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ABSTRACT 
 

One of the causes of hazardous substance leak from the offshore pipelines can be attributed to potential pipeline 

rupture due to seismic fault movement. Some of the consequences of the ruptured pipeline due to fault 

movement include significant environmental damage, costs associated with clean up and asset loss, and damage 

to reputation of the operator. Objective of this study was to review approaches to estimate the response of subsea 

pipelines to fault movement during a seismic event and to compare existing methodologies. 

When subjected to seismic fault movement, pipelines/umbilicals undergo strains due to bending and axial tensile 

or compressive force (depending on the fault type). Under normal fault rupture, for example, the pipe failure 

mechanism, particularly for thick wall pipe (low D/t value) would likely be tensile rupture since the largest pipe 

strains are tensile in this case. For thin wall pipe (high D/t value), wrinkling may be the governing failure 

mechanism. There are two modeling approaches available to determine the response of the pipelines subjected to 

fault movement: 1) analytical approach and 2) finite element modeling approach. In analytical approach, the 

tensile strains developed in the pipe are estimated by predicting the deformed shape of the pipeline and the total 

elongation of the pipeline. 

This paper discusses and quantifies effects of the factors affecting the performance of the pipelines subjected to 

seismic fault movement. 
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1. INTRODUCTION  

 

One of the causes of hazardous substance leak from the offshore pipelines can be attributed to 

potential pipeline rupture due to seismic fault movement. Some of the consequences of the ruptured 

pipeline due to fault movement include significant environmental damage, costs associated with clean 

up and asset loss, and damage to reputation of the operator.  

Objective of this study was to review approaches to estimate the response of subsea pipelines to fault 

movement during a seismic event and to compare existing methodologies. This paper discusses and 

quantifies effects of the factors affecting the performance of the pipelines subjected to seismic fault 

movement. Furthermore, the paper presents critical factors that can be optimized in order to enhance 

the performance of pipelines. 

 

 

2. FAULT RUPTURE AND IT S KINEMATICS  

 

Before discussing the effects of fault rupture on the subsea flowlines, it is important to understand the 

fault rupture and its kinematics. A kinematic illustration of a fault rupture model is presented in Figure 

1. Shown in the figure are the rupture speed propagation from the earthquake source, slip direction and 

the rupture dimensions. Seismic waves are generated by abrupt slip on a fault. The elastic rebound 

theory provides the framework for modern earthquake source models. Fault slip begins at a point on 

the fault (hypocenter) and quickly spreads across the fault at a rate (rupture velocity) that is typically 

80% of the shear velocity of the rock. Each point on the fault starts to slip when the moving rupture 

front arrives at that point, and it takes a finite amount of time (the rise time) for that point to undergo 
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slip (International Atomic Energy Agency 2015). 

 

 
 

Figure 1. Kinematic Rupture Model (Mai 2011) 

 

The key parameters of a kinematic source model include the fault geometry (length, width, strike and 

dip), the direction of slip (rake angle), the time history of the fault slip (slip time function), the rupture 

initiation point (hypocenter) and the rupture velocity slip (International Atomic Energy Agency 2015). 

An empirical relationship among seismic magnitude and fault geometry has been derived by Wells et 

al. 1994. Two important parameters of the slip time function at each point on the fault are the rise time 

and final amount of slip (International Atomic Energy Agency 2015). 

 

2.1 Slip Velocity Time Functions 

 

One of the important parameters of the fault kinematics is the slip velocity. It is the velocity with 

which each point on the fault moves. There are several time functions found in the literature that are 

available to approximate the slip velocity as shown in Figure 2. 

  

 
 

Figure 2.  Slip Velocity Time Functions (Tinti et al. 2005) 

 

For example, Yoffe time function can be utilized to model the behavior of the fault rupture that is 

crossed by pipeline or umbilical. The function and its parameters are presented in Figure 3. As shown 

in the figure, the essential parameters of the function are slip peak velocity, rise time to peak velocity, 

slip duration and total displacement of the ruptured fault. 
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Figure 3. Slip Velocity Time Function Parameters for Yoffe Function (Tinti et al. 2005) 

 

2.2 Rupture Slip Velocity versus Moment Magnitude and Rupture Velocity 

 

Empirical relationship to estimate the rupture slip velocity from either moment magnitude or rupture 

speed has been proposed by Bizzarri (2012) as presented in Figure 4 and Figure 5. The design 

earthquake magnitude found from the geotechnical and seismic investigations can be used to estimate 

the rupture slip velocity from these figures.  

 
 

Figure 4.  Average Peak Slip Velocity versus Moment Magnitude (5) 

 

2.3 Fault Rupture Characteristics Calculation 

 

This section presents an example calculation of the rupture geometry and its kinematics. The rupture 

displacement, surface rupture length and the subsurface rupture length with respect to moment 

magnitude can be estimated based on the empirical relationship found in Wells et al. 1994. The rupture 

parameters for examples of moment magnitude are presented in Table 1. 

The average peak rupture slip velocity, as presented in Table 2, is estimated based on the relationship 

with moment magnitude presented by Bizzarri (2012), as shown in Figure 4. Slip duration can be 

estimated based on regularized Yoffe function presented by Tinti et al. 2005. The Yoffe function can 

be simplified by assuming the rise time to peak slip velocity that is equal to 5% to 10% of the total 

duration. 

 

 

3. RESPONSE OF BURIED PIPELINES TO SEISMIC FAULT RUPTURE  

 

In this section, different failure modes common in the pipelines subjected to various types of fault 

movements are described. The critical factors governing the response of the buried offshore pipelines 

are explored. Subsequently, the response assessment approaches are outlined. Eventually, the 

mitigations to be considered in the design of the buried pipelines in order to minimize the effect of the 

fault rupture are presented.    
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 Figure 5.  Average Peak Slip Velocity versus Average Rupture Velocity (Bizzarri 2012) 

 
Table 1. Rupture Geometric Parameters for Normal Fault 

 

Moment 

Magnitude (M) 

Maximum 

Displacement, [m] 

Average 

Displacement, [m] 

Surface 

Rupture 

Length, [km] 

Subsurface 

Rupture Length, 

[km]  

6.3 10.0  0.33 13.8 18.6 

6.7 12.8  0.59 21.9 29.5 

 
Table 2. Rupture Kinematic Parameters for Normal Fault 

 

Moment Magnitude (M) Average Peak Slip Velocity, [m/s] 

6.3 10.0  

6.7 12.8  

 

3.1 Failure Modes 

 

There are three potential failure modes for a continuous pipeline fault crossing (Kennedy et al. 1977, 

and OôRourke and Liu 2012): 

¶ Tensile rupture; 

¶ Local buckling (wrinkling) in compression; 

¶ Beam buckling in compression. 

It should be noted that, the beam buckling is a realistic failure mode for offshore pipelines laid on the 

ocean floor. For buried offshore pipelines, wrinkling occurs instead of beam buckling due to effect of 

backfilling. The tensile rupture and wrinkling failure models are shown in Figure 6. In the tensile 

rupture mode, the combination of bending and axial strains reach to the fracture strain capacity of 

pipeline steel material resulting in a ductile rupture. This is usually the case for pipelines with low 

diameter to thickness ratio (D/t). However, when the diameter to thickness ratio (D/t) is large, the 

compressive strain exceeds the buckling capacity of the pipe wall leading to local wrinkling of the 

pipeline over the critical strain zones. The failure modes are also greatly influenced by the type of fault 

movement as will be explained in following section. 

 

3.2 Pipeline Response to Different Types of Fault Movements 

 

3.2.1 Response to Normal Fault 

 

When subjected to normal fault movement, pipelines undergo strains due to bending (caused by 
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transverse component) and axial tensile force (caused by longitudinal component) as shown in Figure 

7. 

 
 

Figure 6.  Failure Modes in the Buried Pipelines Subjected to Seismic Fault Movement (Zhang et al. 2015) 

 

The pipe failure mechanism, particularly for thick wall pipe (low D/t value) would likely be tensile 

rupture since the largest pipe strains are tensile in this case. For thin wall pipe (high D/t value), 

wrinkling may be the governing failure mechanism (Karamitros et al. 2011). It is depicted in Figure 7 

that the location of maximum tensile strain is located in the up-thrown side of the fault (foot wall).  

 
 

Figure 7.  Response of Buried Pipelines Subjected to Normal Fault Movement (Karamitros et al. 2011) 

 

3.2.2 Response to Reverse Fault 

 

When subjected to normal fault movement, pipelines undergo strains due to bending and axial 

compressive force. The pipe failure mechanism would be local buckling (wrinkling) since the largest 

pipe strains are compressive (Joshi et al. 2011) as shown in Figure 8.  

 

3.2.3 Response to Strike-Slip Fault 

 

A strike-slip fault could cause wrinkling or tensile rupture depending upon the intersection angle 

between the fault trace and pipe axis, and the relative movement at the fault (right lateral strike-slip or 

left lateral strike-slip). For instance, in the fault shown in Figure 9, the right lateral strike-slip fault can 

result in combination of bending and axial tensile force in the pipe and hence the wrinkling would be 

the failure mode. Whereas, a left lateral strike-slip fault offset would result in combination of bending 

and axial compression force in the pipe and hence, the failure mode will  be tensile rupture (OôRourke 

and Liu 2012). 

It is worth mentioning the effect of fault crossing angle in the strike-slip fault movement. Figure 10 

plots the fault movement capacity of pipelines for 4.5 % peak axial strain limit for a 42ò diameter and 

0.562ò wall thickness with 3 ft. depth of backfill (Kennedy et al. 1977). It can be seen that the 

behavior of pipeline is improved as the crossing angle increases. The effect of crossing angle can be 

opposite in the case of normal faulting given the movement direction of the fault.  
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Figure 8.  Response of Buried Pipelines Subjected to Reverse Fault Movement (Zhang et al. 2015) 

 

 
 

Figure 9.  Response of Buried Pipelines Subjected to Strike-Slip Fault Movement (OôRourke and Liu 2012) 

 

3.3 Experimental Observations for Pipelines Subjected to Fault Movement 

 

There are limited experimental results available in the technical literature on pipe behavior for seismic 

fault movements. Ha et al. 2008 reported a set of centrifuge test of high density polyethylene (HDPE) 

pipe subject to offsets along a vertical fault plane. Figure 11 shows measured axial and bending strains 

for two different fault offsets. The first is strike slip-nominal tension with pipe fault intersection angle 

at ɓ= 85 deg., while the second is normal faulting with dip angle of Ɋ= 90 deg. 

 

 
 

Figure 10.  Effect of Pipeline Crossing Angle under Strike-Slip Fault Movement (Kennedy et al, 1977) 

 

The behavior for normal/reverse faulting is different than that for right lateral strike slip-nominal 

faulting. It is noticeable that the strain distribution is not symmetric with respect to the fault in the case 
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of normal faulting, the differences in axial strain being most noticeable. For both axial and bending, 

the larger strains occur on the up-thrown side, as was shown in Figure 6. 

 

 
 

Figure 11.  Measured Axial and Bending Strains in HDPE Pipe at Various Distances from the Fault for Strike-

Slip Nominal Tension and Normal Faulting (Ha et al. 2008) 

 

3.4 Critical Factors Governing the Response of Pipelines to Seismic Normal Faulting  

 

Critical factors affecting the response of the pipelines subject to normal fault rupture include the 

following: 

Fault offset: The larger the fault displacement the larger the energy transferred to pipe-soil system.  

Fault dip angle: The larger the dip angle, the larger the bending effects and less elongation. 

Relative fault velocity: The speed of fault slip along its length can be very high. If the fault slip 

velocity is identified to be large, a dynamic analysis should be carried out and the effect of high strain 

rates should be accounted for. 

Pipeline crossing angle: Cross angle of 90 degrees has the most critical effect. The cross angle should 

be minimized. 

Un-anchored length: The farther away the anchor points are located, the greater the fault movement 

capacity of the pipeline. Sharp overbends, sharp underbends, sharp sidebends or anchors should not be 

located within the unanchored length. Unanchored length can vary between 100D to 350D. The un-

anchored length can be predicted using numerical modeling; however, in the absence of numerical 

modeling, it may be estimated using a simplified approach. 

Burial depth: The burial depth affects the soil confining pressure and consequently the soil friction at 

pipe-soil interface. For shallow buried pipe, the uplift resistance of the soil is small and pipe can 

relatively freely lift upward to accommodate the vertical fault movement. The peak allowable axial 

strain should be reduced by increasing the burial depth due to increase in bending strains and hoop 

ovaling.    

Pipe diameter and thickness (D/t ratio): Decreasing pipe thickness considerably increases the pipe 

strain. Higher D/t results in earlier local wrinkling. The buckling behavior of the buried pipeline under 

different D/t ratios is shown in Figure 12. 

 

 
 

Figure 12.  Buckling Behaviors of the Buried Pipeline for Different D/t Ratios (Zhang et al. 2015) 
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Pipe material: The higher the material grade (i.e. API 5L X60, X65 and X70), the higher the peak axial 

strain developed in the pipe. The fracture strain of higher grades is less than the lower grades. 

Pipe surface characteristics: The friction angle at the interface of pipe and surrounding soil depends on 

the surface characteristic of the pipe coating. The friction angle should be minimized (below 20 

degrees). 

Internal Pressure: Affects the local behavior of the pipe, can be helpful for diminishing the effect of 

hoop ovaling. Internal pressure can increase the bending strain. The buckling behaviors of the buried 

pipeline under different internal pressures are shown in Figure 13. 

 

 
 

Figure 13.  Buckling Behaviors of the Buried Pipeline under Different Internal Pressures (Zhang et al. 2015) 

 

Hoop Ovaling: Excessive hoop stresses as a result of lateral soil pressure can locally rupture the pipe. 

Hoop ovaling becomes pronounced when longitudinal yielding occurs and is reduced by internal 

pressure. For H/D=3, if D/t<75, hoop ovaling will not occur (Kennedy et al, 1977). 

Native and backýll soil type (Axial Resistance): The greater the soil friction the greater the generated 

axial tensile strain and the shorter the concentrated deformation zone adjacent to fault The longitudinal 

frictional resistance has two components; friction due to soil confining pressure at rest (Pv), friction 

resulting from lateral passive soil pressure (Pl). The axial friction can be written as: 

 

Ὢ “Ὀὖ ὖÔÁÎ (1)                 

 

ὖ Ὄ                   (2) 

 

where, D is pipe diameter, and  is the angle of friction between pipe and surrounding soil (20 degrees 

is reasonable), ʝ is the backfill soil density, H is the burial depth and K0 is the at-rest coefficient of 

lateral pressure K0 =1-Sinʟ  (◖ is the internal friction angle of backfill soil). Pl can be 2 to 4 times larger 

than Pv near the fault (numerical modeling in needed to accurately take this effect into account). The f 

value should be minimized. 

Native and backýll soil type (Lateral Resistance): The development of lateral soil resistance because 

of pipe lateral movement can increase the longitudinal friction (negative effect). The disturbance of 

the soil and possible backfill failure (i.e. pipe lifting) can reduce the longitudinal friction (positive 

effect). When the embedment depth to pipe ratio (H/D) is 7 or less, a well-defined passive soil wedge 

has been observed in model tests (Kennedy et al. 1977). Figure 14 depicts the lateral behavior of pipe-

soil system under fault movement (Kennedy et al. 1977).  
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Figure 14.  Lateral Behavior of Pipe-Soil System under Fault Movement (Kennedy et al, 1977) 

 

Native and backýll soil type (Vertical Resistance): The pipe lifts upward with respect to soil on the 

downward side of the fault and tends to shove downward into the soil on the upward moving side. The 

downward movement is restricted by the bearing capacity of the soil, while the upward movement is 

restricted by uplift resistance. Essentially, all of the vertical fault movement is accommodated by uplift 

of the pipe relative to the soil on the downward moving side of the fault, as shown in Figure 15. 

 

 
 

Figure 15. Vertical Behavior of Pipe-Soil System under Fault Movement (Liu et al. 2012) 

 

Based upon above discussion regarding critical factors governing the pipeline behavior under fault 

movement, following factors can be optimized in order to enhance the performance of pipeline 

subjected to fault crossing movements: 

¶ Pipeline crossing angle (ɓ); 

¶ Burial depth (H); 

¶ Backfill soil density (ʝ ); 

¶ Pipe-soil interface friction angle (ŭ); 

¶ Un-anchored length (L); 

¶ Pipe D/t ratio. 

 

3.5 Approaches for Modeling Response of Buried Pipelines to Fault Movement   

 

Selection of approach for modeling the effect of seismic fault movement on pipelines depends on two 

important factors namely fault type and the intersection angle between the pipeline and fault direction. 

In general, two methods can be adopted for modeling pipeline behavior; analytical model and 

numerical model such as finite element analysis.  

 

3.5.1 Analytical Approach 

 

In analytical approach, the tensile strains developed in the pipe are estimated by predicting the 

deformed shape of the pipeline and the total elongation of the pipeline. This approach was initially 

proposed by Newmark and Hall, 1975 and improved by Kennedy et al., 1977. Other researchers have 

also attempted to rectify some of the limitation of this approach such as Karamitros et al. 2007 and 

Vazouras et al. 2010.   

The application of analytical approach is limited to the normal and right lateral strike-slip fault when 
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D/t is small and no wrinkling is expected. Further, the additional limitations of analytical approach, 

such as the one proposed by Kennedy et al., 1977 are summarized in below: 

¶ Method is applicable when there is no local wrinkling in the pipe, therefore, the buckling 

is not captured (i.e. the effect of D/t is not modeled). 

¶ Effect of lateral soil pressure cannot be captured effectively. 

¶ Effect of internal fluid pressure cannot be accounted for. 

¶ Effect of hoop ovaling cannot be modeled effectively. 

¶ For high speed fault movement, the effect of high strain rates cannot be modeled.  

¶ Behavior of umbilical cannot be modeled using this approach due to complexities inherent 

in the cross section of umbilical. 

 

3.5.2 Numerical Approach (Finite Element Analysis) 

 

Two approaches can be adopted to simulate the behavior of pipelines under seismic fault movement 

depending on the way soil-structure interaction problem is captured: 

¶ The soil surrounding the pipe is modeled using discrete nonlinear springs. 

¶ The soil surrounding the pipe is modeled as a continuous medium.     

The above approaches are schematically illustrated in Figure 16.  

 

 
 

Figure 16.  Vertical Behavior of Pipe-Soil System under Fault Movement (Karamitros et al. 2007 and Zhang et 

al. 2015) 

 

In a model with soil being represented by discrete spring, pipeline uplift is modeled by assigning 

different spring behavior for upward and downward movements. A sufficient length of the pipeline is 

modeled. In vicinity of the fault crossing the pipeline is modeled using shell elements. Outside the 

fault crossing zone, the pipeline is modeled as beam elements. Fault displacement is imposed through 

the soil spring elements. In a model with soil being represented as a continuum medium, soil is 

modeled as a solid region and nonlinear behavior of soil is captured. A sufficient length of the pipeline 

is modeled. In vicinity of the fault-crossing the pipeline is modeled as a shell. Outside the fault-

crossing zone the pipeline is molded as a beam. Contact interaction is modeled at the interface of pipe 

and surrounding soil. Contact integration is employed along the fault. Fault displacement is applied in 

the body of soil according to estimated fault displacements. Large displacement analysis is carried out. 

Advanced material constitutive model is utilized to model the fracture of steel accurately. Further, 

internal pressure inside the pipeline is included. This approach is illustrated in Figure 17, Figure 18, 

and Figure 19. The numerical modeling can overcome all the obstacles regarding the analytical model 

outline in previous section. In particular, the behavior of umbilical can only be predicted using 

numerical modeling. The umbilical comprises of three components which need to be modeled in order 

to accuracy predict the behavior of umbilical subjected to fault movement. Figure 20 illustrates the 

finite element model of an umbilical developed in Abaqus.    
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Figure 17.  Finite Element Model of Pipeline-Soil System 

 

 
 

Figure 18.  Finite Element Analysis of Pipeline-Soil System Subject to Fault Rupture (90Á Crossing) 

 

 
 

Figure 19.  Finite Element Analysis of Pipeline-Soil System Subject to Fault Rupture (Slanted) 

 

 

4. MITIGATIONS IN DESIG N 

 

In  the  design  of  a  pipeline  for  normal fault  crossing,  following  considerations  can generally 

improve the capability of the pipeline to sustain differential movements along the fault (Eurocode 8. 

2005): 

The angle of intersection of normal fault should be as small as possible, to minimize the bending 

strains.  If significant strike-slip displacements are also anticipated, the fault crossing angle of the 

pipeline should be chosen to promote tensile elongation of the line. Any compressive strains should be 

limited to that strain which would cause wrinkling or local buckling of the pipeline. In fault zones the 

depth at which the pipeline is buried should be minimized in order to reduce soil restraint on the 

pipeline during fault movement. Alternatively, soil density can be reduced. An  increase  in pipe  wall  

thickness  will  increase  the  pipeline's  capacity  for  fault displacement at a given level of maximum 

tensile strain. Within 50 m (165 ft) on each side of the fault relatively thick-walled pipe should be 

used. Reduction of the angle of interface friction between the pipeline and the soil increases the 

pipeline's capacity for fault displacement at a given level of axial strain. The angle of interface friction 

can be reduced through a hard, smooth coating. 

The backfill soil surrounding the pipeline should be controlled over a distance of 50 m on each side of 

the fault. A loose to medium granular soil without cobbles or boulders will be a suitable backfill 

material.  

Fault Rupture Fault Rupture

Buried Pipeline Unburied Pipeline

Soil LayersSoil LayersSoil LayersSoil LayersSoil Layers


