liquefaction-induced demands on the pipelines, due to set-
tlements. In these tests, the surface is flat and the bottom layers are
liquefied to be representative of the conditions on GTA pipelines.
Liquefaction of the bottom liquefied layers leads to demands in the
buried pipe specimen. The varying parameters in these experiments are
the relative density and the excitation acceleration amplitude. The
layout of these experiments is presented in Fig. 10 (b).

For the instrumentation naming convention in tests LSP01, LSP02,
and LSP03, the terms upstream, center, and downstream are used.
Similarly, in tests LSP04, LSP05, and LSP06, the terms right, left and
center are used to distinguish between the various instruments in the
soil model.

4.2. Test setup

4.2.1. Hardware and instrumentation
The shake table used in the study is a one-dimensional shake table

that is 1.8 m × 1.2 m in plan. The shake table is excited through the
use of a hydraulic actuator. The hydraulic actuator has a load capacity
of 25 kN and a stroke of 250 mm. For applying the seismic demands to
the soil medium, the Plexiglass box containing the soil medium is fixed
on the shake table. Fig. 11 shows the test setup before starting ex-
periment LSP 02. The setup is described in detail in the following sec-
tions. The soil model, on the left, is attached to the shake table, which is
excited by the hydraulic actuator on the right. The pipe specimen, while
cannot be seen, is buried in the soil medium. As discussed above, it can
be observed, that the toe of the soil on the left side is cut with a steeper
slope. This is carried out to allow the soil to move downward more
easily in order to study the effects of lateral spreading.

Physical soil models are prepared in transparent Plexiglass boxes to
allow for observation of soil deformations caused by earthquake ex-
citations. The internal dimensions of the Plexiglass boxes are 1800 mm,
450 mm, and 70 mm, for length, width, and height, respectively. At the
bottom of the boxes, two valves are implemented allowing for water
and Carbon Dioxide (CO2) to enter the soil model. The bottom of the

box is covered with a No. 100 screening surface. In addition to pre-
venting the sand to enter existing valves, the screener ensures that
water enters the physical model uniformly to saturate the soil model.

Five accelerometers are used to measure the applied acceleration to
the soil system, in each model. The location of the accelerometers are
shown in Fig. 10(a) and (b). One accelerometer is installed out of the
soil model box, close to the base of the box, in order to measure the
input acceleration that is applied to the system. The additional four
accelerometers are installed within the soil model at distances of
100 mm, 200 mm, 300 mm, and 400 mm from the base of the box
containing the soil model. All accelerometers are installed such that
their positive direction is aligned with slope displacement. Normal DLT-
50AS Linear Variable Differential Transformers (LVDTs) are used at the
surface of the soil model to measure the ground settlements or dilation.
DP-500C cable (LVDTs) are used to measure the pipe deformations.
BPR-A-50KPS pore water pressure transducers (PPTs), with a pressure
capacity of 50 kPa, are used to measure the pore water pressure in the
soil medium. The PPTs are very small relative to the soil medium and,
therefore, their effect on the soil response is very limited. The PPTs are
connected and secured with a cable to assure their location does not
change during the experiment.

Strain gauges are used to measure the flexural and tension demands
in the pipes. Strain gauges are installed at three sections along the
length of the pipe with one at the middle and two spaced at 300 mm
from the center of the pipe. At each section, three strain gauges are
installed as shown in Fig. 12.

4.2.2. Pipe specimen
For selecting the experimental pipe specimen diameter and thick-

ness, the governing response mode must be considered (i.e. tensile,
flexural, or local buckling). For instance, if a flexural response is the
dominant response, the EI of the specimen must be primarily scaled. For
axial and buckling dominant behaviours, EA and D/t must be scaled,
where E is the modulus of elasticity, I is the moment of inertia of the
pipe, A is the cross-sectional area of the pipe, D is the pipe diameter,
and t is the pipe thickness. In the present study, the aim is to have a pipe
specimen in the laboratory, representative of a real steel pipe with a

Table 12
Results of the finite element analyses for performance assessment of pipelines in liquefaction.

Case D δ (mm) Material Internal Pressure (psi) Max. Principal Strain Allowable Max. Strain Min. Principal Strain Allowable Min. Strain

1 6″ 500 Steel-GrB 60 1.54E-02 3.00E-02 −7.21E-03 −4.10E-02
2 10″ 500 Steel-GrB 60 1.14E-02 3.00E-02 −5.23E-03 −3.22E-02
3 6″ 500 Steel-GrB 250 1.52E-02 3.00E-02 −6.49E-03 −4.10E-02
4 10″ 500 Steel-GrB 250 1.12E-02 3.00E-02 −4.55E-03 −3.22E-02
5 16″ 500 Steel-X42 250 7.72E-04 3.00E-02 −5.24E-05 −2.06E-02
6 22″ 500 Steel-X42 250 3.61E-04 3.00E-02 −1.03E-05 −1.50E-02
7 30″ 500 Steel-X42 250 3.41E-04 3.00E-02 −1.63E-05 −1.10E-02
8 63 mm 500 PE 100 60 4.40E+00 2.00E-01 −3.23E+00 −8.10E-02
9 90 mm 500 PE 100 60 3.44E+00 2.00E-01 −1.72E+00 −8.02E-02
10 125 mm 500 PE 100 60 2.42E+00 2.00E-01 −1.05E+00 −8.03E-02
11 63 mm 300 PE 100 60 2.00E+00 2.00E-01 −1.29E+00 −8.10E-02
12 90 mm 300 PE 100 60 8.28E-01 2.00E-01 −8.01E-01 −8.02E-02

Table 13
Summary of the experimental program.

Test Name Ground Slope Model
Accel.

Real
Accel.

Loading Time Loading
Frequency

Void
Ratio

Relative
Density

Liquefiable Layer
Thickness

Unliquefiable Layer
Thickness

LSP Pilot 5.0% 0.20 g 0.30 g 5 s 3 Hz 0.84 30.0% 340 mm 100 mm
LSP 01 4.0% 0.20 g 0.30 g 5 s 3 Hz 0.87 21.5% 340 mm 100 mm
LSP 02 2.5% 0.20 g 0.30 g 5 s 3 Hz 0.89 15.6% 340 mm 100 mm
LSP 03 1.5% 0.20 g 0.30 g 5 s 3 Hz 0.90 12.6% 340 mm 100 mm
LSP 04 0.0% 0.20 g 0.30 g 5 s 3 Hz 0.90 12.6% 380 mm 100 mm
LSP 05 0.0% 0.25 g 0.38 g 5 s 3 Hz 0.75 56.7% 380 mm 100 mm
LSP 06 0.0% 0.50 g 0.77 g 7 s 5 Hz 0.75 56.7% 380 mm 100 mm
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dimeter of 14 in and a thickness of 17.8 mm. If EA or EI of the pipe are
used to be scaled with λ = 35, diameter and the thickness of the scaled
specimen will be 10 and 0.015 mm. There are no vendors that would
fabricate such a pipe specimen. If the rigidity of the scaled specimen is
reduced, by means of using a more flexible material such as aluminum
(one-third of steel), the pipe thickness will be 0.04 mm, which still
cannot be found in stock.

Since the failure mode is recognized as pipe buckling, D/t is used as
the dominant scaling parameter. An Aluminum pipe specimen, with
modulus equal to one-third of that of steel material, is used in the ex-
periment to facilitate the scaling and avoid the use of excessively small
physical models. Therefore, the pipe specimen is selected as an alu-
minum pipe with a diameter of 10 mm and a thickness of 0.5 mm. The
selected aluminum pipe is scaled such that it is representative of a steel
pipe with a dimeter of 14 in and a thickness of 17.8 mm, making the
geometric scale factor, λ = 35.

The burial depth of the pipe in the laboratory physical model is
50 mm, which is representative of a real burial depth of 1750 mm. This
burial depth is close to the GTA pipeline burial depth, which is
1200 mm. The additional burial depth makes the results of the experi-
ment more conservative. The aluminum material elastic modulus is
measured experimentally in the laboratory as 74 GPa. The support
condition of the pipe specimen in the soil container in the laboratory
can greatly affect the response assessment. The supports can be detailed
to have a rigid, pin, or semi-rigid response. Semi-rigid supports are used
for connecting the pipe to the soil container for better representation of
the boundary conditions of the pipe in the liquefied area. This can be
understood by considering the state of the real pipe and the scaled pipe
in the laboratory during liquefaction. The length of the pipe specimen
that is modelled in the laboratory is 1.61 m, which is representative of
57 m of the actual pipe in the liquefied region. However, the real pipe
extends beyond the liquefied area and is indirectly affected in these
regions as well. This is illustrated in Fig. 13. Modelling the supports as
semi-rigid supports allows for properly capturing the response of the
pipe. Also shown in Fig. 13 (b) and (c) is the pipe support detail that is

used as the semi-rigid support. The support diameter is 12 mm pro-
viding 2 mm of clearance for the 10 mm pipe, which would allow pipe
rotation. In addition, deformable resin material is used in the internal
face of the pipe support to better resemble the real boundary condi-
tions.

The real length of the pipe which response is replicated by the la-
boratory model can be determined by a few trial and errors and fol-
lowing simple mechanics. Three-point loads are applied to the labora-
tory pipe model that is constrained with the semi-rigid supports and the
mid-span displacement is determined. By assuming the total length of
the pipe and determining the mid-span displacements under the applied
loads, using the equations for a fixed-fixed case, one can determine
whether the assumed total length is reasonable or not. Thus, after a few
trial and errors it was determined that the semi-rigid supports are re-
plicating the effect of 0.45 m of pipe that extend beyond the liquefied
area, as shown in Fig. 13(a). Therefore, the total length of the pipe
model in the laboratory is 2 × 0.45 + 1.61 = 2.51 m, which is re-
presentative of a steel pipe with a length of 88 m, given λ = 35. Hence,
the length of the liquefied area is 56 m and the length of the area be-
yond the liquefied region, which is indirectly affected by liquefaction, is
32 m.

Fig. 10. Schematic illustration of soil samples (a) LSP 01–03, and (b) LSP 04–06.

Fig. 11. Shaking table test setup showing experiment LSP 02.

Fig. 12. Arrangement of Strain Gauges at each Instrumented Pipe Section.
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4.2.3. Soil type
The selection of the soil material must be such that liquefaction,

settlement, and lateral spreading occur in the experiment. For such
applications, clean sands with D50 less than 0.5 mm have commonly
been used. For instance, Toyoura sand, in Japan, and Nevada sand, in
US, have been used in most scaled liquefaction experiments.
Firouzkooh 161 (F161) sand, in Iran, has many similar characteristics to
the above-mentioned sands and is, therefore, used in the present study.
The characteristics of the F161 sand is summarized in Table 14. In
addition, the particle size distribution for the F161 sand is shown in
Fig. 14.

4.3. Excitation

Seed and Idriss [26,27] have shown that the effects of an earthquake
can be replicated with an excitation with certain amplitude and number
of cycles. On this basis, Seed and Idriss have proposed a methodology to
replicate the effects of liquefaction caused by an earthquake, by ap-
plying a harmonic excitation to system. The amplitude of the excitation
is to be scaled such that it produces a response that is 65% of the peak
response spectrum caused by the ground motion. The number of cycles
is determined based on the earthquake magnitude [49]. It has been
shown that accumulated strain energies obtained from a real

Fig. 13. (a) Illustration of the pipe liquefied region (b) illustration of the support detailing, (c) As-built pipe support.

Table 14
F161 sand properties.

Density of Particles Maximum Void Ratio
emax

Minimum Void Ratio
emin

D50 (mm) Percentage of Particles passing the No. 200
sieve (%F)

Internal Friction Angle
(ϕ)

Cohesion (C)

2.658 0.943 0.603 0.3 0 37o 0

Fig. 14. Particle size distribution of the F161 sand.
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earthquake excitation and from the uniform excitation method by Seed
and Idriss are similar [50]. The same approach is used for determining
the excitations in the experimental program. The PGA and the number
of cycles are chosen to be representative of the seismological char-
acteristics of the GTA. A schematic illustration of this is shown in
Fig. 15.

4.4. Results

The soil models before and after the experiments are shown in
Fig. 16, for all tests. In all experiments, it is observed that pore waters
reached the soil surface upon completion of the test. This is often ac-
companied with sand boiling. The results are reported with more details
for experiments LSP01 and LSP04. For the other tests, only results that
extensively vary from the reported cases are discussed.

4.4.1. Experiments LSP 01 – LSP 03
Experiments LSP01, LSP02, and LSP03 are performed on soil models

in which the ground surface and the pipe specimens were slopped. It
can be observed that during liquefaction, soil middle layers have un-
dergone lateral spreading and moved horizontally. As such, after the
test the surface is effectively flat. The unliquefied layer has not un-
dergone any lateral spreading and has only experienced vertical
movement, which is caused by the slope failure in liquefaction.

The pipe bending moment and axial strain time-histories are shown
in Fig. 17, for LSP 01. The bending moment and axial strain demands
are maximum at upstream. It can be observed that in all cases, the
bending moment tends to reach a peak value and then reduce during
the response. One reason for this behavior is the fact that after slope
failure the soil medium flows horizontally which reduces the pipe
bending moments. In addition, due to lateral spreading, the height of
soil above the pipe will decrease, which causes the bending moments to
decrease, with the exception that for the downstream region the soil
height above the pipe will increase due to slope failure. Therefore, the
second mechanism counteracts the previous one and the bending mo-
ment at downstream will remain unchanged. It is further observed that
the upstream tensile axial strain is much more significant than other
locations.

The displacement time-histories for ground and the pipe specimen
are shown in Fig. 18 (a). It can be observed that after initiation of
ground excitations, lateral movement of the soil layer starts until
reaching its maximum value. The lateral displacement remains effec-
tively constant after that, with vibrations during the excitation. Ground
settlements decrease by moving from the upstream end to the down-
stream. The reason for this is the lateral movement and settlement in
the soil. At the downstream location, the settlement effects are coun-
teracted by the horizontal flow of the soil due to slope failure. There-
fore, at this location smaller settlements are observed. Selected re-
sponse parameters are plotted in Fig. 18 (b). This is done to recognize
the behavior of the system in terms of different response parameters at
the beginning of the excitation, during liquefaction, and after the ex-
citation is over. It is after liquefaction that the pipe experiences per-
manent axial strains. Tensile axial strains are induced on the pipe in the

upstream region, where towards the center and downstream, the axial
strains are effectively negligible.

In Experiment LSP02, contrary to Experiment LSP01, the bending
moment in the downstream is increased. In this case, the extent of
settlements is less than the increase in the soil height above the pipe,
causing the pipe bending moment at this location to effectively in-
crease. Similar to the previous case, the bending moment at center and
upstream has decreased. Similar to the previous test, upon liquefaction,
the pipe experiences its maximum demands and is not much affected by
the following cycles. All of the observations for experiment LSP 01 hold
for experiment LSP 02 as well. The only difference is that the axial
strains at the center are no longer negligible and have positive values,
representing tension. Further, the pipe experiences negative axial
strains at the downstream end, representing compression.

In experiment LSP 03, the pipe bending moment undergoes reduc-
tions at all three locations, with the downstream bending moment in-
creasing after its reduction. Similar to previous cases, the pipe experi-
ences the lowest bending moment reduction at the downstream location
as the height of soil above the pipe has seen the least amount of re-
duction. Further, the pipe experiences tension at all locations, with the
upstream axial tension being much higher than the center and down-
stream values. All other observations in experiment LSP03 are the same
as those observed in experiments LSP01 and LSP02.

It must be noted that although the pipe experiences compression at
the downstream location, in one case, and tension, in the other two
cases, the general trend of the axial strain is the same in all liquefaction
experiments with sloped ground. In all cases, upstream axial strain is
recorded as tension and is reduced by moving from upstream to
downstream.

4.4.2. Experiments LSP 04 – LSP 06
The pipe bending moment and axial strain time-histories, for ex-

periment LSP 04, are shown in Fig. 19. Ground displacements along
with additional response parameters are presented in Fig. 20 (a) and
(b). It can be observed that the bending moment on the right side of the
pipe do not significantly and stay the same. However, on the left side, a
reduction is observed. By studying the displacement time-histories, it
can be observed that ground displacement on the left side is higher than
the ground displacement on the right side, which is the reason for re-
duction in bending moment at this location. The strain time histories
indicate that the pipe experiences tensile demands on the left side and
at the center. The pipe residual axial strains on the right side are neg-
ligible. However, during ground shaking, the pipe experiences sig-
nificant tensile strains, which must be considered in design applica-
tions. The reason is that the soil experiences lateral movements during
the excitation, which are transferred to the pipe through friction be-
tween the pipe and the soil medium, leading to significant axial de-
mands. Displacement time histories show that the pipe effectively does
not experience much movement. However, soil settlements are ob-
served.

In test LSP 05, the relative density of the soil model is increased to
50% and the input excitation is increased to 0.25 g. After applying the
excitation to the soil sample, the soil did not reach a liquefied state.

Fig. 15. Schematic illustration of the applied excitation.
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This can be observed by looking at the pore water pressure recordings,
in Fig. 21 (a). As can be observed from Fig. 16, the condition of the soil
model is not different prior to and after the test. Bending moment and
axial strain demands are very limited. The pipe experiences limited
flexural demands at the left side and the center, with a bending moment
of roughly 200 N m. Further, a compressive axial strain of 0.01, at the
left side of the pipe, is observed. These demands are very small com-
pared to the demands in previous tests. As expected, ground and pipe
displacements are effectively zero in all directions.

It can be observed that the general trend of the pore water pressure
graphs is different in the case where no liquefaction has taken place. In

cases with liquefaction, the pore water pressure stays constant for some
time and then starts to dissipate. However, in this case, after the ex-
citation pore water pressure decreases rapidly resembling the response
of an unstable equilibrium, similar to the post-buckling response of a
steel brace in compression. In addition, it is observed that the pore
water pressure values at all soil layers are equal. Both of these ob-
servations occur in cases where no liquefaction has taken place.

Since the physical model in experiment LSP 05 did not reach a li-
quefied state, the soil model is subjected to another excitation in ex-
periment LSP 06. A sinusoidal excitation with an acceleration ampli-
tude of 0.5 g, a frequency of 7 Hz, and a total time of 7 s is applied to the

Fig. 16. Condition of the physical soil models before and after the excitations.
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soil model, making a total of 35 cycles. In this experiment, the soil
reached the liquefied state. The pore water pressures for experiment
LSP06 are shown in Fig. 21 (b).

4.4.3. Effects of lateral spreading on pipelines subject to liquefaction
In all three experiments, it is observed that the vertical movement of

the soil layer is greater than that of the pipe specimen. This shows that
in performance assessments of buried pipelines in liquefaction, ap-
plying the ground vertical displacements to the pipe will lead to results
with acceptable conservatism. The same has been done in the present
study for performance assessment of the GTA buried gas pipelines in
liquefaction. PGDs are observed to be proportional to ground surface
slope. This is expected, as higher slopes result in a greater horizontal
component of the gravity load, increasing the extent of lateral
spreading. The observed PGDs are summarized in Table 15 for experi-
ments studying lateral spreading in liquefaction.

The demands on the pipe specimen are measured as axial strains

caused by axial and flexural actions. The maximum absolute axial
strains along the pipe section in each specimen are summarized in
Table 16, along with the maximum absolute residual axial strains. It
must be noted that residual strains, in this case, could exceed the
maximum transient strains that were experienced in the soil layer
during the excitation. The reason is that often the ground movement
will continue even after the end of the excitation.

4.4.4. Effects of settlements on pipelines subject to liquefaction
As was the case in previous experiments, the ground settlements are

observed to be more significant than the vertical displacements induced
in the pipe specimen. As such, applying the ground displacement to the
pipe specimen, as the liquefaction induced demand, will result in a
performance assessment with a reasonable level of conservatism.
Maximum absolute values of measured strains are reported in Table 17,
for experiments LSP 04, 05, and 06.

One of the observations from Table 17 is that the residual strains

Fig. 17. Pipe bending moment and axial strain time-histories for experiment LSP 01.

Fig. 18. Results of experiment LSP01 (a) ground displacement time histories, and (b) Selected response parameters.
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Fig. 19. Pipe bending moment and axial strain time-histories for experiment LSP 04.

Fig. 20. Results of experiment LSP04 (a) ground displacement time histories, and (b) Selected response parameters.

Fig. 21. Pore water pressure time histories, (a) LSP 05 – No liquefaction, and (b) LSP 06 - liquefaction.
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are, almost in all cases, smaller than their corresponding transient va-
lues. Therefore, it can be concluded that although after liquefaction soil
will continue to settle, the post-shaking settlement induced strains do
reach strains that were experienced during the excitation. In other
words, in liquefaction without lateral spreading, the extent of damage
during ground shaking is greater than secondary damage caused by
post-shaking actions. The demands on buried pipelines are dependent
on the input excitation and soil properties. For instance, although the
input excitation is more severe in experiment LSP06, compared to ex-
periment LSP04, higher demands are observed in experiment LSP 04.
The reason is that the soil medium in experiment LSP06 is much denser.

4.5. Baseline model validation

The tests within the experimental program are designed to be re-
presentative of the GTA gas distribution pipelines. For instance, as it is
the case for the GTA gas distribution network, in the physical models,
pipelines were located in the unliquefied soil layer, above the liquefi-
able layers. Therefore, the results of the experimental program can be
used to improve and validate the assumptions in the finite element
models, used in the performance assessment of the GTA buried gas
pipelines. For this purpose, baseline FE models of the pipe specimen in
each experiment are developed. The pipe specimen is representative of
a steel pipe with a diameter of 356 mm, a thickness of 17.8 mm, buried
at a depth of 1750 mm below surface. The total length of the liquefied
area is 52 m, for experiments with lateral spreading, and 60 m, for ex-
periments without lateral spreading. Since, the soil effects are modelled
using nonlinear soil springs, for the finite element models, only the
properties of the soil layer which contains the pipe specimen is re-
quired. In all experiments, the unliquefied soil layer containing the pipe
specimen consists of Sand and Clay with its cohesion (C), friction angle
(ϕ), and density (γ), specified as 25 KPa, 38°, and 18 k/m2, respectively.
Liquefaction induced demands are applied to the pipe specimen as
quasi-static displacements at the end of the soil springs. Ground set-
tlements in the experiments are summarized in Table 18.

Semi-rigid supports are used for the pipe boundary conditions. The
rigidity of the supports are selected to represent the case where the pipe
extends beyond the modelled liquefied region by a quarter of the length
of the modelled liquefied area. Finite element models of the pipe spe-
cimen are developed for experiments LSP 04, 05, and 06. Nonlinear soil
springs are used in the model to capture the soil behavior, as per the
provisions of ALA [37]. A schematic illustration of the pipe FE model is
shown in Fig. 22.

In the present study, experiments LSP01, 02, and 03 are re-
presentative of pipelines susceptible to lateral spreading caused by li-
quefaction. As discussed previously, the studies by JICA, the Osaka gas
company, and research groups in the IIEES showed that the GTA is not

susceptible to lateral spreading [41,44–47]. However, ground settle-
ments are expected in the GTA, in the event of liquefaction. Therefore,
finite element models of experiments LSP 04 and LSP 06 are developed
and verified with experimental results. Experiment LSP05 was omitted
in the FE verification study. The reason is that the soil model, in test LSP
05, did not reach a liquefied state and, therefore, results cannot be used,
objectively. The results from the FE models are summarized and com-
pared to their corresponding values in Table 19.

As can be observed, the results from the numerical models show
slight deviation from the experimental results. The reason is the fact
that in the numerical models, liquefaction demands are applied to the
system as quasi-static displacements as oppose to dynamic excitations.
In addition, in the experimental program it is observed that ground
settlements are always greater than pipe displacements. Therefore, if
one uses the ground displacements to obtain the demands on the pipe,
the analysis will be conservative yet acceptable. This assessment is
consistent with the results observed in Table 18. As can be observed, the
results from the numerical models slightly overestimate the experi-
mental results. This is an acceptable level of precision from a practical
standpoint. Further, the goal of the present study is to assess the per-
formance of a comprehensive database of buried pipeline within the
GTA. For such performance assessments, use of acceptably simplified
assumptions is acceptable to keep the study computationally efficient.
Therefore, the predicted strain values indicate that the boundary con-
ditions are adequately captured by the Winkler model in the FE ap-
proach and the pipe element can adequately predict the performance of
the pipelines. Hence, the simplified decoupled FE model used in the
numerical study, where the PGDs (settlements or lateral deformations
due to liquefaction) were applied as static deformations to the pipe and
spring model is validated.

4.6. Conclusions/counter measures

The performance of the GTA gas distribution pipelines is evaluated
in liquefaction by means detailed FE analyses, in the southeast region of
Tehran. The selected area, which has the highest liquefaction potential
in the GTA, is chosen according to the findings of previous studies
[41,44–47]. The FE analyses include a comprehensive database with
different pipe geometries, sizes, material specifications and boundary
conditions, reflecting the variety of pipes within the GTA gas distribu-
tion network. The study is also accompanied with an experimental
program, which include shaking table tests on 7 scaled soil medium/
pipe specimens. The test setup is designed to be representative of the
geotechnical characteristics of the GTA. Results from the experimental
program are used to verify the FE models used for the performance
assessment of buried pipelines in the southeast of Tehran. The present
study leads to the following conclusions.

1. In experiments accompanied by lateral spreading, it is observed
that the liquefied soil layers had the tendency to move in the
downstream direction. This will cause the surface to become ef-
fectively flat and will induce significant demands on the buried
pipeline.

2. In experiments LSP05 and LSP06 the soil model density is in-
creased, which increases the pore water pressure threshold at
which liquefaction occurred in the soil model. Therefore, the

Table 15
Summary of PGDs for experiments LSP 01, LSP02, and LSP03.

Experiments Ground Slope (%) Laboratory Model PGD Actual PGD

LSP 01 4 29.9 mm 1.05 m
LSP 02 2.5 21.9 mm 0.77 m
LSP 03 1.5 11.3 mm 0.40 m

Table 16
Pipe axial strains for experiments LSP 01, LSP02, and LSP03.

Experiments Upstream Center Downstream

Maximum Transient Maximum Residual Maximum Transient Maximum Residual Maximum Transient Maximum Residual

LSP 01 0.181 0.199 0.110 0.087 0.067 0.035
LSP 02 0.151 0.131 0.135 0.140 0.150 0.101
LSP 03 0.139 0.146 0.111 0.114 0.176 0.117
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resistance of the soil medium to liquefaction is increased by higher
soil density and stronger motions are required to liquefy the soil.
However, even if liquefaction occurrence is prevented by compac-
tion, seismic wave propagation within the soil medium and its in-
teraction with the pipe specimen, leads to demands on the buried
pipeline. Although these demands are generally less significant
compared to liquefaction-induced demands, designers must con-
sider wave-propagation demands in the design of buried pipelines.

3. In the event of liquefaction caused by a major seismic event, the
high-pressure pipelines in the southeast of Tehran are not expected
to undergo any significant damage and pipeline integrity is likely to
be maintained. However, they may exhibit plastic deformations.
Therefore, field inspections and forensic analyses for high-pressure
pipelines are recommended following future seismic event.

4. The occurrence of plastic deformations in the pipelines in the event
of an earthquake is more severe for medium pressure pipes (60ksi)
in the southeast region of Tehran. Further, the performance as-
sessment of pipelines under liquefaction illustrated that small dia-
meter PE pipes are likely to lose their integrity un der liquefaction
in the GTA. This was shown in the numerical study, using both the
ESM and in the FE analyses. The results of the FE analyses can serve
as a stronger basis to identify the extent of damage, as they are
based on strain values.

5. The most effective counter measure to mitigate the risks in lique-
faction is to remove the hazard itself. This can be done by im-
proving the soil and by increasing the underground water levels.

Soil improvements can be done with compaction of the soil layers
or with injection to the soil layer.

6. It is vital that lifeline networks maintain their integrity after seismic
events. This can be ensured by proper design and detailing of the
pipes, use of automatic shutoff valves, and increasing the re-
dundancy of the system by implementation of alternative addi-
tional transmission paths.

7. It is recommended that highly damaged areas in the southeast re-
gion of Tehran, which is selected in the current study, be marked
for urgent post-earthquake measures to check the safety of pipe-
lines. In addition, use of shut-off valves as a retrofitting strategy is
recommended for the pipelines in this region, especially for the PE
pipes.

8. Since currently there is no real-time monitoring system for the GTA
gas distribution network, urgent post-earthquake action and in-
vestigations are necessary to diagnose the disruptions and stop the
flow in damaged pipes. It is further advised to arrange for several
emergency stations for field patrol and post-earthquake counter-
measures in the highlighted areas.

9. The necessity of establishing a real-time monitoring system such as
SCADA, for all types of lifeline systems in Tehran is recognized. The
SCADA must be synchronized with a dense array of seismographs
for real-time monitoring and immediate measures in the event of
earthquakes.

10. As a long-term loss-mitigation strategy, the vulnerable medium
pressure pipelines can be replaced with PE pipes. However, the
most feasible short-term mitigation strategy is the implementation
of the monitoring system and the use of automatic shutoff valves.

Table 17
Pipe axial strains for experiments LSP 04, LSP05, and LSP06.

Experiments Upstream Center Downstream

Maximum Transient Maximum Residual Maximum Transient Maximum Residual Maximum Transient Maximum Residual

LSP 04 0.162 0.038 0.094 0.094 0.137 0.103
LSP 05 0.012 0.005 0.028 0.020 0.031 0.027
LSP 06 0.069 0.031 0.064 0.027 0.070 0.036

Table 18
Summary of ground settlements in the experiments.

Experiment Downstream/Left
Settlements (mm)

Center Settlements
(mm)

Upstream/Right
Settlements (mm)

After
Shaking

At
t = 40 s

After
Shaking

At t = 40 s After
Shaking

At
t = 40 s

LSP01 207 483 560 837 882 1193
LSP02 74 305 550 851 718 991
LSP03 368 630 413 704 438 718
LSP04 266 455 259 445 88 259
LSP05 14 35 49 63 53 53
LSP06 315 389 235 319 140 203

Fig. 22. Schematic Illustration of the FE Model used for Verification of the Numerical Model with Experimental Results.

Table 19
Comparison of the Results from the FE Model vs the Experimental Results for
Experiments LSP 04 and LSP 06.

Experiment Right
Settlement

Center
Settlement

Left Settlement Maximum Pipe Strain

Numerical Physical
Model

LSP04 455 mm 445 mm 259 mm 0.123 0.103
LSP06 389 mm 319 mm 203 mm 0.041 0.036
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