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1. Introduction 
 

Liquefaction is one of the most important effects of an 
earthquake. It has a serious potential affecting both 
superstructures and infrastructures. Therefore, it has always 
been a focal point for some technical researches (Wu et al. 
2018, Sonmezer 2019a,b, Gomez et al. 2019, Sonmezer et 
al. 2020, Kim et al. 2020, Ulker 2020, Isık et al. 2016, 
Ozocak et al. 2014). Any pipeline in liquefaction zone can 
be damaged by soil-pipe interaction and buoyancy effect 
during an earthquake (Nourzadeh et al. 2019). Some 
analysis have been carried out to investigate the 
underground structures- liquefiable soil interaction 
(Castiglia et al. 2018, Chou and Lin 2020, Sudevan et al. 
2020). The other branch of this subject is submarine 
pipelines. These pipelines are usually buried in a shallow 
layer and this layer is usually composed of loose sand. This 
situation can cause to liquefaction, as well (Pisano et al. 
2020). In literature, the pipeline-liquefaction interaction 
problem has been tried to be analyzed using model tests, 
finite element method and analytical approaches (Castiglia 
et al. 2021, Miyamoto et al. 2020, Valetti et al. 2018, 
Castiglia et al. 2020, Papadimitriu et al. 2019, Xia and 
Zhang 2018). In this study, two analytical models have been 
considered to investigate the effects of liquefaction on 
buried pipelines and the results of both cases have been 
examined.  In addition, to mitigate the liquefaction effects 
on buried pipelines some approximations have been 
suggested. 
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Liquefaction occurs when saturated soil loses its shear 

strength. If there is a flat ground, such as the investigated 
region, and surrounding soil of pipeline quickly liquefies, 
the pipeline may uplift due to buoyancy. Hou and Liu 
(1990) have analyzed the pipeline strain caused by 
buoyancy effects, using the finite element method. In 
consequence of this analysis, the uplifting force per unit 
length has been described as follows 

𝑃𝑢𝑝𝑙𝑖𝑓𝑡 =
1

4
𝜋𝐷2(𝛾𝑠𝑜𝑖𝑙 − 𝛾𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑠) − 𝜋𝐷𝑡𝛾𝑝𝑖𝑝𝑒 (1) 

Where D and t are the diameter and thickness of the 

pipe, respectively; γsoil, γcontents and γpipe are the unit weights 

of liquefied soil, pipe contents (oil, gas, water, etc.) and 

pipe material, respectively. 

 

1.1 Regional seismicity 
 
The North Anatolian Fault Line is a very active fault 

line in Turkey. Many significant earthquakes have occurred 

on this line throughout history as shown in figure (Fig. 1). 

1939 Erzincan (M=7.9), 1942 Niksar-Erbaa (M=6.9), 1943 

Tosya-Ladik (M=7.7), 1944 Bolu-Gerede (M=7.5), 1949 

Karlıova (7.1), 1951 Kurşunlu (M=6.9), 1957 Abant 

(M=6.8), 1966 Varto (M=6.9), 1967 Mudurnu Valley 

(M=7.1), 1992 Erzincan (M=6.5), 1999 İzmit (M=7.4), 

1999 Düzce (M=7.2) earthquakes are some examples of 

these historical records. 

The North Anatolian Fault Zone (NAFZ) has two main 

branches in the Marmara Sea as the northern and the 

southern branches (Fig. 2). The northern branch of the 

NAFZ is very close to investigated liquefaction prone area. 

Many destructive earthquakes occurred in the Marmara Sea, 
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Abstract.  Buried pipelines can be classified as continuous and segmented pipelines. These infrastructures can be damaged 

either by ground movement or by seismic wave propagation during an earthquake. Permanent ground deformations (PGD) 

include surface faulting, liquefaction-induced lateral spreading and landslide. Liquefaction is a major problem for both 

superstructures and infrastructures. Buyukcekmece lake zone, which is the studied region in this paper, is a liquefaction prone 
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around 7.5 is expected in this investigated region in Istanbul. It is planned to be constructed a new 12" steel natural gas pipeline 

from one side of the lake to the other side. In this study, this case has been examined in terms of two different support conditions. 

Firstly, it has been defined as a beam in liquefied soil and has built-in supports at both ends. In the other approach, this case has 

been modeled as a beam in liquefied soil and has vertical elastic pinned supports at both ends. These models have been 

examined and some solution proposals have been produced according to the obtained results. In this study, based on this sample, 

it is aimed to determine the behaviors of buried continuous pipelines subject to liquefaction effects in terms of buoyancy. 
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such as 1509 (M=7.6), 1719 (M=7.5), 1754 (M=7.5), 1766 

(M=7.2 and M=7.6), 1894 (M=7.0), 1912 (M=7.4) and 

1999 (M=7.4 and 7.1). Besides, a big earthquake with a 

magnitude between 7.0 and 7.5 is expected on the northern 

branch of NAFZ near the examined region (Fig. 3). 

 
1.2 Regional geology 

 
It is planned to combine the 12-inch steel natural gas 

pipelines available on both sides of Buyukcekmece Lake. 

The lake and its surrounding have weak ground. To 

investigate the ground of this area SK-1 and SK-2 boreholes 

were drilled (Fig. 3). It was observed that the groundwater 

level in both holes was 1.0 meter. The presence of loosely 

coupled fine sand containing fine gravel material was 

 

 

 

 

detected up to 20 meters deep. As a result of the 

investigations, it was determined that this region is sensitive 

to liquefaction under dynamic loads. Therefore, the 

expected earthquake increases the damage risk of the 

buoyancy effect for the hypothetical steel pipeline passed 

one side of the lake to the other side (Yigit 2007). 

 
1.3 Failure criteria of continuous pipelines 
 
Beside the values of strain allowed by manufacturers, 

for buried continuous pipelines under the effects of tension 

or compression, allowed strain criteria in table (Table 1) can 

be generally used, as well (IITK 2007). Where (in Table 1), 

𝜀𝑢 is the failure strain of the pipe in tension;  𝜺𝒄𝒓−𝒄, 𝜺𝒄−𝑃𝐺𝐷  

and  𝜺𝒄−𝑤𝑎𝑣𝑒 have been described as below 

 

Fig. 1 Historical Earthquakes on The North Anatolian Fault Line (IBB 2019) 

 

Fig. 2 The North Anatolian Fault Branches in the Marmara Sea (Yigit et al. 2018) 

 

Fig. 3 The Northern Branch of NAFZ in The Marmara Sea (Map data © 2020 Google) 
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Fig. 4 Definition of Dmin (IITK 2007) 

 
 

𝜀𝑐𝑟−𝑐 = 0.175
𝑡

𝑅
 (2) 

𝜀𝑐𝑟−𝑃𝐺𝐷 = 0.88
𝑡

𝑅
 (3) 

𝜀𝑐𝑟−𝑊𝑎𝑣𝑒 = 0.75 [0.5
𝑡

𝐷′
− 0.0025 + 3000 (

𝑃𝐷

2𝐸𝑡
)

2

] (4) 

𝐷′ =
𝐷

1 −
3
𝐷

(𝐷 − 𝐷𝑚𝑖𝑛)
 (5) 

Where; t, R and D are the thickness, radius and diameter 

of the pipe, respectively. Dmin has been described as in the 

figure (Fig. 4). P is the maximum internal operating 

pressure of the pipe and E is the modulus of elasticity. 

 
1.4 Additional loads on pipelines 

 
Operating pressure, soil (filler) weight, temperature 

change and traffic loads are significant additional effects on 

the buried pipelines. Comparing with the internal pressure 

(Pi=2.0 MPa), soil weight, temperature change and traffic 

loads have been neglected (Yigit 2018).  In the case of thin-

walled pipe under the effects of internal pressure, both hoop 

and longitudinal stress take place in the wall. In open-ended 

tube case (such as buried continuous pipelines) only hoop 

stress happens, longitudinal stress doesn’t occur, as shown 

in Fig. 5. This hoop stress (𝜎𝑇) can be calculated as follows 

𝜎𝑇 =
𝑝𝐷

2𝑡
 (6) 

Where p, D, t are internal pressure, diameter of pipe and  

 

 

Fig. 5 Hoop and Longitudinal Stresses Due to Internal 

Pressure in a Pipe 

 

 

thickness of pipe wall, respectively. Strain caused by this 

stress should be taken into consideration when determining 

the ultimate allowable strain. 

 

 

2. Modeling and solution of the problem 
 

In this study, two main approximations have been taken 

into account. Primarily, the case of rigid pipe-ground 

connection at both edges of a liquefaction zone (to be 

referred as Case-I) has been studied (Fig. 6). Actually, in the 

investigated region, the surroundings of buried pipelines in 

the trench are filled with compacted sand during the 

construction of gas pipelines. Therefore, this case (to be 

referred as Case-II) may require the use of elastic supports 

instead of fixed supports, under the buoyancy forces (Fig. 

7). 
In both cases, it is assumed that the system and the pipe 

material within the elastic limits. 
 
2.1 Examination of case-I 
 
This approximation is valid when support points are 

fixed enough. To ensure this rigidity, special applications 

may be required at the support points. According to this, the 

case of liquefaction-pipeline interaction has been modeled 

as a beam under liquefaction load and has built-in supports 

at both ends as shown in Fig. 6. Depending on this 

approximation, the governing equation has been described 

as follows 

𝐸𝐼𝑣𝐼𝑉(𝑥) = 𝑞(𝑥) (7) 

Where q(x) is a uniformly distributed load described as 

(Eq. (1))and to be referred as Pu. After the solution of this  

Table 1 Allowable Strain Criteria for Buried Continuous Pipelines (IITK 2007) 

Strain Component Pipe Category 
Allowable Strain 

Tension Compression 

Continuous Oil and Gas 

Pipeline 

Ductile Cast Iron Pipe 2% For PGD: Onset of Wrinkling (𝜺𝒄𝒓−𝒄) 

 

For wave propagation:50% to 100% of the Onset of 

Wrinkling (0.5 to 1 𝜺𝒄𝒓−𝒄) 

Steel Pipe 3% 

Polyethylene Pipe 20% 

Bends and Tees of pipe 1% 

Continuous Water Pipeline Steel and iron pipe 0.25𝜀𝑢 or 5% 
𝜺𝒄−𝑃𝐺𝐷 

𝜺𝒄−𝑤𝑎𝑣𝑒  
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governing equation, pipeline displacement (elastic curve) 

function for the investigated case can be obtained as below 

𝑣(𝑥) =
𝑝𝑢𝐿4

24𝐸𝐼
[(

𝑥

𝐿
)

2

− 2 (
𝑥

𝐿
)

3

+ (
𝑥

𝐿
)

4

] (8) 

According to this well-known equation, the maximum 

strain ratio of cross-section of the pipe created by bending 

moment ( 𝜀 =
𝑀

𝐸𝐼
𝑦;  𝑦 =

𝐷

2
)  can be calculated from the 

following equation for the investigated case 

𝜀𝑏 =
𝑃𝑢𝐷𝐿2

24𝐸𝐼
 (9) 

D is the diameter of the pipe and L is the width of the 

liquefied zone. The maximum axial strain, which occurs at 

maximum rotation point x=0.211L, can be obtained as 

follows 

𝜀𝑎 = −1 + √1 + (
𝑃𝑢𝐿3

125𝐸𝐼
)

2

 (10) 

 
2.2 Examination of case-II 

 
In this case, assuming that the connection between the 

filler material (sand) and the pipe is not strong enough as at 

the fixed support, the continuous pipeline on liquefied soil 

foundation has been defined as a beam which has hinged 

supports, which are elastic in the vertical direction, at both 

ends (Fig. 7). Using the governing equation (Eq. (7)), 

pipeline displacement (elastic curve) equation has been 

 

 

 

obtained as below 

𝑣(𝑥) =
𝑝𝑢

24𝐸𝐼
(𝑥4 − 2𝐿𝑥3 + 𝐿3𝑥) + 𝑧 (11) 

Depending on this approximation, the maximum 

bending strain of cross-section of the pipe ( 𝜀𝑏) and the 

maximum axial strain ( 𝜀𝑎) , which occurs at maximum 

rotation point x=0, have been obtained as (Eqs. (12) and 

(13)), respectively. 

𝜀𝑏 =
𝑃𝑢𝐷𝐿2

16𝐸𝐼
 (12) 

𝜀𝑎 = −1 + √1 + (
𝑃𝑢𝐿3

24𝐸𝐼
)

2

 (13) 

Where; z is the maximum vertical displacement of 

elastic support. ASCE (1984) has defined the equivalent 

elastic soil spring coefficients as the ratio of maximum 

resistance divided by half of the maximum elastic 

deformation. According to this, in the case of upward 

direction vertical transverse movement, ASCE guideline 

suggests the following relations for sand 

𝑘𝑤𝑢 =
2𝑞𝑢

𝑧𝑢
 (14) 

𝑞𝑢 = 𝛾̅𝐻𝑁𝑞𝑣𝐷 (15) 

𝑍𝑢 = (0,01 ~ 0,015)𝐻 (16) 

 

 

(a) Pipeline and Liquefied Zone for Case-I (b) Pipe-Soil Interaction Model for Case-I 

Fig. 6 Case-I 

 
 

(a) Pipeline and Liquefied Zone Case-II (b) Pipe-Soil Interaction Model for Case-II 

Fig. 7 Case-II 
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Fig. 8 Nqv for Sand (Trautmann and O’Rourke 1983) 

 

 

kwu and zu to be referred as k and z, respectively. 

Coefficient of H can be used as 0.01 for this study (Yigit 

2015). D is the pipe diameter, 𝛾̅ is the effective unit weight 

of the soil, H is the depth to center-line of the pipeline and 

Nqv is the vertical uplift factor for sand. Nqv is presented as a 

function of the depth over diameter ratio in Fig. 8. 

 

 

3. Application to the studied area 
 
3.1 Regional and material properties 
 
The examined area is a liquefaction prone area. The 

length of the liquefied region, where the hypothetical 

natural gas pipeline will be placed, is 70 meters. The depth 

of the liquefaction zone is about 20 meters (Yigit 2007). 

The directional drilling method is one of the best ways to 

lay a pipeline under such that region. But the depth is very 

high and topography is not appropriate for this method. If 

the pipeline is planned to place through the liquefied zone, 

the effects of the liquefaction have to be thoroughly 

investigated. In this part, these effects have been examined. 

In general, steel pipes (ST), covered by polyethylene, 

are used for natural gas transmission. The steel pipe in the 

investigated region has a 12 inch nominal diameter, 32.38 

cm outer diameter and 0.556 cm thickness. The unit weight 

of the pipe material (steel) is 𝛾𝑝𝑖𝑝𝑒 = 78.5 𝑘𝑁/𝑚3 and the 

unit weight of the natural gas is 𝛾𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑧 = 0.0072 𝑘𝑁/
𝑚3. Elasticity Modulus of steel is about 2x108 kN/m2. 

The depth of the trench changes depending on the 

diameter of the pipe. The depth of the trench changes 

depending on the diameter of the pipe. The depth of the 12 

inch steel pipe axis is H = 1.15 m, in the examined area.  

The surroundings of the buried pipe in the trench are filled 

with compressed sand. The unit weight of the filler sand is   

γ = 15 kN/m3 and the angle of shear strength is φ = 310. 

 

3.2 Solution of the approaches according to regional 
data 

 

To determine the behaviors of buried continuous 

pipeline subject to liquefaction effects according to both  

Table 2 Obtained Strains for the Cases 

Case-I Case-II 

𝜺𝒃 𝜀𝑎 𝜀𝑏 𝜀𝑎 

0.0036 0.0119 0.0056 0.2838 

 

Table 3 Ultimate Allowable Strains 

Bending, 𝜺𝒄𝒓 Tension, 𝜺𝒂𝑻 

0.00571 0.02972 

 

 

approaches of this study, first of all, the uplifting force per 

unit length must be calculated. Depending on the materials 

properties, this force has been obtained from (Eq. (1)) as 

𝑃𝑢 = 0.793 𝑘𝑁/𝑚. For Case-I and Case-II, the maximum 

strains have been obtained as shown in Table 2. 
The maximum bending and axial strain for the beam 

with fixed supports (Case-I) have been obtained as 0.0036 

(from Eq. (9)) and 0.0119 (from Eq. (10)), respectively. For 

Case-II (the beam with vertical elastic pinned supports), the 

maximum bending strain has been obtained as 0.0056 (from 

Eq. (12)) and the maximum axial strain has been calculated 

as 0.2838 (from Eq. (13)). 

 

 

4. Results 
 

This problem should be examined in terms of the 

maximum strains and the maximum deflection of pipeline. 

In addition to not exceeding the material strength, the 

pipeline should not have a displacement in the upward 

direction more than the burial depth. Therefore, the 

maximum displacements of the models (Case-I and Case-II) 

are important for the safety of the pipelines. The allowable 

strain and displacement are upper limits for these 

approaches. 

Local buckling is one of the most important limits for 

the strain ratio of pipe. The bending strain should be 

compared with this rate. Wrinkling limit has been described 

as (Eq. (2).) Depending on this equation, the local buckling 

limit has been calculated as 0.00601 for the studied pipe. 

Besides, for continuous oil and gas steel pipeline the 

allowable tensile strain is 3% as shown in Table 1. The axial 

strains should be compared with this limit. However, while 
making these comparisons, strain rates due to internal 

pressure mentioned as an operational strain should be 

deducted from these limits. Assuming that the pipe material 

is within the elastic limits, the operational strain due to the 

internal pressure has been obtained as 0.0003 from Equ.6. 

According to this, the ultimate allowable strains have been 

calculated as shown in Table 3 for the investigated pipeline. 
Comparing Table 2 with Table 3, the bending and the 

axial strains are below the allowable values for Case-I. 
However, in Case-II, bending strain is very close to the 
limit and the strain due to tension exceeds too much the 
ultimate allowable axial strain, it is about ten times the 
allowable value. According to these outcomes, it can be 
concluded that the fixed support model is more appropriate 
than the pinned support model. Therefore, this suitable 
approximation should be applied. 
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Table 4 Theoretical Deflections of Beams 

𝜹𝑰 (m) 𝜹𝑰𝑰 (m) Hc (m) 

3.5 17.6 1.0 

 

Table 5 Critical Widths 

Case-I, 

𝑳𝒄𝒓−𝑰 (m) 

Case-II,  

𝑳𝒄𝒓−𝑰𝑰 (m) 
L (m) 

39 26 70 

 

 

On the other hand, the pipeline maximum theoretical 

upward displacement must be less than the depth of the 

pipe. The hypothetical beam deflection has been calculated 

from (Eqs. (17) and (18)) for Case-I and Case-II, 

respectively (Table 4). 

𝛿𝐼 =
𝑃𝑢𝐿4

384𝐸𝐼
 (17) 

𝛿𝐼𝐼 =
5𝑃𝑢𝐿4

384𝐸𝐼
+ 𝑍𝑢 (18) 

It is understood from these equations that δII 

approximately five times bigger than δI. Zu calculated from 

Equ.16 as 0.01x1.15=0.0115 meter (H = 1.15). The depth 

from the top of the pipe to the ground surface (Hc) is about 

1.0 meter for investigated case. Considering this value, it 

can be said that both deflections exceed too much 

(especially δıı) the burial depth of the pipeline. 

Taking as δII=Hc, the maximum width of the liquefied 

zone can be predicted as (Eq. (19)) for Case-II. For Case-I, 

this value has been approximately estimated as L_(cr-

I)=1.5L_(cr-II) . Critical depth Hcr can be calculated from 

Equ.20. Where; I_p is the importance factor and it can be 

taken as 2.6 according to IITK (2007). However, it should 

be suggested as Ip=3.0 for the liquefied region 

𝐿𝑐𝑟−𝐼𝐼 = 3 (√
𝐸𝐼𝐻𝑐𝑟

𝑃𝑢

4

) (19) 

𝐻𝑐𝑟 =
𝐻𝑐

𝐼𝑝
 (20) 

Under the conditions of the investigated region, 𝐿𝑐𝑟−𝐼𝐼 

and 𝐿𝑐𝑟−𝐼  have been calculated as 26 meters and 39 meters, 

respectively. According to these values, the liquefied zone 

width (70 meters) is much more than the critical widths 

(Table 5). 

Besides, according to the deflection of the beam, 

another main subject for Case-II is whether the elasto-

plastic soil springs are under the limits or not. This issue 

should be checked depending on the shear force at the 

supports as the maximum shear force occurs at those 

vertical elastic points. Therefore, Z has been described as 

the displacement of this support under the uniformly 

distributed load (Eq. (21)). 

𝑍 =
𝑃𝑢𝐿

2𝑘𝑤𝑢
 (21) 

 

Fig. 9 Example for Alternative Suggestion 

 

 

Fig. 10 Implemented Project 

 

 

This parameter has been calculated for the examined 

area as 0.0095 meter and it has been seen that Z=0.0095 <  

Zu=0.0115. Depending on this comparison, it can be said 

that the model (Case-II) is within the elastic limits. 

According to these results mentioned above, the 

application of Case-I is more convenient than the 

application of Case-II.  However, both approximations have 

some failures and thus, it needs to be found another solution 

for the transition of the steel natural gas pipeline throughout 

the investigated liquefied prone area. Considering this 

situation, two projects have been designed that will bypass 

the effects of expected Big Istanbul Earthquake. The first 

suggestion has been designed as adjacent to the existing 

structure (bridge). Besides, as a separate structure, of which 

an example has been shown in Fig. 9, from the present 

bridge an alternative project has been recommended. Since 

the first proposal was less costly than the second proposal, 

it has been preferred and implemented as shown in Fig. 10. 
 
 

5. Conclusions 
 
It is important to avoid from seismically risky areas 

when designing buried pipelines in order not to be exposed 
to earthquake effects such as liquefaction. Directional 
drilling method is one of the best applications; if it can be 
implemented. When a buried pipeline is planned to be 
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placed in a zone with liquefaction risk, it should be 
conveniently restrained via additional applications at both 
sides of this zone so that the pipeline in liquefied area will 
be as a beam that has fixed supports at both ends. This static 
model gives more suitable results such as less strain and 
deflection. The great uplift displacement of submarine 
pipelines or the large deflection of pipelines in liquefied soil 
is not a desirable case. This failure situation should be 
controlled depending on the burial depth of pipe and/or 
critical length of pipe in liquefied zone. On the other hand, 
bypassing any risky area such as liquefied region via a 
structure such as bridge is one of the most certain solutions 
for pipelines. 

This paper submits a good solution when the problem 

remains within the elastic limit. However, beyond the 

elastic limit cases can be examined in the future studies. 
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