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1. Introduction 
 

Infrastructure safety is one of the most important subject 

of structural engineering (Apak et al. 2022). Buried 

pipelines, which are one of the main members of 

infrastructures, can be damaged by an earthquake due to 

permanent ground deformation (PGD), seismic wave 

propagation (SWP) or pipeline-fault line intersection (Xie et 

al. 2021, Castiglia et al. 2018, Wang et al. 2020, Yoon et al. 

2020, Zhang et al. 2020). The subject of seismic hazards on 

segmented pipelines is one of the significant branches of 

lifeline safety. Some essential analysis have been caried out 

on behaviours of segmented pipeline subject to earthquake 

effects ( Wham et al. 2017, Wham and Davis 2019, Wijaya 

et al. 2019, Banushi and Wham 2021, Londono and 

O’Rourke 2019, Toprak et al. 2019, O’Rourke and Londono 

2016, Toprak et al. 2015, Shi 2015a). In this paper, because 

there is no pipeline-fault line intersection case in 

investigated region, the vulnerability of the segmented 

pipelines has been examined in terms of the PGD and SWP.  

The finite element method is generally used to solve 

such problems, but in this study, besides investigating the 

regional situation, it is also aimed to obtain easy and useful 

equations that can be used in practice to predict the 

earthquake effects on these pipelines. Therefore, depending 

on the elastic beam theory, a new analytical approach has 

been developed to be able to calculate the earthquake 

effects on buried segmented pipelines. In this paper, firstly 

permanent ground deformation (PGD) has been described. 

Then, the calculation of amount of PGD has been 

explained, since it is one of the most important parameters 

of this problem. The case of soil-pipe interaction has been 
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investigated because this interaction causes frictional forces 

at the pipe-soil interface. Depends on elastic beam theory 

mathematical models have been created and solved. As a 

result, according to regional geology, seismicity and pipe 

material necessary analysis have been carried out and the 

results have been examined. 

 

1.1 Permanent Ground Deformation (PGD) 
 
In general, PGD types are defined as surface faulting, 

landsliding, seismic settlement and lateral spreading due to 

liquefaction. Since the investigated region is a landslide-

prone area, in this article, landslide risk has been taken into 

consideration. The damage potential of PGD on pipeline 

systems is closely related to the amount of ground 

displacement. Beside new programming technologies 

(Nanehkaran et al. 2021) and machine learning models (Liu 

et al. 2021), Newmark Sliding Block Model is frequently 

used to predict earthquake-induced ground displacement. 

 

1.2 Amount of PGD according to Newmark Method 
 

According to the Newmark Method ground 

displacement can be estimated based on the strong ground 

motion records (Fig. 1). In this approximation, ground 

described as a slippery block and it is assumed that this 

block has a critical acceleration (ac) level that moves the 

block. According to Fig. 1, the block has critical 

acceleration level of 0.2 g and it doesn’t slide before the X 

point because the acceleration values of previous points 

from X are less than the critical acceleration level. After the 

X point, the velocity-time graph is obtained by integrating 

the acceleration-time record that exceeds the ac level over 

time. Before the Y point, the velocity increases and after 

this point, even though the acceleration value decreases, the 

motion of the block continues due to its inertia. The 

movement stops at point Z. This process is repeated at all  
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other parts of the strong ground motion record where the 

acceleration value is over the critical acceleration level. As 

a result, the total movement of the block is obtained. 

In literature, depends on this approximation some 

regression equations have been suggested to predict the 

earthquake-induced slope displacement (Ambraseys and 

Menu 1988, Jibson 1993, Jibson 1998, Jibson 2007, Hsieh 

and Lee 2011, Yigit  2020, 2021).  To calculate Newmark 

Displacement, a regression equation commonly used in 

literature has been suggested by Jibson et al. (1998) as 

follows (Eq. (1)) 

𝑙𝑜𝑔𝛿 = 1.521𝑙𝑜𝑔𝐼𝑎 − 1.993𝑙𝑜𝑔𝑎𝑐 − 1.546 ± 0.375 (1) 

Where displacement (δ) is in cm, the critical 

acceleration (ac) is in g and Arias intensity (Ia) is in m/s. To 

calculate Arias Intensity (m/s), Wilson and Keefer (1983) 

have suggested Eq. (2) depending on earthquake moment 

magnitude (M) and earthquake source distance (R, km) 

𝑙𝑜𝑔𝐼𝑎 = 𝑀 − 2𝑙𝑜𝑔𝑅 − 4.1 (2) 

The critical acceleration (ac) that triggers the movement 

of a slope has been described as Eq. (3) by Siyahi et al. 

(2003) 

𝑎𝑐 = 𝑔 [
𝑐

𝛾ℎ
+ cos 𝛼 . tan ∅ − sin 𝛼] (3) 

Ø is the effective friction angle, c is the effective 

cohesion, α is the slope angle, γ is the material unit weight, 

h is the slope-normal thickness of failure slab. 

PGD, which can occur with seismic activity, is generally 

considered in two categories as spatially distributed and 

localized abrupt PGD. Abrupt permanent ground 

deformation has the same properties with a pipe-fault 900 

angle crossing case (Fig. 2(b)). Spatially distributed PGD 

has been characterized by the width (W) and the amount of 

ground displacement (δ) as shown in the following figure 

(Fig. 2(a)).  

O’Rourke (1989) has suggested the following equation 

 

  
(a) Spatially distributed (b) Localized abrupt 

Fig. 2 Transverse PGD types (O’Rourke 1989) 

 

 

for spatially distributed transverse PGD 

𝑦(𝑥) =
𝛿

2
(1 − cos

2𝜋𝑥

𝑊
) (4) 

 
1.3 Seismic Wave Propagation (SWP) 
 
Although PGD damages the pipeline locally, seismic 

wave propagation affects the entire pipeline system. 

However, PGD is more devastating than SWP. Seismic 

wave propagation hazards may occur because of strain and 

curvature of the ground due to traveling wave effects. SWP 

has been characterized by the wavelength, λ, and the wave 

amplitude, 𝛿̅  (Fig. 3). Ground displacement has been 

explained as Ux(x) for longitudinal direction and Uy(x) for 

perpendicular direction. For strike-slip fault, Gregor (1995) 

has suggested an equation as Eq. (5) to calculate the seismic 

wave amplitude depending on the shortest distance to the 

fault line, R (km) and magnitude of the earthquake (M). Vs 

is the shear wave propagation velocity, T is the ground-

period and Ø is the angle between the wave propagation 

direction and the pipeline axis (Yigit et al. 2018). 

𝑙𝑜𝑔𝛿̅ = −5.0 + 1.02𝑀 − 0.87𝑙𝑜𝑔𝑅 (5) 

𝜆 = 𝑉𝑠 𝑇 (6) 
 

 

 

 

 

 

 (a) Newmark sliding block model (b) Newmark analysis  

Fig. 1 Newmark Method (Newmark1965) 
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𝑢𝑥(𝑥) = 𝛿̅ sin ∅ sin (
2𝜋𝑥

𝜆
cos ∅) (7) 

𝑢𝑦(𝑥) = 𝛿̅ cos ∅ sin (
2𝜋𝑥

𝜆
cos ∅) (8) 

 
1.4 Reaction of pipelines to PGD 

 
In literature, many studies have been carried out to 

determine the reaction of pipelines to PGD. This problem is 

usually solved in two parts as transverse and longitudinal 

PGD case. Yigit et al. (2018) have described the problem as 

a beam on elastic soil foundation with built-in supports at 

both ends. According to spatially distributed ground 

displacement (Eq. (4)) pipeline displacement function has 

been obtained as below for transverse PGD case 

𝑣(𝑥) =
𝛿

2
(1 − 𝑒−𝛽𝑣𝑥 cos 𝛽𝑣𝑥) (9) 

The maximum strain due to axial force and bending 

moment (respectively 𝜀𝑎𝑡  and 𝜀𝑏 ) have been defined as 

follows for continuous pipelines 

𝜀𝑎𝑡 = −1 + √1 +
𝛽𝑣

2𝛿2

4
  (10) 

𝜀𝑏 =
𝛿𝛽𝑣

2𝑒
−𝜋
4

√2

𝐷

2
  (11) 

D is the outside diameter of the pipe, δ is the ground 

displacement and it can be obtained from Eq. (1). 

𝛽𝑣 = √
𝑘𝑣

4𝐸𝐼

4
  (12) 

kv is the transverse equivalent elastic soil spring 

coefficient. In the same study, the maximum strain caused 

by the longitudinal PGD has been described for continuous 

pipelines as follows (Yigit et al. 2018) 

 

 

𝜀𝑎𝑙 = 𝛽𝑢√
𝑥𝑢𝛿

2
  (13) 

𝛽𝑢 = √
𝑘𝑢

𝐸𝐴
  (14) 

Where ku is the longitudinal equivalent elastic soil 

spring coefficient, xu is the maximum elastic longitudinal 

deformation of equivalent elastic soil spring and δ is the 

ground displacement. 

 
1.5 Reaction of pipelines to SWP 

 
In the case of SWP (Fig. 3), it has been assumed that the 

pipeline moves with the ground and the displacement 

remains in elastic limit due to the wave amplitude is much 

smaller than the wave length. Depending on the above 

equations (Eqs. (7) and (8)), the maximum axial strains 

(𝜀𝑎𝑢 , 𝜀𝑎𝑣) and bending strain (𝜀𝑏) have been suggested for 

continuous pipelines as below 

𝜀𝑎𝑢 =
𝜋𝛿

𝜆
 (15) 

𝜀𝑎𝑣 = 2𝜋2
(𝛿)

2

𝜆2
 (16) 

𝜀𝑏 = 2
𝛿𝜋2

𝜆2
𝐷 (17) 

D is the outside diameter of the pipe,  𝛿  is the wave 

amplitude and λ is the wave length. 

 
1.6 Failure criteria of segmented pipelines and 

importance factor 
 

The joint displacement of the segmented pipeline should 

be less than the allowable joint opening. Besides, as a  

 

Fig. 3 Seismic wave propagation (Yigit et al. 2018) 
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Table 1 Importance factor for different classes of pipeline 

(Ip) 

Class of 

pipeline 

Wave 

propagation 
Faulting 

Transverse and 

Longitudinal PGD 
Landslide 

I 1.5 2.3 1.5 2.6 

II 1.25 1.5 1.35 1.6 

III 1.0 1.0 1.0 1.0 

IV Seismic conditions needn’t be considered 

 

 

general approach, it is assumed that the tolerable relative 

joint opening of the segmented pipeline is approximately 

half of the total joint depth (O’Rourke and Liu 1999). 

The amount of design seismic hazard for any pipeline 

classes may be obtained by multiplying the importance 

factor (Ip). This factor has been described by The Indian 

Institute of Technology Kanpur (IITK 2007) as in Table 1 

according to failure cases (IITK 2007). 

Class-I includes very essential water pipelines and high 

pressure (≥10 kgf/cm2) oil and gas pipelines. Class-II is 

expressed as critical water pipelines and medium pressure 

(between 3 kgf/cm2 and 10 kgf/cm2) oil and gas pipelines. 

Class-III contains the water supply pipelines for ordinary 

use and low pressure (≤3 kgf/cm2) oil and gas pipelines. 

Class-IV is described as low or very little importance water 

pipelines (IITK 2007). 

 
1.7 Additional strain 

 
Buried pipelines may have additional strain due to soil 

(filler) weight, traffic load, temperature change and 

operating pressure. All of these additional effects should be 

considered in terms of the seismic analyses of buried 

pipelines. However, in this study, since the segmented 

(sewage or stormwater) pipelines examined have no inner 

pressure, the operating pressure and water-hammer effects 

have not been taken into account. 

 

1.7.1 Additional strain due to soil (Filler) weight 
External pressure due to soil (filler) weight can be 

calculated as below 

𝑃0 = 𝛾𝐻
1 + 𝑘0

2
 (18) 

 

 

Where H is the depth to center-line of the pipeline 𝛾 is 

the unit weight of soil (filler), ko is the coefficient of lateral 

soil pressure at rest. Due to backfilling and compaction of 

the soil around buried pipelines, O’Rourke et al. (1985) has 

recommend that ko=1.0 (O’Rourke et al. 1985). 

 
1.7.2 Traffic load 
The soil pressure (Wt) caused by the traffic load can be 

calculated using the Boussinesq method as follows 

𝑊𝑡 = 𝐹𝛼𝑃 (19) 

F is the effect coefficient (can be taken as 1.5), α is the 

Boussinesq coefficient that described in the figure (Fig. 4), 

P is the wheel load and for heavy traffic this value can be 

taken as 10.000 kgf (Turkdogan and Yetilmezsoy 2004). 

 
1.7.3 Temperature change 
Soil surface temperature can change significantly at 

different times of a day. If this change affects the depth of 

the soil and reaches the buried pipeline, this effect must be 

taken into consideration, as well. On the other hand, 

sometimes buried pipelines may have different temperature 

values before and after the commissioning. This 

temperature change causes additional stresses, deformations 

and strains in the pipelines. All of these effects can be 

calculated using the following known equation 

𝜀𝑡 = 𝛼(𝑇2 − 𝑇1) (20) 

Where α is the coefficient of thermal expansion, ∆𝑇 =
𝑇2 − 𝑇1 is the temperature difference and 𝜀𝑡is the strain due 

to temperature change. 

 

 
2. Regional geology and seismicity  
 

The investigated region is located on the Shore of the 

Marmara Sea in Southern Istanbul (Fig. 5). In this 

landslide-prone area Gurpinar and Cukurcesme soil 

formations are predominant. Critical acceleration (ac) 

values for Cukurcesme formation range between 0.20 g-

0.55 g and for Gurpinar formation are in between 0.6 g-0.8 

g. Besides, it is understood from the previous surveys  

 

Fig. 4 α Coefficient (Turkdogan and Yetilmezsoy 2004) 
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that some inclined areas have slope angles up to 40° (Merka 

2006). On the other hand, the smallest wavelength in this 

region has been obtained as 90 m (Gedikli et al. 2008). 

North Anatolian Fault Zone (NAFZ) is an active strike-

slip fault line that runs south of Istanbul, throughout 

Marmara Sea (Fig. 4). The distance between the examined 

area and the fault line is approximately R=9.0 km and a 

major earthquake is expected with a Richter moment 

magnitude of about 7.5.  

 
 
3. Characteristics of segmented pipelines in the 
region 
 

Segmented pipelines generally use for the construction 

of sewage and/or stormwater networks. These systems have 

no inner pressure and flow occurs due to the inclination of 

the segmented pipeline networks. Therefore, depending on 

this inclination, the depth of the buried segmented pipelines 

is variable.  Investigations have been carried out on the 

concrete pipeline widely used in the region and whose 

characteristics are given in the table (Table 2). 

The pipelines have been constructed with concrete 

cylinder pipes with rubber gasketed joints. Therefore, pipe 

material is concrete and the properties of the investigated 

segmented pipe widely used in this region are as in Table 2.  

It is determined that the trench, and hence the surround 

of the pipe, has been filled with crushed stone (γ=1800 

kgf/m3, Ø =36°). It means that the filler-pipe interface is 

concrete and the filler is cohesionless material (c=0).  

 

 
4. Solution 
 

Buried pipelines have been the main subject of many 

studies. Some of them have examined the fault line-pipeline 

intersection issue, some of them have investigated the 

pipeline-soil interaction, and some of them have focused on 

seismic wave propagation-pipeline interaction.  

 

 

 

Some research methods are analytical while others are 

numerical or experimental (Yun and Kyriakides 1990, 
Vazouras et al. 2010, Vazouras et al. 2012, Vazouras et al. 

2015, Mina et al. 2020, Triantafyllaki et al. 2020, Forcellini 

et al. 2020, Alexoudi e al. 2007,  Shi 2015b, Wang 1979, 

O’Rourke and Bouabid 1996, El Hmadi and O’Rourke 

1990, Bouabid 1995). In this study, as in the mentioned 

approach (section 1.3), the behavior of segmented buried 

pipeline subject to permanent ground deformation (PGD) 

has been examined as two parts, as well. According to 

transverse and longitudinal PGD cases, solutions have been 

obtained as explained in section 4.1. The fault line-pipeline 

intersection case has not been studied since there is no fault 

line-pipeline intersection in this investigated area. On the 

other hand, the seismic wave propagation case has been 

examined as another problem in section 4.2 for segmented 

pipelines. 

 

4.1 Response of segmented pipelines to PGD 
 
Similar to the response of continuous pipelines, for the 

determination of the behavior of segmented pipelines the 

amount of permanent ground movement has a decisive role. 

Depending on this deformation, to obtain the response of 

the segmented pipelines to PGD, the problem has been 

described as a beam on elastic soil foundation with built-in 

supports at both ends and hinges at joints (Fig. 5). 

Therefore, two main conditions arise as transverse and 

longitudinal PGD effects. 

 
4.1.1 Transverse permanent ground deformation 

case 
Assuming that the pipe material remains within the 

elastic boundary, elastic beam theory has been applied as 

described in the figure (Fig. 6). 

According to this approximation, the total maximum 

opening at one side of a joint is the sum of the axial pull-out 

plus rotation effect. When Eq. (9) is considered, it is 

understood that the largest rotation (Eq. (21)) and axial  

 

Fig. 5 Investigated region and North Anatolian fault (Yigit et al. 2018) 

Table 2 Properties of the investigated pipe and pipeline 

Concrete 

Pipe 

Outside Diameter 

(mm) 

Pipe Length, 

L0 (mm) 

Wall Thickness, 

t (mm) 

Joint Depth, 

d (mm) 

Compressive Design 

Strength (kN/cm2) 
Depth, H (cm) 

Ø300 400 1580 50 80 2.0 450 
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extension (Eq. (10)) occur at x=0.  

𝜃 =
𝛽𝑣𝛿

2
 (21) 

Depending on this equation (Eq. (21)), the maximum 

opening due to rotation has been obtained as below 

∆𝑑𝑟 =
𝛽𝑣𝛿

2
𝐷 (22) 

The maximum pull-out of the joint at x=0 is as Eq. (23) 

∆𝑑𝑎𝑡 = 𝜀𝑎𝑡𝑙0 (23) 

At the end of the sum of Eq. (22) and Eq. (23), the total 

maximum opening of the joint (for x=0) has been obtained 

as follows 

The maximum total opening of the joint must be less 

than the allowable joint extension. Where D is the outside 

diameter of the pipe, 𝑙0 is the length of a pipe segment, 𝛿 is 

the ground displacement, 𝜀𝑎𝑡  is the maximum axial strain 

due to transverse PGD case (Eq. (10)) and 𝛽𝑣 is explained 

as Eq. (12). Assuming that equivalent soil springs remain 

elastic, coefficient of soil spring (kv) can be described as 

follows (ASCE 1984) 

𝑘𝑣 =
2𝑝𝑢

𝑦𝑢
 (25) 

For cohesionless soil (filler) 

𝑃𝑢 =  𝛾̅𝐻𝑁𝑞ℎ𝐷   (26) 

𝑦𝑢 =

{

(0.07~0.10)(𝐻 + 𝐷/2)                               𝑙𝑜𝑜𝑠𝑒
  (0.03~0.05)(𝐻 + 𝐷/2)                          𝑚𝑒𝑑𝑖𝑢𝑚

(0.02~0.03)(𝐻 + 𝐷/2)                            𝑑𝑒𝑛𝑠𝑒
}  

(27) 

Where Nqh is the horizontal bearing capacity of the filler 

material, D is the outside diameter of the pipe; H is the 

depth to center-line of the pipe and 𝛾̅ is the effective unit 

weight of the soil (filler). 

 
4.1.2 Longitudinal permanent ground deformation 

case 
This problem can be described as a beam on elastic soil 

foundation with built-in supports at both ends (Fig. 7). 

Besides, this beam has axial load due to the effects of 

 

Table 3 k0 Values (Yigit 2015) 

Soil k0 

Loose 0.5-0.6 

Dense 0.3-0.5 

Clay (Drained) 0.5-0.6 

Clay (undrained) 0.8-1.1 

Compacted 1.0-1.3 

 

Table 4 k Values (Yigit 2015) 

Outer Surface of Pipe k 

Concrete 1.0 

Tar 0.9 

Stiff Steel 0.8 

Smooth Steel 0.7 

Epoxy 0.6 

Polythene 0.6 

 

 

longitudinal ground displacement. Under these 

circumstances, the maximum axial opening occurs at x=0 

and the amount of this extension can be explained as below 

∆𝑑𝑎𝑙 = 𝜀𝑎𝑙𝑙0 (28) 

The parameters that 𝜀𝑎𝑙  (Eq. (13)) is dependent on can 

be defined as follows 

𝑘𝑢 =
2𝑡𝑢

𝑥𝑢
 (29) 

For cohesionless soil (filler) 

𝑡𝑢 =
𝜋

2
𝐷𝛾̅𝐻(1 + 𝑘0) tan(𝑘∅) (30) 

Where D is the pipe outside diameter, 𝛾̅ is the effective 

unit weight of the soil (filler), H is the depth to center-line 

of the pipeline, Ø  is the angle of shear resistance of the 

filler, k0 is the coefficient of lateral soil pressure at rest and 

k is the reduction factor depending on the outer-surface 

characteristics of the pipe. k0 can be obtained from Eq. (31) 

or Table 3 and k is defined as below (Table 4). 

𝑘0 = 1 − sin∅ (31) 

The maximum axial elastic deformation of equivalent 

elastic soil spring, xu has been described as in the table 

(Table 5). 

On the other hand, at the compression site concrete  

 

Fig. 6 Transverse PGD case model 

∆𝑑𝑡 = ∆𝑑𝑟 + ∆𝑑𝑎𝑡 (24) 
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Table 5 Xu Displacement (×10-3m) (Yigit 2015) 

 Lose Medium Dense 

Sand 5 4 3 

Clay 10 9 8 

 

 

pipes can be damaged by compression force at joint. The 

maximum compressive stress at the joint subjected to 

maximum pressure stress can be calculated as Eq. (32) 

𝜎 =
𝑡𝑢𝐿

2𝐴𝑝𝑖𝑝𝑒
 (32) 

𝐴𝑝𝑖𝑝𝑒 is the pipe cross-section area and L is the length of 

the PGD zone. This value (σ) should not exceed the safety 

limit of the material. 

 
4.2 Response of segmented pipelines to SWP 

 
Ground displacement due to seismic wave propagation 

has been explained as two parts (section 1.2). For the 

perpendicular component, the total maximum opening of 

the joint can be explained as the sum of the axial pull-out 

and the rotation effect. In this situation (perpendicular 

direction case), the maximum axial opening occurs at x=0 

and it can be defined as follows 

∆𝑑𝑎𝑣 = 𝜀𝑎𝑣𝑙0 (33) 

Besides; the largest rotation occurs at this point (x=0) 

for Ø =0 (Fig. 2) and it can be described as the following 

equation 

𝜃𝑟𝑣 = 2𝜋
𝛿

𝜆
 (34) 

The maximum opening due to rotation has been 

obtained as below 

∆𝑑𝑟𝑣 = 𝐷𝜃𝑟𝑣 (35) 

According to perpendicular direction case, the total pull-

out can be calculated from Eq. (36) 

∆𝑑𝑣𝑡 = ∆𝑑𝑎𝑣 + ∆𝑑𝑟𝑣 (36) 

On the other hand, for the longitudinal direction (axial 

component) the maximum axial extension occurs at x=0 and 

it has been defined as follows 

∆𝑑𝑎𝑢 = 𝜀𝑎𝑢𝑙0 (37) 

 

 

Fig. 8 δ-ac Relation for Cukurcesme formation 

 

 

Fig. 9 δ-ac Relation for Gurpinar formation 

 
 
5. Analyses and results 
 

5.1 Determination of amount of PGD 
 
According to Eq. (1), ground displacement due to an 

earthquake can be calculated depending on the logarithmic 

values of Arias Intensity and critical acceleration. 

Considering the expected Istanbul Earthquake (M=7.5 and 

R=9 km, Fig. 4), Arias Intensity has been calculated from 

Eq. (2) as log 𝐼𝑎 = 1.492 m/s for the investigated region. 

Besides; for this area, the critical acceleration values of 

Cukurcesme and Gurpinar ground formations are between 

0.22 g-0.53 g and 0.57 g-0.81 g, respectively (Siyahi et al. 

2003). Based on these data, for log 𝐼𝑎value of 1.492 m/s, the 

relationship between critical acceleration (ac) and ground 

displacement (δ) has been obtained for each examined 

formation (Figs. 8 and 9). 
When the above figures are examined, it can be seen 

that Cukurcesme formation gives more ground 

displacement than Gurpinar formation. Therefore, 

considering Cukurcesme formation zone which has slope  

 

Fig. 7 Longitudinal PGD case model 
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Fig. 10 Slope angle-ac relation for Cukurcesme formation 

(Siyahi et al. 2003) 

 

Table 6 Results for transverse PGD case 

Transverse 

PGD Case 

yu (m) 0.135 

γ  (kN/m3) 18 

Nqh (Ø =360) 22 

Pu (kN/m) 681.12 

kv (kN/m2) 10,091 

E  (kN/m2) 32,000,000 

βv (1/m) 0.550 

δ (m) 0.35 

Ip-PGD  (Class-II) 1.35 

δdesign (m) 0.47 

εat 0.008 

∆dat (cm) 1.3 

∆dr  (cm) 5.2 

∆dt  (cm) 6.5 

 

Table 7 Results for longitudinal PGD case 

Longitudinal PGD 

Case 

xu  (m) 0.004 

tu (kN/m)  (Ø =36°) 52.22 

ku (kN/m2) 26,108 

βu (1/m) 0.122 

δ (m) 0.35 

Ip-PGD  (Class-II) 1.35 

δdesign (m) 0.47 

εal 0.004 

∆dal (cm) 0.6 

 

 

angles up to 40°, the critical acceleration has been obtained 

as 0.39 g as shown in Fig. 10.  

For the critical value of 0.39 g and log 𝐼𝑎value of 1.492 

m/s, ground displacement has been calculated from Eq. (1) 

as δ=35 cm. On the other hand, considering Eq. (5), the 

wave amplitude, 𝛿̅ , has been calculated as 66 cm.   

 
5.2 Analyses of the segmented pipelines subject to 

PGD and SWP 
 
Calculations have shown that additional deformations 

due to traffic load, temperature change and soil pressure are 

negligible for the investigated case. According to transverse 

Table 8 Results for SWP case 

SWP Case 

𝛿̅  (cm) 0.66 

Ip-swp (Class-II) 1.25 

𝛿𝑑̅𝑒𝑠𝑖𝑔𝑛 (cm) 0.83 

λ (m) 90 

εav 0.002 

εau 0.029 

∆dav (cm) 0.3 

∆drv (cm) 2.3 

∆dvt (cm) 2.6 

∆dau (cm) 4.6 

 

 

PGD case obtained results have been given in Table 6. As a 

result, the total joint opening has been calculated as 6.5 cm 

for this situation (Transverse PGD).   

On the other hand, depending on the earthquake-induced 

ground displacement, the other important problem is 

longitudinal PGD case, as well. For this case the joint 

opening has been obtained as 0.6 cm (Table 7). 

According to the seismic wave propagation case, the 

data used and the obtained results are as in Table 8. The 

maximum axial pull-out due to the perpendicular 

component of the seismic wave has been calculated as 2.6 

cm. Besides, the axial opening caused by the longitudinal 

component of the seismic wave has been obtained as 4.6 

cm. 
Here, each case has been examined separately. 

However, as an example, if PGD occurs in addition to 

SWP, a combination of two conditions should be 

considered for the solution. Depending on these outcomes, 

to compare the safety of the segmented pipeline, it has been 

assumed that the allowable joint opening (da) is half of the 

total joint depth. Therefore, the tolerable joint extension of 

the investigated pipeline has been taken as da=d/2=4.0 cm. 

According to this allowable value, for the investigated 

segmented pipeline, the failure criterion has been exceeded 

in the cases of transverse PGD and SWP. On the other 

hand, considering the allowable joint opening of the 

examined pipeline (4 cm), the bearable PGD amount has 

been calculated as approximately 23 cm for the transverse 

case and 𝛿̅ ⁄ 𝜆  proportion has been obtained as 0.64% for 

SWP case. 

Depending on the Eq. (32), in the compression region, 

the length of the examined pipeline which could be exposed 

to PGD has been calculated as LPGD=42 m. In other words, 

for the longitudinal PGD case, if the length of the 

investigated segmented pipeline in the PGD zone exceeds 

42 m, pressure damages to the pipeline may occur. 

Under the same circumstances, to investigate the 

behaviors of the segmented pipelines for different diameters 

Table 9 has been prepared. According to this table, the 

transverse PGD case has a decisive role in seismic safety of 

buried segmented pipelines. Besides, it can be seen that 

LPGD increases as the pipe diameter increases based on these 

pipe features. 

In the case of SWP, for Ø 200 pipe limit value is 

exceeded (∆dau=3.8 cm>da=3.0 cm). On the other hand, the 

ratio of wave amplitude (𝛿̅) to wavelength (λ) is another  
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important parameter. If this rate increases, SWP will be 

more effective on the buried pipelines. 

 
 

6. Conclusions 
 

Investigation of behavior of buried pipelines subject to 

earthquake effects is one of the most important subjects of 

structural engineering. In this paper, as a part of the seismic 

study of a special area in Istanbul, the case of segmented 

pipelines under earthquake effects has been examined. 

Analytical solution has been preferred to acquire practical 

and useful equations for the general approach. Based on the 

mathematical models prepared in this research, new 

appropriate equations that calculate the response of buried 

pipelines subject to earthquake effects have been obtained. 

The examined area has very high landslide risks. 

Especially, considering the expected Istanbul Earthquake, it 

can be said that this region is not available for settlement. 

Due to this earthquake, beside superstructures, 

infrastructures can get damaged, as well. In this study, 

buried segmented pipelines commonly used in this 

investigated zone have been examined and obtained results 

show that probable seismic hazards, especially due to 

earthquake-induced ground movement effects, are very 

high.  

According to obtained results, using segmented pipes 

which have a larger allowable joint opening capacity may 

reduce these negative effects. To mitigate the seismic 

effects, pipe-soil interface material with a low friction 

coefficient, such as polythene, should be used. Moreover, 

filler material with a low friction coefficient, less soil depth, 

pipe with thick wall, pipe material with higher elasticity 

modulus and filler material with low unit weight may 

decrease these damages, as well. It has been determined that 

considering all these applications in practice will be 

beneficial in reducing the effects of the earthquake on 

segmented pipelines. 
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