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ABSTRACT 

Vulnerability of subsea high pressure/high temperature (HP/HT) pipelines to seismic actions is 

studied numerically. Unlike most of the existing researches on buried or trenched pipelines, this study 

is focused on the response of an unburied pipeline with D/t = 20, laid on the seabed and resting on a 

sleeper. Two different scenarios: (1) earthquake imposed on a laterally buckled pipeline, and (2) 

earthquake imposed at temperatures lower than the lateral buckling temperature, are studied. The 

onset of yield and development of compressive local wrinkles in the wall thickness are calculated as 

the failure modes. Analytical fragility curves are developed based on probability of exceedance of 

the failure limits for each scenario. It is understood that the pipeline in scenario 1 is more vulnerable 

to bending-induced damages. 
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INTRODUCTION 

Natural disasters such as earthquake can affect many lives in modern societies if the infrastructure 

undergoes severe damage. Therefore, assessment of vulnerability of critical infrastructure is 

becoming an urgent issue, and requires allocation of resources toward design and construction of 

resilient networks. Pipelines are commonly used to transport water, sewage, oil and natural gas, and 

are essential part of the modern societies. Resilience of pipelines during catastrophic events is a 

strategic issue that has a great impact on both society and the environment [1]. Pipelines are 

particularly vulnerable to high-intensity earthquakes, such as the 1989 Loma Prieta earthquake [2], 

the 1995 Kobe earthquake [3], and the Chi-Chi earthquake in 1999 [4]. This scenario worsens when 

pipelines cross seismic hazardous areas subjected to different potential damages such as slope 

instability, landslide, soil liquefaction and fault movements [5]. International codes such as ALA [6] 

provide specifications for the seismic design of buried pipelines.  

Quantitative risk analysis (QRA) is a scientific method that provides the basis for the prioritization 

of management and mitigation actions with the ultimate goal to protect critical infrastructure assets 

subjected to natural hazards [7]. Within the pipeline industry, seismic fragility analysis is used to 

predict the damage or the failure probability of a system by taking into account the uncertainty of 

earthquake characteristics [8]. In this regard, the principal output is the definition of seismic fragility 

curves that express the correlation between the probability of failure in the pipeline and the earthquake 

intensity [9, 10]. Fragility functions are typically adopted in safe design of onshore natural gas (NG) 

pipelines [11]. Empirical correlations between buried pipeline damage and ground motion intensity 

parameters have been studied since the mid-’70s. Katayama et al. [12] proposed fragility relations for 

segmented cast iron and asbestos cement pipelines in terms of peak ground acceleration (PGA) based 

on damage data from six earthquakes. Isoyama et al. [13] presented PGA-based fragility relations 

based on damage data from the 1971 San Fernando earthquake. Eguchi and Honegger [14] proposed 

fragility by referring to the modified Mercalli intensity (MMI) as a damage indicator. More recently, 

some contributions employed other seismic intensity parameters such as: peak ground velocity 

(PGV), peak ground displacement (PGD), arias intensity (AI), spectral acceleration (SA), spectral 

intensity (SI), maximum ground strain, and the composite parameter PGV2/PGA [15, 16]. There are 

empirical fragility relations available for onshore buried pipelines. Worth to mention is the derivation 

of a pipeline risk assessment for the California State Fire Marshall over a 10-year period (1981-1990) 

[17]. By developing fragility relations for six different pipe materials subjected to wave propagation, 

Eguchi and Honegger [14] came up with an empirical relation from three U.S. Earthquakes, namely; 

1971 San Fernando, 1983 Coalinga and the 1985 Michoacan event in Mexico. Later, O’Rourke and 



Stewart [2] developed an empirical wave-propagation fragility relation for buried segmented pipe 

using information from the 1994 Northridge event. From a government funded research project in the 

U.S. [18] wave-propagation damage relations based upon an analysis of 81 data points from 12 

earthquakes were developed. In particular, three levels of damage were represented by the medium 

value (50th) and the 16th and the 84th percentiles (damage relations which provide an upper bound for 

the 16% and the 84% of the data). The empirical fragility curves are generally based on the repair 

reports prepared in post-earthquake events, and their application is limited to the characteristics of 

the investigated measures. Therefore, the accuracy of their extension to other typologies and 

characteristics of pipelines is questionable [19]. The analytical fragility method is based on the 

assessment of the seismic damage of systems by requiring reliable numerical simulation methods. 

Fragility curves consist of mathematical tools that turn discrete variables into continuous 

formulations, and can assist decision-makers in defining priorities amongst different solutions. The 

analytical fragility method defines the conditional probability of reaching and exceeding a particular 

damage state (DS), and it is defined in accordance with certain levels of a chosen seismic intensity 

measure (IM).  

Previous studies have investigated the seismic behaviour of onshore pipelines [20, 21, 22]. Demirci 

et al. [23] carried out experimental and numerical study to investigate the response of buried pipelines 

crossing reverse faults. Psyrras et al. [24] investigated local buckling of a buried pipeline during 

earthquake ground shaking. However, to the knowledge of the authors, the seismic studies of high 

pressure/high temperature (HT/HP) pipelines so far has been limited to buried and trenched pipelines 

[24]. A subsea HT/HP pipeline can undergo large bending stresses and strains due to lateral/upheaval 

buckling or free-spanning [25, 26, 27, 28]. If the compressive strain in the pipe wall exceeds a certain 

limit, structural instability, in the form of local buckling/wrinkling may occur [29]. Periodic loading, 

such as flow-induced vibrations and earthquakes may cause fatigue cracks in this affected region [30]. 

In the current paper the seismic and thermal buckling responses of an unburied HP/HT subsea pipeline 

laid on an uneven seabed is investigated numerically. Structural responses of the pipeline under 17 

recorded ground motions are considered in two scenarios. Scenario 1, where a controlled lateral 

buckle of the HP/HT pipeline is followed by the earthquake (EQ) input, and scenario 2, where the 

imposed EQ triggers the lateral buckle. Assuming three levels of damage based on the bending 

capacity of the pipeline, fragility curves for each scenario are plotted and discussed. 

NUMERICAL MODEL AND VALIDATION 

Due to the lack of seafloor earthquake recordings, in the present study onshore ground motions are 

taken into account. The effect of the surrounding seawater layer on the pipeline response is neglected. 



Previous studies show that due to the interaction between S-waves and P-waves, especially at resonant 

frequencies of propagating waves in the water, only the vertical seafloor motion is affected by the 

surrounding seawater [31, 32]. Following the numerical model proposed by Bi and Hao [33], an 

above-ground steel pipeline with outside diameter of OD = 350 mm, single span length of 16 meters 

and mechanical parameters represented in Table 1 is modelled using commercial finite element 

analysis (FEA) package ABAQUS [34]. The numerical mesh is shown in Fig. 1.  

The considered single span pipe (referred to as “the original pipe” in [33]), is placed on a soil domain 

characterized by two layers. The properties of the soil layers are given in Table 2. The pipeline is 

modelled in ABAQUS using 2-node linear beam elements named PIPE31 [34]. The 16 m single span 

pipe is divided into 40 elements along its circumference and 100 elements in the longitudinal 

direction. The soil domain has surface dimensions of 48×48 m and a total depth of 40 meters. Bi and 

Hao [33] investigated seismic responses of single span simply supported and continuously simply 

supported pipelines. For the validation purpose in the current work, only the single span simply 

supported pipeline with length of 16 m is modelled. With respect to the Cartesian coordinate system 

shown in Fig. 1, the pipe is restrained against translation in y and z directions and rotation about x and 

z axes at the supports. The adjacent spans are incorporated by introducing rotational (about z-axis) 

and translational (along y-axis) springs on either ends of the pipeline, with stiffness of 1.465×105 

Nm/rad and 1.1644×106 N/m, respectively, as suggested in [33].  

Both the soil layer and the bedrock are discretized using three-dimensional C3D8R 8-node solid 

elements. The large thickness of the soil domain used herein enables modelling realistic seismic wave 

propagation at a depth far enough from the pipeline, so that the scaling effects can be neglected [35-

38]. Soil mesh size has been chosen based on the Rayleigh wavelength parameters. A variable mesh 

dimension is chosen, with soil elements becoming denser towards the center and the surface of the 

soil domain. The element length is 4 m on the lateral borders and 1 m at the center of the model. This 

approach allows to analyse larger soil domain with less computational efforts. The bedrock boundary 

is set at 40 m depth from ground surface, where the base nodes translational and rotational degrees 

of freedom are fixed. In order to simulate real wave propagation and to consider a presumably infinite 

(or at least very large) soil domain, thus avoiding wave reflection disturbance and allowing the 

seismic energy to be removed from the site itself, periodic boundaries are selected [39, 40]. This 

condition allows each node on one side of the lateral boundary of the soil domain to move the same 

as the analogous node on the opposite side (in both horizontal and vertical directions). Since 

ABAQUS does not provide the periodic boundary condition option, infinite elements called CIN3D8, 

as shown in Fig. 1, are inserted on the side boundaries of the soil domain by manually modifying the 

model input file. Infinite elements are defined over semi-infinite domains with suitably chosen decay 



functions [34]. These elements are used in conjunction with standard finite elements, which model 

the area around the region of interest, with the infinite elements modelling the far-field region. 

ABAQUS allows to define first- and second-order infinite elements that are based on previous works 

related to both static response [41] and dynamic response [42] analyses. 

The damping ratios (Table 1 and Table 2) are added to the materials properties in the form of Rayleigh 

damping coefficients: 
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where [C] is the damping matrix, [M] is the mass matrix and [K] is the stiffness matrix, αd and βd are 

the mass-proportional and stiffness-proportional damping coefficients, respectively. Other authors 

[43, 44] have suggested expressions for αd and βd. In the current study, the method suggested by 

Kalliontzis [43], which is calibrated for submarine pipelines, is utilised: 
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where ω1 and ω3 are the first and third mode frequencies of the pipe-soil system. Based on an 

eigenvalue analysis, the pipe fundamental vibration frequency is found to be in the transverse 

direction and equal to 3.8992 Hz, which is close to the vibration frequency of 3.8556 Hz obtained by 

Bi and Hao [33].  The pipe-soil system frequencies, ω1 and ω3 are found to be equal to 1.7213 Hz 

and 2.0322 Hz, respectively. Using Eq. 2, the mass-proportional and stiffness-proportional damping 

coefficients are calculated and represented in Table 3.  

A seismic input motion, San Fernando earthquake with a PGA of 0.026g, is selected from the Pacific 

Earthquake Engineering Research Centre (PEER) [45] database and applied at the base of the bedrock 

along the transverse direction (y-direction shown in Fig. 1). Time histories of maximum 

displacements obtained from the current and from Bi and Hao [33] are shown in Fig. 2. It should be 

noted that in Bi and Hao’s work [33] the pipeline is modelled with 3D 20-node solid elements, 

whereas in the current work 2-node beam elements are used. Therefore, the negligible discrepancies 

in the amplitude observed between the two time histories in Fig. 2 may be related to the different pipe 

element types. The results are in good agreement and show that the adopted beam model can predict 



the seismic wave propagation properly. 

NUMERICAL RESULTS AND DISCUSSION 

In order to study the interaction between thermal buckling and seismic disturbance, an X65 steel 

pipeline with parameters represented in Table 4 is selected. The same pipeline and similar numerical 

method was used in the thermal buckling study conducted by Wang et al. [46]. 

Thermal buckling 

The pipeline in Table 4 with length of 2000 meters is laid on a rigid seabed as shown in Fig. 3. In 

order to control the lateral buckling [46], a sleeper with height of h = 500 mm (h/OD = 1.97) is laid 

under the pipeline at its mid-length. The pipeline is modelled using PIPE31 beam elements. The 

sleeper is modelled with R3D4 discrete rigid shell elements, with a semicircular cross section. The 

seabed is meshed using R3D4 discrete rigid shell elements, as well [34]. Unlike the seismic validation 

model, in this model the seabed is rigid, and refinement of mesh is unnecessary. Pipe element size 

gradually decreases towards the midpoint area, where the length is set as half the diameter [29]. Both 

ends of the pipeline are pin-connected to the seabed using multiple point constraint (MPC) elements. 

The ends are far enough from the sleeper, to allow sufficient feed-in length into the buckle region. 

The sleeper is fixed to the seabed with a tie constraint, hence, all degrees of freedom of master and 

slave nodes are bound together. Mohr-Coulomb constitutive contact behaviour is used to model the 

interaction between the pipeline and the seabed and between the pipeline and the sleeper, with friction 

coefficients of μ1 and μ2, respectively (see Table 4). A large penalty stiffness is used to simulate hard 

contact definition between the pipeline and sleeper and soil [28]. To control the lateral buckling 

response, a sinusoidal initial imperfection is imposed on the pipeline at the point of contact with the 

sleeper. The sinusoidal imperfection has amplitude to half wave-length ratio, h0/l0 = 0.012, and a 

schematic shape illustrated in Fig. 3. 

In order to obtain the thermal buckling response of the pipeline, the following load steps, in the 

mentioned sequence, are imposed to the pipeline, using a quasi-static dynamic analysis with 

geometric nonlinearity. (1) The self-weight is applied to the pipeline assuming a total buoyant weight 

of m = 153 kg/m (m includes the submerged weight of the pipeline and its concrete coating). At the 

end of this load step, the pipeline deforms on the sleeper, with free-spans on either side of the sleeper 

and corresponding touchdown points [28, 46], (2) an internal pressure of Pint = 12 MPa is applied to 

the pipeline, and (3) an increasing temperature change of ΔT is uniformly applied to the wall 

thickness. Due to the actions of the internal pressure and thermal loading, the pipeline tends to expand. 

However, this expansion is resisted by the soil. This induces axial forces in the wall thickness, and 



causes a global lateral buckling in the pipeline [28, 29]. The maximum lateral buckle amplitude in 

the pipeline occurs at the contact point with the sleeper. Fig. 4a, shows the thermal buckling response 

of the pipeline. The temperature increases up to a critical value, after which the buckle amplitude 

monotonically upsurges with the corresponding increase in the temperature. The lateral buckle 

profiles at different temperatures are plotted in Fig. 4b. The lateral buckle mode is similar to Hobb’s 

mode 3 [47] as expected [28, 46]. As shown in Fig. 4b, at temperatures below 25°C, lateral amplitude 

at the crown of the pipeline (on top of the sleeper) is very small. As the temperature is increased, the 

crown amplitude enlarges and three buckle lobes are developed, one major lobe at the crown and two 

symmetric minor lobes adjacent but opposite to the major lobe. The amplitude in the major lobe is 

significantly larger than those of the minor lobes. The major lobe is always located at mid-length and 

above the sleeper. Whereas, at elevated temperatures, the minor lobe buckle crest moves away from 

the sleeper. Similar behavior was reported in thermal buckling analysis of Wang et al. [46]. Moreover, 

the buckle amplitude vs. axial location responses of the pipe shown in Fig. 4b here, perfectly matches 

with the similar figure (Fig. 4a) of [46] (not shown here for sake of brevity). In theory, a critical 

temperature corresponds to the onset of large lateral deformation in the pipe with relatively low 

increase in the service temperature. The critical temperature is easier defined in pipelines with small 

initial imperfections (h/OD < 1) and harder to identify in pipelines with larger imperfections, or pipes 

on sleeper [28, 46, 48]. Comparison between results of Figs. 4a and 4b suggests that the critical 

temperature of the pipeline (Tcr), is between 26-30°C. 

Thermal-seismic interaction model 

Knowing the critical temperature, two scenarios are studied: (scenario 1) post-buckle seismic input, 

and (scenario 2) pre-buckle seismic input. Since the pipeline is characterised by a composite material 

(steel pipeline with concrete coating), a damping ratio of 3% is chosen, as proposed by [43], and is 

applied to the material properties in the form of Rayleigh damping coefficients (see previous section). 

A total of 17 earthquake input motions taken from PEER [45] are used in the current study. The 

selected seismic inputs have different intensity measures (IMs) that can be used to assess a wide range 

of damage in the pipeline, and to produce fragility curves. Moreover, by using the selected input 

motions the dynamic behaviour of the structure at periods up to 2.5 seconds can be identified. Input 

spectra of the selected 17 input motions and the corresponding peak ground accelerations (PGAs) are 

shown in Figs. 5a and 5b, respectively. The characteristics of each input motion is outlined in Table 

5.  

 
Scenario 1: post-buckle seismic input 
 



In addition to the self-weight (m = 153 kg/m) and internal pressure Pint = 12 MPa, the temperature in 

the pipeline is increased up to 31°C (larger than the critical temperature). At this temperature the 

pipeline is already buckled (see Fig. 4b). Then, the seismic input is applied to the soil at a depth of 5 

m below the seabed and in the y-direction (see Fig. 3). The seismic load is applied to the rigid seabed 

similar to the method detailed by Arifin et al [49]. In order to do so, a boundary condition is set for 

each node of the soil base and the seismic motion is applied as an acceleration in y-direction with 

unitary value (ay = 1). Thereafter, the earthquake time history is considered by filling in tabular data 

(time vs. amplitude). Once the seismic load is applied, rotations and translations of the base nodes 

are constrained (ux = uz = θx = θy = θz = 0), whereas only the translation in y-direction is released. 

Although the soil domain is modelled as a 3D discrete rigid part and amplification effects due to soil 

deformability are neglected, as proposed by Arifin et al. [49], the arbitrary depth is chosen in order 

to avoid any possible disturbance that could take place with multiple boundary conditions and contact 

interactions on the same plane.   

The time histories of the lateral buckle amplitude at various stages of the loading are displayed in Fig. 

6a. The lateral buckle profile and the crown stress distribution before and slightly after the application 

of the seismic input n.11 (Northridge) are shown in Figs. 6b and 6c, respectively. It can be seen that 

the introduction of the seismic load significantly increases the buckle amplitude. Consequently, the 

maximum stress at the crown of the buckled pipeline, upsurges to a level slightly above the yield 

stress (a yield stress of 448 MPa is assumed as will be discussed later in the pure bending section). 

The interaction buckle mode (solid line in Fig. 6b) is similar to the thermal buckle mode (dashed line 

in Fig. 6b). 

Scenario 2: pre-buckle seismic input 

In this scenario, following the application of the self-weight and the internal pressure, the temperature 

variation is kept at ΔT = 25°C (slightly below the critical temperature). Then, the seismic input is 

imposed. Results for the seismic input n.11 are shown in Fig. 7, where t = 0 s corresponds to the onset 

of application of the seismic load. Due to the seismic action, the pipeline buckles with a maximum 

crown displacement of 3 m shown in Fig. 7b (smaller than the amplitude of scenario 1 shown in Fig. 

6b). The buckle shape is symmetric and similar to the buckle shape of a pipeline under thermal load 

only. Due to the combination of thermal and seismic actions, the maximum stress in the crown is 

increased from 380 MPa to almost 440 MPa as shown in Fig. 7c. However, the maximum stress is 

still lower than the assumed yield stress (448 MPa). 

Failure due to bending, numerical modelling and validation  

 



Lateral buckling is not a failure mode by itself. However, if the stresses and local compressive strains 

due to bending exceed the ultimate values, yielding or rupture in the pipeline may occur. Previous 

analytical and numerical study by Karampour et al. [28] showed that the bending stress/strain due to 

lateral/upheaval buckling are much larger than the axial stress/strains. Therefore, the bending 

response of the pipeline is required for the development of fragility curves. Finite element approach 

is used herein to evaluate the ultimate moment capacity and critical strains of the studied pipeline. 

But firstly, the numerical model is defined and validated against published experimental results [50]. 

For this purpose, an aluminum pipe subjected to pure bending with outside diameter of OD = 31.75 

mm, t = 1.63 mm, E = 68.7 GPa, yield stress σy = 309 MPa, tangent modulus Et = 0.01E and length 

of 5D, is used to validate the current FE model. The pipe is modelled using 8-node linear brick 

elements (C3D8R), with 80 and 125 elements along the circumference and the length, respectively, 

and 9 integration points in the pipe wall thickness. The nodes at either ends of the pipe were coupled 

to a reference node. Simply supported boundary conditions and equal moments were applied to the 

reference nodes. Avid reader can refer to [50] for more details of the numerical modelling of pure 

bending of pipelines. Pure bending response of a pipeline is very sensitive to the shape and amplitudes 

of imperfections [50, 51]. The localised wrinkle imperfection ω  is in the shape of the first 

eigenbuckle mode (Fig. 8a) defined as 
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where λ′  is the imperfection half-wave length and equal to 0.165D, N is the number of half-waves 

and equal to 11, 0a  is the base amplitude and ia  is biasing imperfection [50, 51]. Finite element results 

of pure bending of the aluminum pipe with base amplitude of 0.25%, corresponding to 0.003D 

(recommended in [51]) is shown in Fig. 8b. The experimental result [51] is also shown. Moments are 

normalized to the plastic moment Mp, and curvature, κ = 2θx/L, is normalised by the critical curvature 
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Numerical moment-curvature is in good agreement with the experiment. The negligible discrepancies 

at the yield curvatures, are related to the anisotropic behavior of seamless tubes due to manufacturing 

[51]. 



Bending response of the pipeline 

To obtain the bending response, the pipeline, with mechanical characteristics presented in Table 4 

and a length of 1.27 m (5D), is modelled using 8-node linear brick elements (C3D8R). 

Pure bending response of the pipe in Table 4 is presented here using the modelling approach outlined 

and validated in the previous section. Isotropic bilinear material properties with yield stress of σy = 

448 MPa and tangent modulus of 2100 MPa are adopted to model the pipeline with a length of 1.27 

m (5D). The normalised moment-curvature response and corresponding deformed shapes at selected 

stages (I-IV) are shown in Fig. 9. At normalised moments M/MP > 0.97, nonlinear material behaviour 

is observed, and is followed by a substantial increase in the curvature. The ultimate moment is reached 

at 1.08 MP. Deformation and von Mises stress contours at selected stages of the curvature (I-IV) 

marked on the moment-curvature curve, are plotted in Fig. 9b. At stage I, the von Mises stress in the 

pipe wall thickness reaches the yield stress. However, wrinkles in the compressive face (local buckle) 

start to appear at stage II. In stages III and IV, the compressive wrinkle progress substantially, and 

the cross section is significantly ovalised. The calculated critical compressive strain in the pipe wall 

(εcr) at stage II (shown in Fig. 9a) is εcr = 1.576 ×10-2 mm/mm, and it is about 1/4th of the well-known 

theoretical expression 𝜀𝜀𝑐𝑐𝑐𝑐 = 0.6 2𝑡𝑡
𝐷𝐷

 as suggested in the previous experimental research [52] and 

recommendations of DNV [53]. 

 Fragility curves 

Results of the case studies (scenarios 1 and 2) show that combined thermal buckling and seismic 

actions can trigger lateral buckling and yielding in the pipeline. In this section, analytical fragility 

curves based on assumed damage levels are developed. Three damage states (DSi) are considered; 

namely: the 16th, 50th and the 84th percentiles. The level of structural damage is correlated to the 

degree of strain and stress in the pipe wall. Based on the recommendations of DNV-RP-F110 [53] for 

the pipeline integrity check in the post-buckling condition, two damage parameters are defined: (1) 

the local buckling strain, and (2) yield stress. The critical strain and yielding limits are calculated 

from the pure bending study discussed in the previous section. These two parameters are considered 

as the engineering demand parameters (EDP) for the construction of the fragility curves. Analytical 

fragility curves by choosing PGA as the reference intensity measure are developed. The choice of 

EDP, whereby limit stages are defined, is fundamental and many proposed fragility curves are 

historically based on the maximum axial strain [54]. The present study refers to the more recent 

American Lifelines Alliance project [55, 56], which developed wave-propagation damage relations 

based upon analyses of 81 data points from 12 earthquakes. In particular, the limit states are herein 



defined on three levels of damage represented by the medium value and the 16th and 84th percentile 

expressed in terms of displacement. 

Fig. 10 shows the correlation between the logarithm of the intensity measure PGA and the logarithm 

of the deformation for both scenarios. The linear correlation between PGA and deformation reflects 

the uncertainties that are connected with the dependent variable, and the proposed variance (R2) 

values are considered statistically significant and able to draw important outcomes. The fragility 

curves are represented by lognormal distributions between damage parameters, and only two 

parameters are used to plot the curves: the lognormal standard deviation (β), and the mean (µ) of the 

lognormal seismic intensity measure. The probability of meeting or exceeding a particular damage 

state for a given seismic intensity measure is then calculated as: 
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where DS is the considered damage state, ϕ is the standard normal cumulative distribution function, 

IM is the intensity measure value, IMDSi is the mean threshold value of the seismic intensity measure 

(IM) that generates a particular damage state (DSi), and βDSi is the lognormal standard deviation 

describing the total variability associated with each damage state. 

Fig. 11 shows the fragility curves of the two scenarios for the three selected damage states from all 

of the input seismic motions. The corresponding β and µ values for each damage state are represented 

in Table 6. Slope of the fragility curves is significantly related to the lognormal standard deviation, 

which defines the dispersion about the mean value. In other words, a larger β means a higher 

probability of damage at large IMs. On the other hand, the mean value defines the central convergence 

of the curves (probability of occurrence of 50%). Thus, a larger µ corresponds to a higher probability 

of reaching or exceeding a particular damage state. The comparison between the fragility curves of 

Fig. 11 and lognormal factors of Table 6, clearly show that the pipeline is more vulnerable to damage 

in scenario 1. This is expected from the stress distribution shown in Figs. 6 and 7. The mean µ (PGA 

at 50% probability of occurrence) in scenario 2 at DS1, DS2 and DS3, are 8%, 21% and 18% larger 

than those of scenario 1, respectively. 

Fragility curves at each damage state and for different scenarios are compared in Fig. 12, showing 

the differences in probability of failure. For lower level of damage (DS1), the two responses are 

relatively close. However, at moderate damage levels (DS2), the two scenarios differ significantly, 



specifically within the medium values of PGA. This aspect suggests that there might be a threshold 

of damage after which fragility curves are more sensitive to the loading path (temperature then 

earthquake or earthquake then temperature). For example, at a PGA = 0.37g the probability of 

meeting or exceeding the moderate damage (P[DSi ≥ 1 | PGA = 0.37g]) is equal to 0.54 and 0.67 for 

scenario 1 and scenario 2, respectively. If a larger (or a smaller) PGA is considered, the difference 

between the two scenarios values changes significantly. For a high level of damage (DS3), the 

reduction at high PGAs is less significant than that observed for DS2. In particular, at a PGA = 0.51g 

the probability of meeting or exceeding a moderate damage (P[DSi ≥ 1 | PGA = 0.51g] is equal to 

0.48 and 0.59 for scenario 1 and scenario 2, respectively, whereas at PGA = 0.51g probabilities are 

equal to 0.72 for scenario 1 and 0.82 for scenario 2. 

 

CONCLUSION 

A numerical model was validated and was used to study the interaction between earthquake actions 

and thermal buckling in subsea pipelines. In order to do so, a steel pipeline with OD/t = 20 laid on a 

sleeper with h/OD = 1.97 was considered. The thermal buckling response of the pipeline under action 

of buoyant self-weight, internal pressure and temperature variation from the inner fluid was calculated 

and analysed. The critical temperature of the pipeline (Tcr), was found to be between 26-30°C. The 

interaction between seismic load and service loads (pressure and temperature) was studied using 17 

earthquake inputs. The interaction study was conducted with two different loading paths (scenarios). 

In scenario 1, the seismic input was imposed at a temperature of 31 °C (buckled pipeline). Whereas, 

in scenario 2 the temperature was kept at 25°C (unbuckled pipeline). Maximum stresses and 

compressive strains were found from each scenario. Results showed that in scenario 1, the von-Mises 

stress in the pipeline can exceed the material yield stress. The onset of yield and local buckling in the 

pipeline were calculated from a pure bending FEA using nonlinear material properties in the pipeline. 

These values were used as failure modes and analytical fragility curves were developed at three 

different damage states, namely: DS1 = 16th, DS2 = 50th and the DS3 = 84th percentiles using a 

lognormal method. The probabilities of failure were shown to be higher in scenario 1, particularly, at 

damage states 2 and 3. HP/HT subsea pipelines are laid on sleepers to control the amplitude and 

prevent bending-induced local failure in pipe-wall due to thermal buckling. The current study 

highlighted the vulnerability of subsea pipelines resting on a sleeper to earthquake ground shaking 

coupled with existing HP/HT service loads. The proposed fragility curves can be used by pipeline 

suppliers and engineers for safe design of subsea pipelines. Future works will consider the effects of 

the pipe-soil interaction parameters as well as soil degradation on the fragility curves. 
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Fig. 1. The FEA model, showing pipeline, soil and the numerical mesh used to validate the seismic 
analysis in comparison with a previous work [33]. 
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Fig. 2. Seismic response of the pipeline in Fig. 1, comparison between current results and those of 
Bi and Hao [33]. 

 

 

 

 

 

 

 

 



 

Fig. 3. Pipeline and sleeper model used in the thermal buckling and seismic/thermal interaction 
analyses.   
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(b) 

Fig. 4. Lateral buckling response of the pipeline in Fig. 3 with parameters in Table 4, showing, (a) 
temperature vs. the maximum buckle amplitude, (b) lateral buckle profile at different service 

temperatures. 
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Fig. 5. Seismic input motions, (a) input spectra, and (b) peak ground acceleration (PGA) values for 

the 17 EQ inputs. 
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Fig. 6. Scenario 1, (a) displacement time history, (b) the buckle profile, and (c) the von-Mises stress 
time history in the buckle crown. 
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Fig. 7. Scenario 2, (a) displacement time history, (b) the buckle profile, and (c) the von-Mises stress 
time history in the buckle crown. 

 

 

 

 

 

 

 

 

 



 

(a) 

 

(b) 

Fig. 8. Validation of the pure bending FEA model, (a) the imposed imperfection, (b) normalized 
moment-curvature response. 
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I       ε = 2.156 × 10-3  

II      ε = 1.576 × 10-2 

III     ε = 7.160 × 10-2 
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(b) 

Fig. 9. FEA results of the pure bending response of pipeline in Table 4, showing (a) the moment-
curvature relationship and compressive strains, and (b) deformed shape and von-Mises stress 

contours at selected stages of curvature. 
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(b) 

Fig. 10. Assumed relation between buckle crown deformations (y) and peak ground accelerations 
(PGAs) for (a) scenario 1, and (b) scenario 2. 
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Fig. 11. Analytical fragility curves for (a) scenario 1, and (b) scenario 2. 
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(c) 

Fig. 12. Comparison between fragility curves at each damage state, for both scenarios 1 and 2.  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Table 1. Single span steel pipeline properties used in the seismic validation model. 

Length, L (m) 16 

Outer diameter, OD (mm) 350 

Wall thickness, t (mm) 3 

Mass density, ρ (kg/m3) 7800 

Young’s modulus, E (MPa) 210000 

Poisson’s ratio, ν 0.3 

Damping ratio, ξ (%) 1.2 
 

 

Table 2. Soil domain properties used in the seismic validation model. 
 

Parameter Soil layer Base rock 

Layer thickness, h (m) 30 10 

Mass density, ρ (kg/m3) 2000 3000 

Shear modulus, G (MPa) 200 1800 

Poisson’s ratio, ν 0.4 0.33 

Damping ratio, ξ (%) 5 5 
 

 

Table 3. Rayleigh damping parameters. 

Material ξ (%) αd βd 

Steel (pipeline) 1.2 0.14053 0.001018 

Soil layer 5 0.58555 0.004240 

Base rock 5 0.58555 0.004240 
 

 

 

 

 



Table 4. Pipeline and seabed properties. 

Length, L (m) 2000 

Outer diameter, OD (mm) 254 

Wall thickness, t (mm) 12.7 

Thermal expansion coefficient, α (°C-1) 1.01 ∙ 10-5 

Young’s modulus, E (MPa) 206000 

Poisson’s ratio, ν 0.3 

Lateral imperfection ratio, h0/l0 0.012 

Submerged weight, q (N/m) 1500 

Seabed friction coefficient, µ1 0.5 

Sleeper friction coefficient, µ2 0.3 

Sleeper height, h (m) 0.5 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 5. Characteristics of the selected seismic input motions. 
Site number - input motion (n.) Site Code PGA 

(m/s2) 
Duration (s) 

1 A-ELC 1.24 40.0 

2 A2E 1.66 40.0 

3 CAP 5.01 40.0 

4 CNP 3.53 25.0 

5 H-PVB 3.68 40.0 

6 SCS 6.00 40.0 

7 B-ELC 0.66 40.0 

8 H-C05 1.44 40.0 

9 H-CAL 1.26 40.0 

10 A-KOD 1.51 21.0 

11 Northridge 8.57 15.0 

12 Takatori 7.20 40.0 

13 Llolleo 3.54 116.5 

14 Erzincan 4.33 18.0 

15 Lucerne Valley 7.12 48.2 

16 Imperial Valley 3.09 22.0 

17 Trinidad 2.28 21.4 

 

 

 

Table 6. Lognormal standard deviation (β) and mean (µ) values of scenarios 1 and 2 at different 
damage states (DSi). 

Scenario 1 DS1 (16th)  DS2 (50th)  DS3 (84th) 

β 0.542 0.557 0.564 

μ 0.200g 0.295g 0.447g 

Scenario 2 DS1 (16th)  DS2 (50th)  DS3 (84th) 

β 0.553 0.568 0.572 

μ 0.216g 0.357g 0.527g 

 


