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Abstract. Buried steel pipelines transporting oil and oil products play a vital role in the en-

ergy supply chain. Pipelines extend to long distances and thus intercepting tectonic faults, 

when a seismic area is crossed, is often inevitable and may heavily threat the pipeline integri-

ty. Earthquakes and the associated fault displacements are naturally random events and 

therefore the imposed large ground displacements on the pipeline have to be considered 

through a probabilistic perspective. In the present study, a comprehensive seismic risk analy-

sis of buried pipeline – fault crossing is presented, consisting of two steps. The first step is the 

probabilistic assessment of the fault displacement accounting also for the pertinent uncertain-

ties. The second step is the pipeline structural analysis. The transition from the seismological 

data to the structural analysis is realized through the fault displacement components as the 

selected vector intensity measure. The outcome of the proposed methodology is the strain 

hazard curves for both tensile and compressive longitudinal strains. The resulting strain ca-

pacities are compared to strain demands from structural codes in order to assess the potential 

of pipeline failure due to local buckling or tensile fracture. Furthermore, uncertainty and dis-

aggregation results from the fault displacement hazard analysis are presented for the selec-

tion of the appropriate deterministic design scenario and the evaluation of the fault 

displacement hazard parameters. Lastly, the proposed process is a reliable estimation tool for 

seismic risk assessment of pipeline – fault crossing and a decision making tool for route se-

lection and application of preventive measures against the consequences of faulting on pipe-

lines.  
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1 INTRODUCTION 

Industrial experience has demonstrated over the years that the most efficient way for trans-

porting hydrocarbonates over long distances is buried steel pipelines with continuous welded 

joints. Pipelines are structures of high importance acknowledging that any potential failure 

may have devastating consequences on the environment, nearby residential areas, as well as 

economic losses. Thus, pipelines are designed and constructed within a stringent framework 

of standards and regulations as societies are highly concerned about such projects. So, the 

combination of the route selection restrictions and pipelines’ extended length between oil 

producers and oil consumers leads several times to the transverse of seismic areas that usually 

incorporate areas prone to large ground displacements, such as tectonic faults. Fault activation 

due to earth plate movement imposes large ground displacements that the pipeline has to ac-

commodate safely. Investigation of previous earthquake events has demonstrated that the 

premier cause of pipeline failure is the imposed large differential ground displacement due to 

fault offset, compared to other seismic induced actions, such as seismic wave propagation, 

liquefaction induced lateral spread or landslide [1]. Possible failure modes in such situations 

are wall local buckling/wrinkling due to compressive strains, tensile fracture of girth welds 

due to tensile strains and in case of reverse fault type, upheaval buckling due to compressive 

forces. 

Hydrocarbonate pipelines are classified as hazardous structures given the consequences of 

a potential failure. Thus, it is deemed appropriate to perform a comprehensive risk analysis of 

pipeline – fault crossing hazard by incorporating the uncertainty of the loading, i.e. fault offset, 

and the response of the pipeline – soil interaction system. Even though fault rupture is a rare 

event, most pipeline operators are willing to accept the damage related to fault activation, as 

long as the pipeline’s integrity is maintained, i.e. no leak or rupture. However, earthquakes 

and the associated fault displacements are naturally random events and thus the dominant 

question during the design pertains to the appropriate magnitude of fault offset that has to be 

taken into account. Additionally, the seismic risk analysis is useful in order to design or eval-

uate financial (insurance) or physical mitigating measures (retrofitting or upgrading) against 

the fallouts of fault offset. Regarding the construction of a new pipeline project, hazard esti-

mation is necessary so that the appropriate measures are taken to control the subsequent levels 

of risk through redirecting the design procedure. With reference to the financial loss estima-

tion for insurance purposes, the quantification of failure hazard is the vital information re-

quired to fix premiums [2].  

The proposed procedure for seismic risk analysis of buried pipeline – fault crossing con-

sists of two parts: (i) conduct the probabilistic analysis of fault displacement hazard, (ii) per-

form pipeline structural analysis and then merge the results to conduct the seismic risk 

analysis. The basic aspects of the theoretical background of the proposed procedure for pipe-

line – fault crossing have been presented in previous work of the authors [3]. The appropriate 

tool for the probabilistic analysis of the fault displacement hazard is the Probabilistic Fault 

Displacement Hazard Analysis (PFDHA) introduced by Youngs et al. [4], which aims at 

quantifying the mean annual rate of exceeding various fault displacement levels at the site of 

pipeline – fault crossing. PFDHA integrates available geological and seismological data in-

cluding, for example, the probability of fault activation, rupture location, fault slip rate, distri-

bution of earthquake magnitudes and their associated uncertainties. Then, the seismic risk 

analysis is the combination of the results for developing the hazard curves for the selected in-

tensity measure and the quantification of the potential of pipeline failure. 
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2 SEISMIC HAZARD ASSESSMENT 

2.1 Probabilistic vs. determinist approach 

In seismic engineering there are two approaches for seismic risk assessment: the first one is 

the deterministic that is implemented through the Deterministic Seismic Hazard Analysis 

(DSHA) and the second is the probabilistic one applied trough the Probabilistic Seismic Haz-

ard Analysis (PSHA).  

The aim of DSHA is the development of earthquake scenarios that consist of a postulated 

occurrence of an earthquake of a specified magnitude, namely the characteristic or critical 

earthquake at a specific location, which could affect the structure under consideration. The 

DSHA implementation does not provide any information regarding the expected level of 

shaking or fault displacement during the structure’s life time; it does not account for the 

earthquake occurrence probability or the effect of uncertainties throughout the various meth-

odology steps. In proportion to DSHA that deals with ground shaking (e.g. PGA estimation), 

the Deterministic Fault Displacement Hazard Analysis (DFDHA) has been developed to deal 

with fault offset hazard. 

PSHA, then, aims at quantifying the probabilistic nature of earthquake effects. The hazard 

derived from different seismic sources is considered separately and the influence of every 

source on the final outcome is transparent [2]. On the other hand, the contribution of all 

sources under consideration is combined through PSHA into a single exceedance rate for the 

specified ground-motion parameter (e.g. PGA). This leads to the estimation of a range of pa-

rameters, such as the spectral ordinates at several periods; thus the results may not be compat-

ible with any physically feasible earthquake scenario. The pipeline – fault crossing derives 

special attention both during the design and the life-cycle of a pipeline project, as the conse-

quences of a potential pipeline failure are usually grave. Thus, the probabilistic approach is 

selected for the seismic risk assessment of pipeline – fault crossing assisted by our generally 

incomplete knowledge about the variable nature of earthquake loading and the complex prop-

erties of the coupled pipeline – soil system. Within the probabilistic framework the most suit-

able tool for seismic risk assessment of buried pipeline – fault crossing is the Probabilistic 

Fault Displacement Hazard Analysis (PFDHA) that quantifies the probabilistic nature of the 

loading. The basis of PFDHA was presented in [5] where the required data for assessing the 

probability of rupture for a given fault and its effect on a site under investigation were pre-

sented. Then, Youngs et al. [4] presented the framework of PFDHA in order to quantify the 

mean annual rate of exceeding various fault displacement levels at a site by considering the 

fault location, the fault slip rate, the strongest expected earthquake, as well as their epistemic 

uncertainties. 

2.2 Pipeline – fault crossing geometry 

A straight pipeline segment without any bends is considered that intercepts a single fault at 

a specific location and thus the crossing site is represented by a single point. The fault is as-

sumed to be planar appearing on the ground surface as a straight line and the fault thickness is 

approximated to zero. The pipeline – fault crossing is schematically illustrated in Figure 1, 

therein β is the pipeline – fault crossing angle, LF the fault length, Lp the crossing site from 

the fault closest edge and ψ the fault dip angle. The fault displacement is defined by D and is 

related to the spatial components [Δ1,Δ2,Δ3], where Δ1 and Δ2 are the fault parallel and fault 

perpendicular horizontal components, while Δ3 represents the vertical component: 

 2 2 2

1 2 3D      (1) 
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 3 2 tan    (2) 

When rotating the fault coordinate system (1,2,3) horizontally by the angle β, then Δ1 and 

Δ2 are transformed to Δx and Δy, i.e. the longitudinal and the transverse displacements with 

respect to the pipeline axis, while the vertical displacements Δ3 and Δz coincide: 
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Figure 1: Pipeline fault crossing plan and section view. 

2.3 Probabilistic fault displacement hazard analysis 

The PFDHA methodology includes two discrete approaches within it: the “earthquake ap-

proach” and the “displacement approach”. The “earthquake approach” is directly derived 

from the PSHA, as developed by Cornell [6], and explicitly relates the occurrence of fault 

displacement on a fault at a site near or at the ground surface to the occurrences of earth-

quakes in the site region. On the other, the “displacement approach” needs extensive recorded 

or paleoseismic data. However, these data are not always available and thus within the pro-

posed methodology, the “earthquake approach” is adopted. Furthermore, in the “earthquake 

approach” of PFDHA the distinction among two types of faulting is introduced, namely the 

“principal faulting” and the “distributed faulting”. The former type is adopted hereinafter, as-

suming that pipeline crosses a single and sufficiently recorded fault that its displacement may 

be represented along a single narrow trace or over a zone that be may a few meters wide. 

The required information to assess any potential consequences of faulting on pipeline in-

tegrity is provided by PFDHA. This information assists engineers on risk-informed decisions 

regarding site suitability when geological investigations are inconclusive. The outcome, then, 

of PFDHA is the fault displacement hazard curve on pipeline crossing site, where the fault 

displacement is presented versus the mean annual rate of exceeding every fault displacement 

values: 

          
0

0 *
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| | ,

u
nm

k n n kn kn

n m
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 

     
 

    (4) 

where αn(m
0) is the rate of all earthquakes on source n above a minimum magnitude of engi-

neering significance m0, fn(m) is the probability density of earthquake size that seismic source 



Vasileios E. Melissianos, Dimitrios Vamvatsikos and Charis J. Gantes 

n can produce between values m0 and mn
u estimated using the Gutenberg – Richter Bounded 

Recurrence Law [7], fkn(r|m) is the conditional probability density function for distance from 

site k to an earthquake of magnitude m occurring at source n. Finally, P*(D>d|m,r) is the con-

ditional probability that, given an earthquake of magnitude m at distance r from crossing site, 

the fault displacement will exceed displacement d. In practice it relates the occurrence of fault 

displacement at the crossing site to the occurrence of an earthquake through an attenuation 

model and thus is referred as the Displacement Attenuation (or prediction) Function, which 

differs from the usual ground motion prediction. Moreover, this term is the product of the 

conditional probability of slip and the conditional probability of exceedance. 

3 PROPOSED METHODOLOGY 

3.1 Conceptual algorithm 

The estimation of fault displacement hazard in terms of practical applications depends on 

three factors: (i) the earthquake magnitude as the key factor for describing a seismic source, 

which ranges from a minimum value Mmin to a maximum value Mmax and is discretized into a 

numbers of bin to account for all possible values, (ii) the surface rupture length (SRL) along 

the fault trace, acknowledging that different earthquakes may rupture lengths of different size 

and (iii) the SRL position on the fault trace, as the location of a given earthquake may not en-

counter the pipeline – fault crossing. 

The uncertainty of fault rupture intercepting the pipeline crossing site is handled by con-

sidering a variety of potential SRLs, each at a different location. Without more detailed data 

being available, SRLs of the same size are considered to be equiprobable. Additionally, for 

simplicity of bookkeeping, a minimum SRL size is determined as for example corresponding 

to the minimum magnitude of interest via empirical Equations and all subsequent larger sizes 

are simply integer multiples. So, every SRL size is accounted for at all possible positions, 

keeping track of those where the rupture crosses the pipeline and thus contributing to the pipe-

line displacement hazard.  

The PFDHA, as presented in section 2.3, is employed as an application of the total proba-

bility theorem trough a conceptual algorithm that deals with only one seismic source, i.e. n=1. 

The mean annual rate of exceeding a defined fault displacement value λD(d) at the pipeline 

crossing site is estimated as: 

      |D o i M i

i

d v P D d m f m      (5) 

where vo stands for the rate of all earthquakes above a minimum magnitude of engineering 

significance and is calculated based either on the Equation describing the seismicity of the 

investigated seismic source zone or provided by the engineer as an input parameter and fΜ(mi) 

is the earthquake probability calculated according to Gutenberg-Richter Bounded Recurrence 

Law [7]. Probability function P(D>d|mi) estimates the probability that fault displacement ex-

ceeds a defined value d given earthquake magnitude mi and is summed over all magnitude 

values as centers of bins. Further breakdown of Equation (5) yields to: 

      | | , , , , , |i i j k l j k l i

i j k

P D d m P D d m SRL FD Pos P SRL FD Pos m     (6) 

In order to calculate the probability function P(D>d|mi) of Equation (5), apart from earth-

quake magnitude range discretization in i bins and rupture length discretization in j bins, a 

third discretization for the fault displacement option (FD) of PFDHA is necessary. It is point-

ed out that the proposed conceptual algorithm applies equally for the maximum fault dis-
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placement (MD) and the average fault displacement (AD) option of PFDHA. Then, Equation 

(6) has two constituent elements, the first term is the conditional probability of exceedance 

and the second term is the conditional probability of SRL, rupture position along the fault 

trace and the FD approach of PFDHA given an earthquake magnitude. 

The conditional probability of exceedance (6) is the term P(D>d|mi,SRLj,FDk,Posl) that 

stands as the core of the PFDHA and necessitates detailed calculations that are carried out 

over each combination of bins of earthquake magnitude, rupture length, fault displacement 

and all possible positions of SRLj along the fault trace. The second element of Equation (6) is 

the conditional probability of SRL, rupture position along the fault trace and the FD approach 

of PFDHA given an earthquake magnitude mi, which is decomposed in:  

        
1

, , | , | | , |j k l i j k i l i j k i

l

P SRL FD Pos m P SRL FD m P Pos m P SRL FD m
N

     (7) 

where the first term is the probability of a given range of fault displacement and size of SRL 

to occur given an earthquake magnitude. However, SRLj and FDk are well correlated given the 

earthquake magnitude. Therefore, for each combination (i,j,k) the value of P(SRLj,FDk|mi) 

needs to be estimated with the appropriate joint distribution f(SRLj,FDk|mi). The best known 

such distribution comes from Wells and Coppersmith [8] and allows the definition of 

f(SRLj,FDk|mi) as a joint lognormal with positive correlation. Assuming that the discretization 

is sufficiently fine, the probability of SRL and FD falling in a bin given the magnitude can be 

approximated via a single PDF value at its center: 
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Still, the sum of Pi,j,k over j and k for all SRLj and FDk should equal one. Thus, the required 

probability function is renormalized as: 

   , ,
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P SRL FD m
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
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 (9) 

3.2 Interface variable 

In seismic risk analysis the roles of the seismologist and the structural engineer are linked 

by the use of an interface variable, known as the intensity measure (IM). In pipeline – fault 

crossing seismic risk analysis the structural engineer needs to estimate the mechanical behav-

ior of the pipeline to given IM values. The proper such values are the fault displacement spa-

tial components Δ1, Δ2 and Δ3, as defined in section 2.2. The spatial distribution of fault 

components is not only necessary for the fault characterization as normal, strike-slip or re-

verse, but also dominates the pipeline’s response. The latter is of great importance as normal 

faulting leads to pipeline bending and tension, strike-slip faulting leads to pipeline bending 

and tension or compression, while reverse fault leads to pipeline bending and compression. 

Thus, it is deemed necessary to define a vector intensity measure [9]. The appropriate such 

vector IM consists of two components, namely [Δ1,Δ3], which are structure independent and 

can fully describe the loading of the structural model, given that Δ2 component is functionally 
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dependent to them. Moreover, the selected IM covers the design goal of assessing the struc-

tural behavior of the pipeline due to faulting. However, if the proposed methodology needs to 

be extended to encompass frequency related events, such as low-cycle fatigue, then the adopt-

ed IM might be insufficient. 

3.3 Fault displacement components 

The outlined PFDHA methodology deals with the magnitude of fault displacement norm, 

neglects its spatial orientation and passes up the fact that fault displacement in nature is usual-

ly three-dimensional. Thus, the necessity arises to introduce a calculation procedure of com-

ponents’ magnitude with reference to fault type. So, fault types are divided into two 

categories, namely strike-slip type where offset is dominated by Δ1 component and normal or 

reverse type where the Δ3 component is dominant. However, there are not sufficient published 

data regarding the spatial distribution of the components. Hence, within the scope of the pro-

posed methodology, the dominant component is calculated assuming it is normally or uni-

formly distributed. Due to the lack of adequate data, the distributions adopted are reasonable 

assumptions and shall be adjusted or replaced if reliable data are available in the future. 

In case the dominant fault component is assumed to be uniformly distributed, it is estimat-

ed as: 

  1 3or 0.70 0.90D D     (10) 

where the discretization, the lower and the upper bound are input engineering parameters. The 

proposed lower and upper bounds stand for a reasonable estimation to indicate the dominance 

of the component that characterizes the fault type and at the same time to assure that fault off-

set remains three-dimensional.  

In case the dominant fault component is assumed to be normally distributed, it is estimated 

using the parameters listed in Table 1. 

 

Parameter  Value 

μ 0.80D 

σ 0.20×μ  

Upper bound  0.90D 

Lower bound 0.70D 

 

Table 1: Normal distribution parameters for dominant fault component calculation. 

 The component’s mean annual rate of density, whether Δ1 is the dominant component for 

strike-slip fault, or Δ3 for normal/reverse fault, respectively, is estimated as: 

    ' 3
1 3 1, | Dd

f D
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     


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3 1 3, | Dd
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dD D





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
 (12) 

where f(Δ1|D) is the distribution probability density function (either normal or uniform) of the 

dominant component (either Δ1 or Δ3), dλD/dD is the rate density for given D, while ∂Δ1/∂D or 

∂Δ3/∂D is the derivative of the dominant fault component over D that is necessary in order to 

change the variable [10]. It should be noted that λ΄(Δ1,Δ3) is not rate, but rate density and thus 
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an integration of λ΄(Δ1,Δ3) over a two-dimensional interval of Δ1 and Δ3 yields the mean annu-

al rate of events occurring in this interval.  

3.4 Pipeline strain hazard curves 

Fault offset is the primary cause of pipeline failure due to earthquake events, as the differ-

ential ground movement imposes large permanent ground displacements on the buried pipe-

line that the pipeline has to accommodate. Thus, high levels of tensile and compressive strains 

are developed and endanger the pipeline’s integrity. Compressive strains may lead to local 

buckling of the wall, while tensile strains may lead to fracture of the girth welds between ad-

jacent steel parts. So, the primary consideration for pipeline earthquake resistant design is the 

determination of strain capacity and for this reason, strain hazard curves are the most suitable 

tool to perform a probabilistic estimation of any potential pipeline failure throughout the pipe-

line life-time. However, whilst structural analyses provide strain demands, strain capacity 

terms are adopted by code recommendations. ALA [11] provisions suggest for the longitudi-

nal strains resulting from ground movement due to fault offset the tensile strain limit εt,c=2% 

and the compressive limit εc,c of: 
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    

 (13) 

where t is the pipeline wall thickness, De is the pipeline external diameter, Dmin is the internal 

diameter, p is the internal pressure and E the pipeline steel modulus of elasticity. Equation (13) 

includes a term for internal pressure, which acts as a relief against the external earth pressure. 

In the present study the internal pressure is assumed to be equal to zero, as a less favorable 

situation, thus the pertinent term is neglected.  

Strain hazard curves present the mean annual rate of exceeding a defined strain value λΕ(ε) 

and are evaluated as: 

  
 

 
1 3

1 3

,

,

i j

E i j

   
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

   (14) 

where Δλ(δ1i,δ3j) is the mean annual rate of equaling or reaching a given range of fault dis-

placement with components δ1i and δ3j. It is estimated by integrating the mean annual rate of 

density λ΄(Δ1,Δ3) in the appropriate range of components displacement δ1i and δ3j. Finally, this 

result is in turn summed over all i and j values of Δ1 and Δ3 respectively that are found in the 

structural analysis to correspond to strain values larger than ε.  

3.5 Uncertainty 

PFDHA, from its origins, can incorporate any quantifiable uncertainty, as identification 

and quantification of uncertainties is integral to the seismic hazard analysis. Uncertainties are 

usually divided into two main categories, namely aleatory and epistemic. The division of un-

certainties demands a distinct treatment and it is good practice to treat them separately, in or-

der to identify the key uncertainties, although this is not always an easy task. The aleatory 

uncertainties refer to the inherent variability of the nature over time, while epistemic uncer-

tainties are related to the inadequate understanding of the nature and can be in time reduced 

with better observations. In the present study, epistemic uncertainties are handled though a 

logic tree, as the latter is considered to be the state-of-the art tool to quantify and incorporate 

epistemic uncertainties [12]. The set-up of a logic tree includes the production of alternative 
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models for various input variables and then the assignment of weight factors to tree branches. 

These factors represent the engineer’s degree of belief in the alternative models or in other 

words they represent the degree of belief in one model with respect to another. Epistemic un-

certainties are considered in the present study through the logic tree that is presented in Figure 

2 and includes three parameters. 

 

Figure 2: Uncertainty analysis logic tree. 

The first parameter is the seismic rate v as the main characteristic of the seismic source that 

is under question, given that seismologists usually provide the mean value. The second is the 

maximum expected earthquake magnitude Mmax. While the minimum earthquake magnitude is 

selected based on the assumption that lower magnitudes do not contribute to seismic hazards 

of engineering significance, the maximum earthquake magnitude is uncertain. The third un-

certainty parameter is the choice of the average fault displacement (AD) or the maximum 

earthquake displacement (MD) approach of PFDHA, as presented in section 3.1. 

4 ILLUSTRATIVE EXAMPLE 

The proposed methodology for seismic risk assessment of buried pipeline – fault crossings 

consists of two interrelated steps: (i) the seismological part, where the probabilistic fault dis-

placement hazard analysis is conducted to extract the mean annual rate of exceeding fault dis-

placement and the intensity measure on crossing site and (ii) the structural part, where the 

structural analysis of the buried pipeline is performed to extract the strain demands. Then, the 

results of both steps are combined, yielding the pipeline strain hazard curves. To demonstrate 

the proposed methodology a numerical example and its associated results are hereinafter pre-

sented. 

4.1 Example of fault displacement hazard analysis 

A normal fault is considered with length equal to LF=100km, fault dip angle ψ=70ο and 

average seismic rate v=1.2. Pipeline crossing is located Lp=40km from the fault closest edge, 

while pipeline – fault crossing angle equals β=80ο, with reference to Figure 1. The minimum 

earthquake magnitude under consideration is selected as Mmin=4.5 and the average maximum 

earthquake magnitude is Mmax=7.3. Analysis is carried out for fault displacement values rang-

ing from 0.01m to 3m. Uncertainty parameters considered in the analysis are listed in Table 2 

with respect to Figure 2. Regarding the AD or MD approach of PFDHA, they are both as-

signed a weight factor of 0.50, given that there is not sufficient data to favor one approach 

compared to the other. For the same reasoning, both the normal and the uniform distribution 

approach for estimating the dominant fault component are assigned a weight factor of 0.50. In 

addition, the component calculation procedure is an approximation and thus one cannot favor 

the uniform distribution against the normal distribution. 
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Parameter value  Weight factor 

v1=1.1 v1=0.30 

v2=1.2 v1=0.40 

v3=1.3 v1=0.30 

Mmax,1=7.2 vM1=0.20 

Mmax,2=7.3 vM2=0.60 

Mmax,3=7.4 vM3=0.20 

AD approach vA1=0.50 

MD approach vA2=0.50 

Normal distribution vF1=0.50 

Uniform distribution vF2=0.50 

  

Table 2: Uncertainty parameters considered in the illustrative example. 

The output of PFDHA is the weighted average fault displacement hazard curve that is illus-

trated in Figure 3, where in logarithmic scale the mean annual rate or exceedance λD(d) is pre-

sented on the horizontal axis, while the fault displacement on crossing site d is presented on 

the vertical axis. The descending curve shape is predictable as the larger the fault displace-

ment is, the lower the mean annual rate of exceedance is. The fault displacement components 

hazard surfaces are estimated according to section 3.3 and depicted in Figure 4, where on the 

vertical axis the mean annual rate of density is presented, while on the horizontal axes the two 

structural independent fault displacement components Δ1 and Δ3 are presented.  

 

 

Figure 3: Weighted average fault displacement hazard curve on pipeline crossing site. 

 

Figure 4: Weighted average fault components hazard surface on pipeline crossing site. 
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4.2 Disaggregation and uncertainty 

Uncertainties are an integral part of seismic risk assessment and are incorporated in the 

proposed methodology through the logic tree of Figure 2, where weight factors are assigned to 

tree branches. So, there are in total 18 “triplets” of (wvi,wMj,wAk) weight factors and in prac-

tice each branch corresponds to a single factor being the product of partial factors: 

 , ,  i j k i j kw wv wM wA    (15) 

Therefore, the weighted average hazard curve is produced as: 
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For the sake of simplicity, a Monte Carlo simulation approach can be adopted, assuming 

that the mean value μ and standard deviation σ for a sample size of N are evaluated as follows: 
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Then, the weighted average fault displacement hazard curve is illustrated in Figure 5 along 

with its dispersion, together with the mean minus one standard deviation.  

 

Figure 5: Weighted average fault displacement hazard curve with dispersion. 

 The conditional probability of exceedance that is incorporated in the fault displacement 

hazard calculation offers two approaches regarding the normalization of the displacement 

along the length of the rupture, i.e. the average fault displacement and the maximum fault dis-

placement. As indicated previously, there are not adequate data to favor one approach against 

the other. Thus, disaggregation results are presented in order to evaluate the selection impact 

among the two approaches on the fault hazard curve. So, Figure 6 presents the weighted aver-

age fault displacement hazard curve adopting the AD or the MD approach of PFDHA, which 

indicates that for small displacement values the AD approach leads to higher values of mean 

annual rate of exceedance and vice versa for the MD approach. 
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Figure 6: Weighted average fault displacement hazard curve adopting AD or MD approach of PFDHA. 

 In Eurocode 8 – Part 4 [13] two limit states are introduced for buried pipelines, namely the 

Ultimate Limit State (DLS) related to a return period of TNCR=475years or 10% probability of 

exceedance in 50 years and the Damage Limit State (DLS) related to a return period of 

TDLR=95years or 10% probability of exceedance in 10 years. The probability of exceedance is 

related with the mean annual rate of exceedance through the Equation (19). 

    
 ln 1

  1 exp 1 / 1 expreturn

P
P t T P t

t
 

 
           (19) 

Thus, the mean annual rate of exceeding the ULS is λULS=0.0021 and the DLS is 

λDLS=0.0105. It is also useful to associate the limit states with earthquake magnitude in order 

to highlight the contribution of earthquake magnitude values, ranging from Mmin=4.5 to 

Mmax=7.3, to the limit states. Then, using the weighted average fault displacement hazard 

curve, by neglecting the uncertainty of the Mmax, it can be found through linear interpolation 

that the fault displacement corresponding to the ULS is DULS=0.86m. For the DLS, there is no 

practically permanent fault offset for the fault under consideration for such low intensity and 

frequent earthquakes. The disaggregation on earthquake magnitude regarding the ULS is 

evaluated though: 
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The implementation of Equation (20) leads to Figure 7, where on the horizontal axis the 

earthquake magnitude values are plotted in bins and on the vertical axis their contribution to 

the limit states. Disaggregation results indicate that magnitude m=7 contributes most to the 

ULS. Larger magnitudes may cause larger displacements yet they are apparently too rare for 

this fault to figure more prominently for ULS.  
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Figure 7: Disaggregation on earthquake magnitude with reference to Eurocode 8 pipeline ultimate limit state. 

The spatial distribution of fault components is assessed in the present study through an ap-

proximate procedure. Due to the lack of sufficient data, the dominant component is calculated 

by adopting a uniform or a normal distribution. However, it is essential to demonstrate the 

differences among the two assumptions in terms of fault components hazard surfaces. There-

by, the independent Δ1 and Δ3 components are presented on the horizontal axes, while on the 

vertical axis their mean annual rate of density λ’(Δ1,Δ3) is presented. The hazard surface using 

the normal distribution is lower than the corresponding using the uniform distribution. It is 

also essential to recall that the mean annual rate of density is not a rate but a rate density and 

thus if an integration is carried out over a two-dimensional interval of Δ1 and Δ3 one can esti-

mate the mean annual rate of occurrence in that interval.  

 

Figure 8: Fault displacement hazard surfaces adopting a uniform or a normal distribution.   

4.3 Pipeline structural analysis 

Pipeline structural analysis can be carried out either numerically or analytically in order to 

assess the pipe response due to faulting. The usual design process includes the use of analyti-

cal approaches in the preliminary design stage and then numerical simulations in the final 

stage. For the purposes of the illustrative example, the pipeline structural analysis is per-

formed using the analytical procedure presented by Karamitros et al. in [14],[15] as a reliable 

approach to estimate the maximum and the minimum developing strain on the pipeline.  



Vasileios E. Melissianos, Dimitrios Vamvatsikos and Charis J. Gantes 

A typical high-pressure natural gas API5L-X65 pipeline is considered, featuring an exter-

nal diameter of De=0.914m (36in) and a wall thickness of t=0.0127m. The pipeline steel is 

considered to be elastic with isotropic hardening, while its properties are listed in Table 3.  

 

Parameter  Value 

Yield stress 448.50MPa 

Ultimate stress 531.00MPa 

Ultimate strain 4.00% 

Young’s modulus 210GPa 

Yield strain 0.233% 

Hardening modulus 1.088GPa 

  

Table 3: API-5L X65 steel properties considered in the structural analyses. 

The pipeline is assumed to be buried under 1.30m of medium-density sand and coated with 

coal-tar. Backfill sand’s friction angle is φ=36ο and unit weight is equal to γ=18kN/m2. The 

surrounding soil is modeled as a series of mutually independent elastoplastic springs accord-

ing to Winkler soil model, while their properties are estimated according to ALA [11] provi-

sions and listed in Table 4.  

 

Spring type Force (kN/m)  Displacement (m) 

Axial (frictional) springs 22.7 3.0 

Transverse horizontal springs 134.4 35.7 

Vertical upward springs 41.2 2.6 

Vertical downward springs 1021.8 95.3 

  

Table 4: Soil spring properties considered in the structural analyses. 

4.4 Pipeline strain hazard curves 

Within the scope of the present illustrative example, strain hazard curves are derived by 

combining structural analysis results and a basic determinist approach, where fault displace-

ment hazard is represented by its weighted average (Figure 3), considering epistemic uncer-

tainties. Also, strain capacities are considered to be deterministic, rather than uncertain, i.e. 

uncertainty regarding the pipeline steel properties and the soil properties and hence the pipe-

line mechanical behavior is neglected. The mean annual rate of exceeding a defined strain 

value is estimated via Equation (14). For the pipeline under investigation, the tensile strain 

limit equals 2%, while the compressive strain limit yields 0.35%. Then, the combination of 

analytical results with PFDHA results leads to the estimation of the pipeline strain hazard 

curves that are illustrated in Figure 9 and Figure 10 for the tensile and the compressive strains 

respectively. Strain hazard curves indicate that there is no risk of pipeline failure either due to 

tensile failure of girth welds, or due to local buckling. 
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Figure 9: Tensile strain hazard curve. 

 

Figure 10: Compressive strain hazard curve.  

5 CONCLUSIONS AND REMARKS  

A two-step methodology for seismic risk assessment of buried steel pipelines crossing ac-

tive faults is presented. The first step includes the Probabilistic Fault Displacement Hazard 

Analysis methodology as adjusted for pipeline fault crossing. The conceptual algorithm of the 

proposed methodology is also presented, by taking into account epistemic uncertainties. The 

second step is the “transition” from seismological data to structural analysis through the vec-

tor intensity measure of fault displacement components. Strain hazard curves are derived by 

associating results from pipeline mechanical behavior to hazard analysis in order to compute 

the mean annual rate of exceedance of longitudinal strains, which are compared to code-based 

strain failure criteria. Moreover, an illustrative example is presented to demonstrate the pro-

posed methodology. Results regarding the uncertainty of adopting the average fault or the 

maximum fault displacement are presented to identify its impact on the mean annual rate of 

exceeding fault displacement on pipeline crossing site. Additionally, the fault components are 

estimated through an approximate calculation procedure and thus the differences between as-

suming a uniform or a normal distribution to estimate the dominant component are presented. 

Disaggregation results on earthquake magnitude with reference to Eurocode 8 limit states are 

displayed to evaluate the contribution of earthquake magnitude to the limit states. 

The proposed approach offers a path for comprehensive performance-based assessment of 

buried pipelines crossing active faults. Using an adjusted PFDHA implementation for pipeline 

– fault crossing together with the pipeline response pipeline due to faulting using a reliable 

analytical approach, the hazard of pipeline crossing in terms of strains can be estimated. The 

proposed methodology provides engineers with a reliable estimation tool, admittedly requir-

ing programing of the conceptual algorithm, but offering both seismic risk and pipeline struc-

tural analyses at low computational effort.  
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