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1. Introduction 
 

Buried pipelines pass seismically active lands and cross 

through active faults. Transient ground deformation (TGD) 

and permanent ground deformation (PGD) are two main 

damage sources for segmented and continuous pipelines. 

While few damages under the effect of the wave 

propagation have been reported (O’Rourke and Liu 1999, 

Hashash et al. 2001, O’Rourke 2009, Yigit 2022, Shi et al. 

2022, Xu and She 2022), the active faults in the seismic 

areas have been proven to be the most challenging 

geological hazards facing by the long-distance gas and oil 

pipelines (MaCaffrey and O’Rourke 1983, Desmod et al. 

1995, Kokavessis and Anagnostidis 2006, Ozcebe et al. 

2015, Karamanos et al. 2014, Erenson and Terzi 2022). 

As the pioneers, Newmark and Hall (1975) developed 

simplified analysis methods for the pipelines subjected to 

fault crossing condition. Then, based on the elastic 

foundation theory, Kennedy et al. (1977) proposed a closed 

form solution for the soil-pipe interaction (SPI) problem. 

Because of the neglecting of the flexural rigidity of the pipe 

in this work, Wang and Yeh (1985) developed an analytical 

methodology by considering pipeline bending stiffness.  
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Since then, several analytical methods have been 

proposed by other researchers for soil-pipe interaction 
problems (SPI) (Sarvanis and Karamanos 2017, Talebi and 
Kiyono 2021, Karamitros et al. 2011, Trifonov and Cherniy 
2012). Karamitros et al. (2007) proposed an analytical 
method based on the beam on the elastic foundation. To 
extend the application area of the analytical models in the 
pipeline design, Trifonov and Cherniy (2010) presented a 
semi-analytical methodology for the nonlinear stress-strain 
analysis of the buried steel pipelines. Although such 
methods could present approximate results for certain cases, 
they lack the proper consideration of the SPI. Generally, 
two types of models are considered for SPI analyses; The 
beam-type model and the continuum model (Tohidi and 
Shakib 2003, Karamanos et al. 2014). Several examples of 
the application of the beam-type model exist in the 
literature (Toprak et al. 2010, Joshi et al. 2011). Melissianos 
and Gantes (2017) modeled the pipeline by the beam-type 
finite elements (FE), while the soil was presented by a 
series of mutually independent translational non-linear 
springs in three directions. In another study, Roudsari et al. 
(2019) presented an optimization algorithm for the 
calculation of the stiffness of the equivalent transverse 
spring of the sandy soil in the beam-type modeling. 
Application of Meshfree Methods (MM) in the modeling of 
geomaterial and discontinuities at large strains would also 
be another technique for such problems (Khoshghalb et al. 
2020, Shafee, and Khoshghalb 2021, 2022, Salehi Dezfooli 
et al. 2022). 
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Abstract.  Response of the pipeline crossing fault is considered as the large strain problem. Proper estimation of the pipeline 

response plays important role in mitigation studies. In this study, an advanced continuum modeling including material non-

linearity in large strain deformations, hardening/softening soil behavior and soil-pipeline interaction is applied. Through the 

application of a fully nonlinear analysis based on an explicit finite difference method, the mechanics of the pipeline behavior and 

its interaction with soil under large strains is presented in more detail. To make the results useful in oil and gas engineering 
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70° and 90° with respect to the pipeline axis have been considered. The results are presented as the fault movement 

corresponding to different damage limit states. It was seen that the maximum affected pipeline length is about 20 meters for the 

studied conditions. Also, the affected length around the fault cutting plane is asymmetric with about 35% and 65% at the fault 

moving and stationary block, respectively. Local buckling is the dominant damage state for greater crossing angle of 90° with 

the fault displacement varying from 0.4 m to 0.55 m. While the tensile strain limit is the main damage state at the crossing angles 

of 70° and 45°, the cross-sectional flattening limit becomes the main damage state at the smaller 30° crossing angles. Compared 

to the stiff clayey soil, the fault movement resulting 3% tensile strain limit reach up to 40% in soft clayey soil. Also, it was seen 

that the effect of the pipeline internal pressure reaches up to about 40% compared to non-pressurized condition for some cases. 
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To see the effects of factors like SPI, material non- 

linearity and large geometric deformations, the 

consideration of the problem using continuum modeling is 

inevitable (Takada et al. 1998, Liu et al. 2004, Liu et al. 

2008, Vazouras et al. 2010, Chaudhari et al. 2013, Akbas et 

al. 2015, Trifonov 2015, Vazouras and Karamanos 2017). In 

this regard, Morshed et al. (2020) investigated the behavior 

of the pipeline buried in dense sand considering the pre-

peak hardening, post-peak softening, density, and confining 

pressure dependent behavior of sand. Dey et al. (2020) 

studied the structural response of buried continuous pipeline 

undergoing strike-slip fault rupture using FE model 

including both material and geometric nonlinearities. 

Vazouras et al. (2015) and Kaya et al. (2015) studied the 

interaction of the surrounding soil using a contact algorithm 

through a friction coefficient. To eliminate some of the 

disadvantages of the continuum-based modeling approach, 

Banushi et al. (2018) introduced an innovated analysis in 

which both soil and pipe contact surfaces are meshed with a 

similar mesh size guaranteeing solution convergence. 

Methods other than FE have also been used by the 

researchers. Rahman and Taniyama (2015) applied distinct 

element method analyze of a buried pipeline subjected to 

fault displacement. Despite the drawbacks of its application 

for different soil types, Shokouhi et al. (2013) proposed the 

hybrid FE-Artificial Neural Network (ANN) approach for 

seismic strain analysis of high-density polyethylene 

(HDPE) pipelines.  

The response of the pipeline crossing fault is considered 

as the large strain problem. For such problems, the 

interaction of the structural element under constrained 

conditions with surrounding soil is the determining factor. 

The successful application of these details will affect the 

accuracy of the modeling results. In this study, the 

mechanical behavior of the continuous steel pipeline 

crossing strike-slip fault is investigated by a fully nonlinear 

method based on explicit finite difference scheme (Cundall 

2008). In this formulation, the incremental displacements of 

the continua are added to the coordinates so that the grid 

 

 

moves and deforms with the material that it represents. The 

behavior of the soil is modeled by a proper elasto-plastic 

constitutive model with a hardening and non-associated 

flow rule. Also, the softening behavior of the surrounding 

soil has been considered as well. The interaction between 

the shell-type structural element is implemented through an 

advanced scheme considers both normal-directed 

compressive/tensile and shear-directed frictional interaction 

as well as sliding and separation at large strain conditions. 

In this way, the mechanics of the pipeline behavior and its 

interaction with soil under large strain level is presented in 

more detail. 

 

 

2. Analysis method 
 

The proper modeling of the SPI, especially in the large 

strain problems, affects the modeling results’ accuracy. To 

this end, a robust analysis method is necessary. In contrast 

to the ordinary Eulerian formulation, in which the material 

moves and deforms relative to a fixed grid, in the used 

Lagrangian formulation the incremental displacements are 

added to the coordinates so that the grid moves and deforms 

with the material it represents. In this way, the movement of 

each mesh zone occurs with higher accuracy in the 

problems with large mesh displacements. The continuum is 

modeled by constant strain-rate tetrahedra element. Soil 

behavior is modeled by a proper elasto-plastic constitutive 

model with non-associated flow rule for shear failure, and 

an associated rule for tension failure has been utilized. Both 

hardening and softening behaviors are included in the used 

constitutive model. Also, using a set of interaction springs 

in normal and tangent directions the friction, sliding and 

separation between host medium and structural elements are 

modeled with high accuracy. The solution of the full 

equations of motions are performed by a fully nonlinear 

method using FLAC3D code. More explanations on the 

above-mentioned items are presented in the following 

sections. 

 
Fig. 1 Numerical models of the pipeline crossing fault: (a) longitudinal finite difference mesh for soil, (b) cross-sectional 

finite difference mesh for soil and (c) finite element (pipeline) mesh and pipe cross section 
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2.1 Fault model specification and material 

properties 
 

The numerical models comprise two soil blocks each of 

which is 30 m length (60 m in total), 10 m width and 5 m 

height, as shown in Fig. 1. The depth of the pipeline was 

selected with respect to the usual approximate depth applied 

in practice (Mohitpour et al. 2007, Vazouras et al. 2010, 

Vazouras et al. 2012). The strike-slip fault cutting plane is 

assumed perpendicular to the pipeline axis at the middle of 

the pipe length, representing the vertical fault plane. An 

irregular mesh size has been applied in longitudinal 

direction. Four different crossing angles of 30°, 45°, 70° 

and 90° with respect to the pipeline axis have been 

considered. 

To investigate the embedded soil effect, two soil types 

of soft and stiff clays are considered (Table 1). As the soil 

behavior, a proper elasto-plastic constitutive model is 

utilized. Its failure envelope corresponds to the Mohr-

Coulomb criterion (shear yield function) with tension cutoff 

(tensile yield function). The shear flow rule is non-

associated for compression and associated to the tensile. 

Both hardening and softening behaviors are included. The 

softening behavior is done by integrating additional 

formulation to FLAC’s standard elasto-plastic Mohr-

Coulomb model. To do that, the cohesion and friction have 

been defined as piecewise-linear softening law for the 

tensile strength in terms of another hardening parameter 

measuring the plastic tensile strain. 

 
2.2 Soil-pipe interaction modeling 

 
The embedded continuous pipeline is modeled by the 

liner structural element. It is an advanced DKT-CST 

(Discrete Kirchhoff Theory-Constant Stress Triangle) shell-

type structural element with both normal-directed 

compressive/tensile and shear-directed frictional interaction 

with the surrounding soil (Cook et al. 1989). To consider  

 

 

 

proper SPI, its mesh size has been chosen less than 1/26 of 

the pipeline outer diameter (D) (Vazouras et al. 2012). Both 

soil and pipe contact surfaces are meshed with a similar 

mesh size guaranteeing solution convergence. The nodal 

DOFs for an element in the xy-plane in the local coordinate 

system is shown in Fig. 2. 

{𝐝} = ⌊𝐮i   𝐯i   𝐰i   𝛉xi   𝛉yi⌋
T
 (1) 

where 

⌊𝐮i⌋ = ⌊u1   u2   u3⌋, ⌊𝐯i⌋ = ⌊v1   v2   v3⌋,
⌊𝐰i⌋ = ⌊w1   w2   w3⌋ 

⌊𝛉𝑥𝑖 ⌋ = ⌊θx1   θx2   θx3⌋, ⌊𝛉yi ⌋ = ⌊θy1   θy2   θy3⌋ 

(2) 

The stiffness matrix of the DKT-CST shell element in 

local xyz coordinates is presented by [k] 

[𝐤]{𝐝} = [
[𝐤CST]6×6 [0]6×9
[0]9×6 [𝐤DKT]9×9

]

{
 
 

 
 
𝐮𝑖
𝐯𝑖
𝐰𝑖

𝛉𝑥𝑖
𝛉𝑦𝑖}
 
 

 
 

 (3) 

where [kCST] and [kDKT] are the stiffness matrixes of CST 

and DKT plate bending element, respectively. This element 

is attached to the surface of the surrounding finite 

difference mesh through the nodes of the structural element.  

The idealization of the interface behavior at a liner node 

is shown in Fig. 3. Also, the normal and shear directed 

behavior of the liner-zone interface as well as its frictional 

and cohesive nature are schematically presented in Fig. 4. 

In order to make the results useful in practice, two steel 

types of API 5L X65 and X80 with two typical pipe wall 

thicknesses of 1/4in (6.35 mm) and 1/2in (12.7 mm) 

corresponding to D/t ratio of 144 and 72 are used. The outer 

diameter of the pipeline is 914.4 mm (36in.). Fig. 5 shows 

the nominal stress-strain behavior of the API 5L X65 and 

X80 steel types (ANSI/API Spec 5L 2007, Anastasopoulos 

et al. 2007).  

Table 1 The geotechnical properties of the used soil types 

Soil classification c (kPa) ∅ (°) Vs (m/s) G (kPa) K (kPa) 𝛾 (kN/m3) PI(%) 

Clay stiff 75~90 10 200~400 0.76e5~3.36e5 2e5~8.8e5 19~21 30 

Soft 34~45 10 75~175 10.1e3~61.2e3 26.4e3~159.7e3 18-20 10 

∅ : internal friction angle; c: cohesion; Vs: shear wave velocity; G: shear modulus; K: bulk modulus; γ: unit weight 

 

Fig. 2 Nodal DOFs of the structural element (local system): (a) membrane action and (b) bending action 
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2.3 Verification 
 
To validate the applied modeling, the results of the 3D 

non-linear numerical analyses of the steel pipelines at 

strike-slip fault crossing by Karamitros et al. (2007) has 

been used. For comparison, the response of a steel pipeline 

with external diameter of 0.9144 m and wall thickness of  

 

 

 

 

 

0.0119 m has been used. The specification of the used steel 

and soil spring properties has been presented in Table 2.  

The buried depth of the pipeline is 1.30 m in a medium-

dense sand with internal friction angle (∅) of 36° and unit 

weight (𝛾) of 18 kN/m3. Also, the soil-pipeline interaction 

has been modeled by elastic-perfectly plastic axial, 

transverse horizontal and vertical soil springs. Fig. 6 shows  

 

Fig. 3 Idealization of the interface behavior at a node 

 

Fig. 4 Schematic presentation of (a) normal and (b) shear directed interaction at a liner-zone interface 

 

Fig. 5 Nominal stress-strain behavior of the API 5L X65 and X80 steel pipe 

 

Fig. 6 Comparison of the analysis results for fault crossing angle of 45° 
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the comparison of the analysis results for fault crossing 

angle of 45°. Considering the differences in the modeling 

such as the application of the fully nonlinear analysis 

method and other modeling details in soil-structure 

interaction, the proximity of the results is reasonable. 

 

 
3. Limit states for buried steel pipelines 
 

Five common damage states due to the ground 

deformation for continuous pipelines are shell-mode 

buckling, pure tensile rupture, section ovalization, beam-

mode buckling and flexural failure. In case of the strike-slip 

fault movement, the most frequently occurring failure 

modes for continuous pipelines assembled by welds as 

strong as or stronger than the pipe barrels are shell-mode 

buckling, pure tensile rupture and section ovalization 

(O’Rourke et al. 1990, Gresnigt and Karamanos 2009, 

Melissianos et al. 2020).  

Investigations show that the local buckling strain is 

function of the D/t ratio, yield stress of the used steel type, 

internal/external pressure, manufacturing imperfections like 

deviation of the pipe walls from the perfect geometry and 

non-uniform compaction of the subsoil within the trench. 

With respect to the specification of X-grade steel types used 

in pipelines, the ultimate strain may reach to 21%. 

Nevertheless, due to the reasons like stress concentration 

and weld defect, more conservative values are considered in 

practice (EN 1998-4: 2006). While the tensile strain limits 

of 3% has been adopted by the EN 1998-4 provisions for 

seismic-fault- induced action on buried steel pipelines, the 

greater limit of 4% has been suggested by O’Rourke and 

Liu (1999). In this study, two values of 3% and 5% will be 

used as ultimate tensile strain capacity of continuous 

pipeline. The upper limit presents the slightly defected pipe 

with respect to the CSA Z662 (2007) pipeline design 

standard, Annex C. 

Another important damage is cross-sectional flattening. 

It is not an ultimate state, but it can affect the serviceability. 

To keep the pipeline operational, the used ovalization limit 

state is as the following (NEN 3650: 2006) 

 
 

∆𝐷𝑐𝑟

𝐷
=0.15  (4) 

 
 
4. Results and discussion 
 

In this section, the results of the numerical analyses of 

the continuous steel pipeline are presented. The considered 

crossing angles are 30°, 45°, 70° and 90° with respect to the 

pipeline axis. The results are separately presented for 

pipeline embedded in two different clayey soils. Also, the 

effect of some parameters such as the D/t ratio, steel grades 

as well as the internal pressure on the pipeline response are 

studied. To check the sufficiency of the selected boundary 

conditions, several test analyses were performed. In these 

analyses, the affected length of the pipeline under the effect 

of the fault displacement were investigated for fixed and 

free conditions of the pipeline ends. The boundary 

condition at the pipeline end were considered similar to the 

soil boundary conditions at the models ends (as fixed). 

 
4.1 Mechanical behavior of the non-pressurized (p=0) 

steel pipe 
 
4.1.1 Stiff clay (D/t=72, p=0) 

First, the response of the pipeline buried in the stiff clay 

with crossing angle of 45° is presented. Fig. 7 shows the 

overall deformation and longitudinal stress distribution of 

the pipeline with the increase in the fault movement. It is 

seen that at the small movement of the left block, the 

concentration of damage starts to develop around the 

crossing point. With the increase in the movement, along 

with the increase in the tension stress, the concentration of 

the longitudinal stress moves to the left. Also, this figure 

presents the affected length due to development of 

longitudinal stress. In the fault movement of 1 m, the 

longitudinal stress has extended to about 7 m at the right 

side while it is about 5 m at the left side (12 m in sum).  

The pipeline response can also be investigated by the 

change in the pipe diameter. Fig. 8 shows the change in the  

Table 2 Specification of the used steel and soil spring properties Karamitros et al. (2007) 

API5L-X65 steel properties  

Yield stress (𝜎1) 490 Mpa 

Failure stress (𝜎2) 531 Mpa 

Failure strain (𝜀2) 0.040 

Elastic Young modulus (E1) 210 Gpa 

Yield strain (𝜀1 = 𝜎1/𝐸1) 0.002 

Plastic Young modulus (E2=(𝜎2 − 𝜎1)/(𝜀2 − 𝜀1) 1.088 Gpa 

Soil spring properties  

  

Yield force Yield displacement 

(kN/m) (mm) 

Axial (friction) springs 40.5 3.0 

Transverse horizontal springs 318.6 11.4 

Vertical springs (upward movement) 52.0 2.2 

Vertical springs (downward movement) 1360.0 100.0 
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ratio of the distorted pipe diameter to the initial diameter 

along the pipeline affected length. It is seen that the location 

of the maximum distortion ratio has moved 0.50 m to the 

left with the increase in the fault movement to 1 m. This 

happens due to the soil-pipe interaction and redistribution of 

stresses at this critical region. While the pipeline at right 

block is more affected by the longitudinal stress, the left 

side is affected by the change in the diameter. In this case, 

about 4 m of the pipeline length has undergone the cross-

section distortion at the left block. 

Also, in order to keep the pipeline operational, the 

correct estimation of the distorted cross-section is 

important. Fig. 9 presents the variation of the pipe cross-

section at the critical point for crossing angle of 45° and 

non-pressurized condition. The cross-section under the fault 

movement of 0.55 m corresponds to the 15% cross-

sectional flattening performance limit. 

 

 

 

 

To see the mechanical behavior of the pipeline with 

respect to the performance criteria, the analyses results 

under the crossing angles of 30°, 45°, 70° and 90° have 

been presented in Fig. 10. In these set of analyses, the onset 

of the displacement of the pipeline wall at the area with 

maximum compression stress is considered as the local 

buckling. Also, in addition to the 3% and 5% tensile strain 

limits, the fault movements corresponding to the cross-

sectional flattening limits of 15% and 30% are presented as 

well. 

The circle symbol on the Fig. shows the occurrence of 

the buckling in the fault movement of 0.45 m. Also, the 

evolution of the local buckling with the increase in fault 

movement can be seen in Fig. 11. Since the soil pressure is 

applied from the back, the direction of the local buckling is 

inward. 

 
Fig. 7 Overall deformation and longitudinal stress distribution of the pipeline with the fault movement (stiff clay, X65, 

crossing angle of 45° and D/t=72) 

 
Fig. 8 Change in the ratio of the distorted pipe diameter to the initial diameter along the pipeline affected length (stiff clay, 

X65, crossing angle of 45° and D/t=72) 

 
Fig. 9 Variation of the pipe cross-section at the most critical point for non-pressurized buried pipeline (stiff clay, X65, 

crossing angle of 45° and D/t=72) 
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By the decrease in the crossing angle from 90° to 70°, 

more length of the pipeline is involved. The tensile and 

compression stresses are developed over greater length 

resulting no local buckling. In this case, the tensile strain 

increases rapidly with the increase in the fault movement so 

that it reaches to the limit value of 3% in 0.35 m. In the 

fault movement of about 0.40 m the cross-sectional limit of 

15% is reached. With more increase, the tensile strain limit 

of 5% is reached in 0.50 m fault movement. For the milder 

crossing angles of 45° to 30°, there is an increase in the 

performance criteria as the result of the distribution of the 

tensile stress over greater pipeline length. The 15% cross-

sectional distortion limit is reached before the tensile strain 

limits. While the 3% strain limit is reached at about 0.90 m 

for 45°, it doesn’t reach for crossing angle of 30°. 

 

4.1.2 Effect of the steel type (D/t=72, p=0) 
Fig. 12 shows the mechanical behavior of the buried 

pipeline with X80 steel type. In the angle of 45°, a 0.3 m 

increase is seen for the 3% tensile strain limit. The tensile 

 

 

 

 

 

strain limits have not reached in in the angle of 30°, but the 

strains are smaller at similar fault movements. For the 

greater angles of 70° and 90°, although the performance 

limits are almost close, their strain values are different.  

 

4.1.3 Effect of the soil type (D/t=72, p=0) 
The mechanical behavior of the pipeline in soft clay for 

both X65 and X80 steel type are shown in Figs. 13 and 14.  

The results show the increase in the performance limits 

with respect to the stiff clay case. The change in the soil 

type affects the smaller crossing angle more. Also, its effect 

on the pipeline with X80 steel type is greater with respect to 

the X65. For example, while there is an increase of 0.1m of 

fault movement in the 3% tensile strain limit for X65 steel 

type in 45°, it is about 0.3m for the X80 steel type. 

For 30° crossing angle, although the tensile strain limits 

have not reached for both soil types, its value at similar 

ultimate fault movements is smaller for the pipeline in the 

soft clay soil. For example, the strain values at fault 

movement of 2m have decreased from 2.4% to 2% and  

 

Fig. 10 Behavior of the pipeline at different fault crossing angles (stiff clay, X65, D/t=72 and p=0) 

 

Fig. 11 Evolution of the local buckling with the increase in fault movement (stiff clay, X65, D/t=72 and p=0) 

 

Fig. 12 Behavior of the pipeline at different fault crossing angles (stiff clay, X80, D/t=72 and p=0) 
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2.2% to 1.9% for X65 and X80 steel types, respectively. 

Likewise, the 15% cross-sectional flattening limits have 

increased from 0.8 m to 0.95 m and 0.85 m to 1.05 m for 

X65 and X80 steel types, respectively. 

 
4.1.4 Effect of D/t (D/t=144, p=0) 
Figs. 15-18 present the mechanical behavior of the 

pipelines with D/t of 144 buried in the different clays and 

steel types. The results show the decrease in the 

performance limits of the pipeline with D/t ratio of 144 with 

respect to the corresponding limit in 72. Also, the behavior 

of the pipelines with smaller crossing angles are affected 

more compared to the greater angles.  

For example, while the tensile strain limit reaches to 

2.4% at the fault movement of 2 m for pipeline with D/t 

ratio of 72 and steel type of X65 in crossing angle of 30°, it 

is about 3% at 1.5 m for the pipeline with D/t ratio of 144. A 

0.2m and 0.3m decrease can also be seen for 15% and 30% 

cross-sectional flattening limit for this case. A 0.33 m and 

 

 

 

 

0.35 m decrease in the 3% tensile strain limit is seen for the 

same case but with crossing angle of 45°. For the greater 

crossing angles, the effect of the change in D/t ratio is 

smaller. Its effect is generally limited to 0.05 m to 0.1 m for 

performance limits. It is noteworthy that the previously 

mentioned effects of the soil and steel type on the 

performance limits of the pipeline with D/t of 72 holds true 

for the D/t ratio of 144. 
 
4.2 Mechanical behavior of the pressurized steel pipe 
 
Since buried oil and gas steel pipeline operates under 

internal pressures, their mechanical behavior is quite 

different from those of the non-pressurized pipelines. The 

maximum operating pressure of the pipeline is the function 

of D/t and yielding stress. It is given as follows 

(ANSI/ASME B31.8: 2007) 

𝑝𝑚𝑎𝑥 = 0.72 × (2𝜎𝑦
𝑡

𝐷
) (5) 

 

Fig. 13 Behavior of the pipeline at different fault crossing angles (soft clay, X65, D/t=72 and p=0) 

 

Fig. 14 Behavior of the pipeline at different fault crossing angles (soft clay, X80, D/t=72 and p=0) 

 

Fig. 15 Behavior of the pipeline at different fault crossing angles (stiff clay, X65, D/t=144 and p=0) 
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The variation of the maximum operating pipeline 

pressure with respect to D/t ratio has been presented in Fig. 

19. In this section, the pipelines buried in different clayey 

soils with different steel types and D/t ratio are subjected to 

the 56% of the maximum internal pressure. The results are 

presented with respect to the pipeline damage limit states. 

 

4.2.1 Behavior of the pressurized pipeline in stiff clay 
(D/t=72, p=0.56pmax) 

 

 

 

 
 
Fig. 20 shows the overall deformation and longitudinal 

stress distribution of the pressurized pipeline with the angle 

of 45° at different fault movements. It is seen that in the 

fault movement of 1.8 m the affected length by the 

longitudinal stress has increased to about 9 m at the right 

side while it has remained about 5 m at the left side (14 m 

in sum). Also, the location of the concentrated longitudinal 

stress moves to the left. To study the effect of the pipeline 

internal pressure on the pipe diameter, the change in the  

 

Fig. 16 Behavior of the pipeline at different fault crossing angles (stiff clay, X80, D/t=144 and p=0) 

 

Fig. 17 Behavior of the pipeline at different fault crossing angles (soft clay, X65, D/t=144 and p=0) 

 

Fig. 18 Behavior of the pipeline at different fault crossing angles (soft clay, X80, D/t=144 and p=0) 

 

Fig. 19 Variation of maximum operating pipeline pressure with respect to D/t ratio 
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ratio of the distorted pipe diameter to the initial diameter 

along the pipeline affected length has been presented in Fig. 

21. It indicates that the location of the cross-section with 

maximum distortion ratio has moved about 1.05 m to the 

left with the increase in the fault movement to 1.80 m; A 

0.65 m increase with respect to the non-pressurized case. 

Also, Fig. 22 presents the variation of the pipe cross-section 

at the critical point for this case. The section marked with 

 

 

 

 

red corresponds to the 15% cross-sectional flattening 

performance limit. It has reached in about 0.10 m greater 

fault movement with respect to the non-pressurized case. 

Beyond the fault movement of 1 m, the change rate of the 

cross-section remains relatively constant. It is because the 

increase in the fault movement results in the increase in the 

tensile strain beyond this about 1m of the fault movement.  

Fig. 23 shows the mechanical behavior of this pipeline  

 
Fig. 20 Overall deformation and longitudinal stress distribution of the pipeline with the fault movement (p=0.56pmax, stiff 

clay, X65, crossing angle of 45° and D/t=72) 

 
Fig. 21 Change in the ratio of the distorted pipe diameter to the initial diameter along the pipeline affected length 

(p=0.56pmax, stiff clay, X65, crossing angle of 45° and D/t=72) 

 
Fig. 22 Variation of the pipe cross-section at the most critical point for non-pressurized buried pipeline (p=0.56pmax, stiff 

clay, X65, crossing angle of 45° and D/t=72) 
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with respect to the performance criteria under different 

crossing angles. There is a significant increase in the 

performance limits of the X65 pressurized pipeline with 30° 

crossing angle with respect to the non-pressurized 

condition. The fault movement of 2 m has reached in 

smaller tensile strain. The cross-sectional flattening limits 

of 15% and 30% have reached in the greater fault 

movements of 0.15 and 0.60 m, respectively. In the crossing 

angle of 45°, there is an increase of 0.10 m in the fault 

movement resulting the tensile strain limits of 3%. In this 

crossing angle, the 5% tensile strain limit is not reached. 

While the pressurized pipeline reaches to 1.8 m of fault 

movement in the tensile strain of 4%, the non-pressurized 

pipeline’s cross-section over-deformed in 1.2 m at 3.4% of 

tensile strain. The cross-sectional flattening limits of 15% 

and 30% have reached in the greater fault movements of 

0.10 and 0.15 m, respectively. The effect of the internal 

pressure begins to decrease with the increase in the crossing 

angle. By the decrease in the crossing angle to 70°, despite 

the significant decrease in the performance limits of the 

pipeline, there is improvement with respect to the non-

pressurized condition. There is a 0.20 m increase in the fault 

movement resulting tensile strain limit of 5%. Also, a 0.10 

m increase in the cross-sectional flattening limit of 15% and 

30% is seen. The results show that in case of the crossing 

angle of 90°, the local buckling occurs at about 0.45 m. The 

occurrence of the local buckling with the increase in fault 

movement has been presented for this case in Fig. 24. 

Compared to the non-pressurized case, more 

improvement in the performance limits of the pressurized 

pipeline with X80 steel type is seen. As see in Fig. 25, the 2 

m fault movement has reached in about 1.8% and 2.2% for  

 

 

 

pressurized and non-pressurized cases, respectively, with 

30° crossing angle. The cross-sectional flattening limits of 

15% and 30% have reached in the greater fault movements 

of 0.25 m and 0.65 m, respectively. In case of the 45°, there 

is a 0.35 m and 0.2 m improvement in the 3% tensile strain 

and 15% cross-sectional flattening limits, respectively, with 

respect to the non-pressurized condition. For this case, the 

5% tensile strain limit has not reached in the fault 

movement of the 1.8 m. Small improvements is seen for 

greater crossing angles of 70° and 90°. 

 

4.2.2 Behavior of the pressurized pipeline in soft clay 
(D/t=72, p=0.56pmax) 

Figs. 26 and 27 present the mechanical behavior of the 

pressurized pipeline for X65 and X 80 steel types buried in 

soft clayey soil. The performance limits of the pipeline 

buried in the soft clayey has improved with respect to the 

corresponding pressurized pipe in stiff clayey soil as well as 

non-pressurized pipe in soft clayey soil. The best 

mechanical behavior among studied different conditions are 

seen in the pressurized pipeline with crossing angle of 30° 

in soft clayey soil. It is seen that the tensile strain limits are 

not reached meaning the control of the behavior by cross-

sectional flattening limits. For these cases, the cross-

sectional flattening limit of 15% occurs in the fault 

movement of 1.1 m and1.30 m for X65 and X80 steel type, 

respectively. In crossing angle of 45°, the increase in the 

fault movement resulting 3% tensile strain with respect to 

the non-pressurized condition reaches to about 0.3 m for 

both steel types. The cross-sectional flattening limit of 15% 

and 30% reaches in the greater fault movements of 0.15 m 

and 0.2 m for X65 and X80 steel types, respectively. Also,  

 

Fig. 23 Behavior of the pipeline at different fault crossing angles (stiff clay, X65, D/t=72, p=0.56pmax) 

 

Fig. 24 Local buckling evolution by the increase in fault movement (p=056pmax, stiff clay, X65, D/t=72) 
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an increase of 0.25 m in the fault movement resulting 3% 

tensile strain is seen with respect to the similar condition in 

stiff clayey soil. The fault movement resulting the local 

buckling has reached to 0.50 m for both X65 and X80 steel 

types in 90° crossing angle. Almost similar improvement is 

seen for movement resulting 3% and 5% tensile strain limit 

for the crossing angle of 70°. 

 

 

 

 

 

4.2.3 Behavior of the thin-walled pressurized pipeline 
(D/t=144, p=0.56pmax) 

Figs. 28-31 shows the analyses results of the pressurized 

pipeline with D/t of 144 under different fault crossing 

angles. It is seen that the performance limits of the 

pressurized thin-walled pipeline increase with respect to the 

corresponding non-pressurized cases. In the meantime,  

 

Fig. 25 Behavior of buried pipeline at different fault crossing angles (stiff clay, X80, D/t=72, p=0.56pmax) 

 

Fig. 26 Behavior of the buried pipeline at different fault crossing angles (soft clay, X65, D/t=72 and p=0.56pmax) 

 

Fig. 27 Behavior of the buried pipeline at different fault crossing angles (soft clay, X80, D/t=72 and p=0.56pmax) 

 

Fig. 28 Behavior of the buried pipeline at different fault crossing angles (stiff clay, X65, D/t=144 and p=0.56pmax) 
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there is a decrease with respect to the corresponding 

performance limits in D/t ratio of 72. For example, for the 

pipeline under the 45° crossing angle with X65 steel type 

buried in stiff clay, the tensile strain limits of 3% and %5 

have reached in about 0.2m and 0.7m greater fault 

movements with respect to the similar non-pressurized 

condition.  

Also, there is about 0.25 m decrease in the fault 

movements resulting 3% and 5% tensile strain limits with 

respect to the similar D/t ratio of 72 condition. The results 

show the decrease in the D/t effect by the increase in the 

crossing angle. There is a slight increase in the fault 

movement resulting the local bucking under the effect of 

the pressurized condition. It occurs in about 0.5 m of the 

fault movement. 

 

 

5. Conclusions 
 

Proper estimation of the pipeline response plays  

 

 

 

 

important role in mitigation studies. The lack of proper 

consideration of soil-pipeline interaction and prerequisites 

of the large strain level analysis leads to non-realistic 

pipeline deformation pattern. In this study, an advanced 

continuum modeling including material non-linearity in 

large strain deformation, hardening/softening soil behavior 

and soil-pipeline interaction is applied.  

 The results showed the maximum affected length of 

about 20 meters for the studied conditions. Also, the 

affected length around the fault cutting plane is 

asymmetric. The ratio is about 35% for the fault 

moving block to 65% for the stationary part. 

 To make the results useful in oil and gas engineering 

works, the fault movements corresponding to different 

damage limit states were presented. It was seen that 

while local buckling is the dominant damage state for 

greater crossing angle of 90°, other damage states 

become determining by the decrease in the crossing 

angle. In this case, the fault displacement causing local 

buckling varies from 0.4m to 0.55m by the change in 

 

Fig. 29 Behavior of the buried pipeline at different fault crossing angles (stiff clay, X80, D/t=144 and p=0.56pmax) 

 

Fig. 30 Behavior of the buried pipeline at different fault crossing angles (soft clay, X65, D/t=144 and p=0.56pmax) 

 

Fig. 31 Behavior of the buried pipeline at different fault crossing angles (soft clay, X80, D/t=144 and p=0.56pmax) 
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the factors like steel type and D/t ratio. 

 The results show the increase in the pipeline affected 

length at the crossing angles other than 90°. While the 

tensile strain limit is the main damage state at the 

crossing angles of 70° and 45°, the cross-sectional 

flattening limit becomes the main damage state at the 

smaller 30° crossing angles. In the angle of the 30°, no 

tensile strain limit is reached at all. Based on the 

results, effect of the steel type is more evident at the 

crossing angles of 70° and 45° where the tensile strain 

limit is dominant. Its effect is more evident at the soft 

clayey soil. The main effect of the soil type was on the 

affected length of the pipeline resulting higher 

performance limits in softer one. Its effect reaches up to 

40% in the fault movement resulting the 3% tensile 

strain limit (X80, 45° and D/t of 72). Although D/t ratio 

has got positive effect on the performance limits, it is 

not a major determining factor compared to other 

factors.  

 In another part of this study, the behavior of the 

pipeline under 56% of the maximum internal pressure 

was separately investigated. The results show its 

positive effect more at 45° crossing angle where the 

tensile strain limit is determining. Its effect reaches up 

to about 40% compared to non-pressurized condition 

for some cases. Despite the smaller effect of the steel 

type under non-pressurized condition, the effect of this 

parameter increases under pressurized condition. Based 

on the results, the most effective factors on the pipeline 

performance are the crossing angle, pipe internal 

pressure, soil and steel type and D/t ratio, respectively. 

 First, the presented behavior is limited to the steel 

pipeline crossing strike-slip fault. Also, the models 

represent the behavior of the continuous pipelines 

assembled by welds as strong as or stronger than the 

pipe barrels. The modeled pipeline diameter is about 

914.4 mm. Although the effect of different pipeline 

wall thickness has been considered in this study, it 

doesn’t necessarily represent the behavior of the 

pipelines with smaller diameters. Finally, the general 

mechanical behavior would be different in sandy soils 

to some extent. 
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