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ABSTRACT 11 

Soil structure interaction (SSI) may considerably affect the seismic vulnerability of subsea high 12 

pressure/high temperature (HP/HT) pipelines. Numerical simulations are herein proposed to study 13 

the effects of soil deformability on failure of an unburied pipeline with D/t = 20, laid on the seabed 14 

and resting on a sleeper. OpenSees is used to assess an earthquake scenario imposed on a laterally 15 

buckled pipeline by considering the effects of non-linear soil behaviour on the mechanisms that 16 

induce damage on the soil-pipeline system. Uncertainties in the case study were considered by 17 

applying a probabilistic-based approach and by developing analytical fragility curves that allow 18 

estimation of the probability of exceedance of the selected failure criteria. 19 

20 

INTRODUCTION 21 

Assessing the seismic vulnerability of critical infrastructures is fundamental in order to allocate 22 

resources toward their design and maintain a certain level of functionality for the societies. Since 23 

pipelines are important networks for servicing communities with water, sewage, oil and natural gas, 24 
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decision makers need to carefully preserve their serviceability and resilience. In this regard, buckling 25 

is one of the most critical conditions that can lead to severe failure for pipelines and thus was 26 

investigated in the 30 years. For example, Yun and Kyriakides (1990) considered the effects of 27 

compressive loads due to soil deformability and Dyan and Kyriakides (1992) analysed the 28 

combination of bending and tension by applying a 2D model. Vazouras et al. (2010, 2012, 2015) 29 

performed several parametric studies to assess the axial strains and displacements of pipelines. 30 

Recently Mina et al. (2020) developed fragility curves that account for the interaction between 31 

buckling and earthquakes and Triantafyllaki et al. (2020) performed 3D numerical simulations of a 32 

partially embedded (unburied) pipeline in to assess its vulnerability to a fault rupture. Other authors 33 

(such as Karampour et al. (2018, 2015), Alrzai and Karampour (2016), Binazir et al. (2019), Stephan 34 

et al. (2016) and Piran at al. (2020) investigated the stability of subsea pipelines and pipe-in-pipe 35 

systems under hydrostatic, hydrodynamic, thermal and combined actions. However, very few 36 

contributions have considered the effects of SSI on unburied pipelines that have been performed with 37 

finite element models. The surrounding soil have been reproduced with several approaches by 38 

applying non-linear translational springs Joshi et al. (2011), Liu et al. 82004 and 2008), Odina and 39 

Tan (18) and Odina and Conder (2010) or 3D solid elements Kokavessis and Anagnostidic (2006). 40 

In particular, Joshi et al. (2011) applied beam elements for the pipeline and discrete nonlinear springs 41 

for the soil by deriving an analytical solution for the equivalent springs at the pipeline ends. The role 42 

of soil deformability was considered by Zhang et al. (2014) that proposed a finite element model 43 

considering ground-pipeline interaction in soil and rock layers and by Thebian et al. (2017) that 44 

investigated the role of fault displacements on the buckling mechanism of buried offshore pipelines 45 

in sandy soils.  46 

In particular, the mutual soil–pipe interaction may have important effects on the pipeline response, 47 

as shown in (2009). Kokavessis and Anagnostidis (2006) applied contact elements to describe the SSI 48 

while Karamitros et al. (2007) performed a combination of beam-on-elastic-foundation and beam 49 

theories. Liu et al. (2004) performed a finite element model that applies a combination of shell 50 

elements and springs to predict the axial strain along the pipeline. Shitamoto et al. (2010) proposed 51 

to model the pipeline with a solid-element model to study strain conditions induced by soil 52 

liquefaction. Arifin et al. (2010) and Odina (2009 and 2010) modelled the soil with nonlinear 53 

springs while more recently Daiyan et al. (2010) applied elasto-plastic 3D solid finite elements to 54 

investigate the soil–pipe interaction. In order to address the gap in literature, the current work aims 55 

to develop a model based on a previous recent work Mina et al. (2020) and provide more insight into 56 

the failure of a subsea pipeline by investigating the effect of soil properties.  57 

 58 



NUMERICAL MODEL 59 

Mina et al. 2020 investigated the vulnerability of subsea high pressure/high temperature (HP/HT) 60 

pipelines to seismic actions. They modelled a pipeline laid on the seabed and resting on a sleeper as 61 

shown in Fig. 1, with parameters represented in Table 1. Two scenarios were analysed: in scenario 1, 62 

the earthquake input was imposed on a laterally buckled pipe, and in scenario 2, the seismic motion 63 

was applied at a temperature slightly below the lateral buckling temperature. By developing analytical 64 

fragility curves, Mina et al. [8] showed that the probability of failure (exceedance of the yield stress 65 

or local buckling of the pipe wall-thickness) is higher in scenario 1. In the current study the same 66 

pipeline model with scenario 1 is considered and different input motions are applied to the soil. 67 

 68 

 69 

Fig. 1. Pipeline and sleeper model used in the thermal buckling and seismic/thermal interaction 70 

analyses in Mina et al. (2020).   71 

 72 

The soil (Fig. 2) is modelled with a 200 x 200 m x 20 m 3D mesh built up with 6360 nodes and 5330 73 

non-linear Bbar brick elements (Lu et al., 2011 and Mazzoni et al., 2009) . For each element 20 nodes 74 

describe the solid translational degrees of freedom (DOF) and for each of them DOFs 1, 2 and 3 75 

represent solid displacement recorded using OpenSees Node Recorder at the corresponding 76 

integration points (Mazzoni et al., 2009). The number of elements is defined on the basis of the 77 

wavelength of the seismic signal and the maximum frequency above which the spectral content of 78 
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the input can be considered negligible. Dimensions of the elements are increased from the centre of 79 

the mesh to the lateral boundaries, which are modelled to behave in pure shear and located far away 80 

(more details in Forcellini, 2020a). The mesh quality was tested by verifying that the accelerations 81 

on the surface near the lateral boundaries were identical to those simulating free-field conditions. 82 

Penalty method (tolerance: 10-4 Mazzoni et al., 2009), is applied at the lateral boundaries and shear 83 

deformations are allowed by setting the longitudinal and transversal directions unconstrained. 84 

Vertical direction is fixed on the lateral boundaries and at the base. In order to simulate the behaviour 85 

of a 2000 m-long pipeline, the boundary conditions are modelled by defining a zero-length element 86 

at each end of the pipeline in all three directions. In the longitudinal and transversal directions, non-87 

linear properties were defined on the basis of an elastic perfectly plastic (EPP) backbone curve 88 

representing the pipeline resistance. In the vertical direction, an elastic spring is defined at each end 89 

of the pipeline with a stiffness corresponding to the vertical stiffness of the soil. 90 

 91 

Table 1. Pipeline and seabed properties, Mina et al. (2020) 92 

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 

 93 

Three homogeneous soil layers (named STIFF, MEDIUM and SOFT) with increasing deformability 94 

were performed in order to consider the non-linear effects of the soil, such as amplitude-dependent 95 

amplification (or deamplification), plastic accumulations of ground deformation and permanent 96 

movements (rotations, settlements and tilts) at the foundation level. The Pressure Independent Multi-97 

Yield (PIMY) model (representative parameters shown in Table 2) was applied in order to consider 98 

the non-linear mechanisms of hysteretic response and radiation damping. PIMY implements the Von 99 

Mises multi-surface kinematic plasticity model allowing to control the cycle-by-cycle mechanism of 100 



permanent shear strain accumulation (Lu et al., 2011). In particular, the deviatoric part of the flow 101 

rule is associated (non-linear) and independent from the volumetric part (non-associated and linear-102 

elastic). A more detailed description is found in Lu et al. (2011). The non-linear back-bone curves 103 

are represented by hyperbolic relations and are defined by the shear strain modulus and the ultimate 104 

shear strength (Fig. 3). 105 

 106 

 107 

Fig. 2. The finite element mesh 108 

 109 

 110 

Fig. 3. Backbone curves 111 

 112 
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Table 2 - Soil parameters 114 

 SOIL1 SOIL2 SOIL3 

Mass density (Mg/m3) 2.0 1.7 1.5 

Shear Modulus (kPa) 7.2∙105 1.53∙105 6∙104 

Bulk Modulus (kPa) 1.56∙106 3.32∙105 3∙105 

Cohesion (kPa) 100 50 37 

Shear wave velocity (m/s) 600 300 200 

 115 

Following Mina et al. 2020, the thermal buckling response of the pipeline was reproduced with 116 

several load steps, by applying a quasi-static dynamic analysis (geometric nonlinearity was included), 117 

and by considering the buckled configuration, namely scenario 1. The following load steps and in the 118 

mentioned order were applied: (1) a distributed mass of 153 kg/m representing the self-weight 119 

(including the submerged weight of the pipeline and its concrete coating), (2) the internal pressure 120 

(Pint = 12 MPa) and (3) a uniform temperature of 31°C applied to the wall thickness.  121 

As shown in Karampour et al. (2013) and Karampour (2018) the lateral buckling depends on the axial 122 

forces in the wall thickness that occur as a consequence of the soil reaction to the expansion of the 123 

pipeline when subjected to the internal pressure and thermal loading. In this regards, simulating SSI 124 

becomes fundamental to realistically predict such conditions that may severely damage the pipeline. 125 

The seismic inputs are applied to the soil domain in the transversal direction at a depth of 25 m. In 126 

order to calculate the bending response, the pipeline was modelled as an isotropic bilinear material 127 

(yield stress σy = 448 MPa and tangent modulus Et = 2100 MPa). The strains are calculated at the 128 

central point, at the crown of the buckled pipeline (Mina et al. 2020), and then compared against the 129 

failure criteria outlined in the next section. 130 

 131 

PIPELINE FAILURE CRITERIA 132 

DNV (2007) outlines the local buckling under combined loading failure criteria. For a pipeline 133 

subjected to longitudinal compressive strain induced by bending moment, axial force and internal 134 

overpressure (internal pressure in excess of the external hydrostatic pressure), the following design 135 

condition should be satisfied at all cross-sections: 136 

c
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where εSd is the design compressive strain, pi and pe are the internal and external pressures, 140 

respectively, and γε is the resistance strain factor. The burst pressure pb is calculated from: 141 
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      (3) 142 

The strain hardening parameter αh is equal to 0.93 for C-Mn steel pipe (DNV, 2007) and the girth 143 

weld factor (αgw) is equal to 1 with D/t = 20. For the pipe studied herein with parameters represented 144 

in Table 1, εc is equal to 6.1×10-2 mm/mm. The resistance strain factor γε for 3 different classes low, 145 

medium and high are equal to 2.0, 2.5 and 3.3, respectively (DNV, 2007). The design compressive 146 

strain εSd for different classes are represented in Table 3. The strain at failure (local buckling of the 147 

compressive side) from the FE analysis (Mina et al., 2020) is also given in Table 3.  148 

Table 3. Failure criteria for different safety classes 149 

   εSd (mm/mm) 

OD (mm) t (mm) fY (MPa) 
Low safety 

class 
Medium safety class High safety class FEA [8] 

254 12.7 448 3.0×10-2 2.44×10-2 1.85×10-2 1.58×10-2 

 150 

Fragility curves were applied in order to consider a probabilistic-based methodology to assess the 151 

role of soil deformability on the behaviour of HP/HT unburied subsea pipelines, as previously applied 152 

in Mina et al. (2020), Forcellini (2020b and 2021). In particular, the proposed fragility curves were 153 

developed as to represent the relationships between the conditional probability of exceeding 154 

predefined limit states (LS) for given levels of the maximum strains in Table 3 in the compression at 155 

the crown of the pipeline used as the reference engineering demand parameter (EDP). Therefore, the 156 

lognormal standard deviation (β) and the mean (µ) of the lognormal peak ground acceleration (PGA), 157 

used as the reference intensity measure were calculated (Mina et al. 2020) in order to develop fragility 158 

curves. 159 

 160 

 161 

 162 



RESULTS AND DISCUSSION 163 

In this section, the FE model is firstly validated by comparing the results with the ones calculated in 164 

the previous paper (Mina et al, 2020) for the case of SOIL1. The results (bedrock conditions, Fig. 4) 165 

show a good agreement, meaning that the model assumptions were properly defined. The conditions 166 

of rigid soil (no SSI) were compared with the other soil conditions.  167 

Therefore, the results from the 300 (100 for the 3 soil conditions) dynamic analyses were represented 168 

in order to build linear regression and define the mean and log-standard deviation values. Fig. 5 shows 169 

the results for the three soil conditions and the mean and the lognormal standard deviation values are 170 

plotted in Table 4-6. It is worth noting that deformable soils (SOIL2 and SOIL3) show smaller mean 171 

values than those for SOIL1, underlining the effect of soil deformability in reducing the seismic 172 

vulnerability of the soil-pipeline system.  173 

In particular, Figs. 6-8 show that for SOIL1 and SOIL2 the curves for the various limit states differ 174 

more than those for SOIL3, where the probability of exceedance (PE) is high even at slight and 175 

moderate level of damage. The performance of the system (soil and pipeline) is shown to be 176 

characterized by different levels of PE and, consequently, damage for SOIL2 and SOIL3. SOIL1 177 

represents the case of a stiff soil (bedrock conditions) and thus it may be assumed that SSI effects are 178 

negligible (fixed conditions). This aspect may lead to the fact that the pipeline strains are not due to 179 

the soil residual plastic deformations, as show in Mina et al. (2020).  180 

Figs. 9 and 10 compare the considered soil conditions for LS1 and LS4, respectively. For example, 181 

at 0.30g (Table 7), PE values for LS1 are 0.77, 0.80 and 0.84, while for LS4 PE values are 0.68, 0.70 182 

and 0.79, respectively for SOIL1, SOIL2 and SOIL3. In particular, Figs. 9 and 10 show that the 183 

pipeline vulnerability increases with soil deformability, since the PE for SOIL1 is reduced across the 184 

entire range of PGA for all the damage states, if compared with SOIL2 and SOIL3. It is worth noting 185 

the difference of the probability reached at LS4 for SOIL2 and SOIL3. This difference is relatively 186 

small for motion with PGA < 0.20g and for PGA > 0.30g. The difference increases gradually between 187 

0.20g and 0.30g and at 0.24g the PE values are 0.60 and 0.70 for SOIL2 and SOIL3, respectively. 188 

The difference between the two soil conditions decreases for higher intensities and, for example, at 189 

0.70g PE values are 0.97 and 0.94. This is due to non-linear deformations in the soils that become 190 

significant after a certain level is reached. In particular, the non-linear behaviour of the soil is driven 191 

by the ultimate strength of the soil (defined by the backbone curves, Fig. 2) that needs a certain level 192 

of intensity to be mobilized. For SOIL3, the final shear strength (38 kPa, Fig. 2) may be reached for 193 

intensity levels that are lower than those for SOIL2 (59.8 kPa, Fig. 2). Therefore, the relative damage 194 



of the two soil conditions differ mainly at moderate level of PGA because such intensities may affect 195 

the soil in different ways. At higher level of PGA, the soil mobilize plastic behaviour and the 196 

performance of the soil-pipeline system is similar. Figs. 7 and 8 show that when SSI is considered, 197 

the curves shift toward more fragile behaviour due to damage that is induced by the presence of the 198 

soil. This increased vulnerability is evident for LS4, where SOIL3 shows larger values of PE, 199 

demonstrating that SSI effects are detrimental. Particularly, the effects of soil damping is also 200 

fundamental (see Forcellini, 2021).  201 

Overall, the paper shows how the strains due to scenario 1 (Mina et al., 2020) may considerably be 202 

amplified when soil deformation is considered. It was shown that neglecting the SSI effects on the 203 

performance of the system (SOIL1 conditions) may considerably undervalue the pipeline 204 

vulnerability, leading to un-conservative predictions and designs. The proposed findings may be 205 

included in code provisions to consider the role of SSI with a probabilistic-based approach. 206 

 207 

 208 

Fig. 4. Comparison: Mina et al. (2020) and Soil 1 results 209 
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 210 

Fig. 5. Comparison: SSI effects 211 

 212 

Fig. 6. Fragility Curves: SOIL 1 213 
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 214 

Fig. 7. Fragility Curves: SOIL 2 215 

 216 

 217 

Fig. 8. Fragility Curves: SOIL 3 218 



 219 

Fig. 9. Fragility curves: comparison LS1 220 

 221 

Fig. 10. Fragility curves: comparison LS4 222 



Table 4. Lognormal standard deviation (β) and median (µ) values of SOIL1 at limit states (LSi). 223 

SOIL1 LS1  LS2  LS3 LS4 

β 0.793 0.809 0.821 0.833 

μ 0.165g 0.176g 0.196g 0.207g 

 224 

Table 5. Lognormal standard deviation (β) and median (µ) values of SOIL2 at limit states (LSi). 225 

SOIL2 LS1  LS2  LS3 LS4 

β 0.776 0.781 0.791 0.799 

μ 0.156g 0.169g 0.183g 0.196g 

 226 

Table 6. Lognormal standard deviation (β) and median (µ) values of SOIL3 at limit states (LSi). 227 

SOIL1 LS1  LS2  LS3 LS4 

β 0.749 0.728 0.670 0.705 

μ 0.144g 0.149g 0.158g 0.168g 

 228 

Table 7. PE at PGA=0.30 g for various soil conditions and limit states. 229 

PGA=0.30g LS1  LS2  LS3 LS4 

SOIL1 0.77 0.73 0.70 0.68 

SOIL2 0.80 0.78 0.72 0.70 

SOIL3 0.84 0.83 0.81 0.79 

 230 

CONCLUSIONS 231 

A numerical model was validated and was used to study the interaction between earthquake actions 232 

and the response of a unburied subsea pipeline. In order to do so, a steel pipeline with OD/t = 20 laid 233 

on a sleeper with h/OD = 1.97 was considered. Different soil conditions with variable deformability 234 

were performed. The results from the 300 (100 for the 3 soil conditions) dynamic analyses were 235 

represented in order to build linear regression and define the mean and log-standard deviation values. 236 

The FE model was firstly validated by comparing the results with the ones calculated in the previous 237 

study (Mina et al., 2020) for the case of SOIL1. The results show a good agreement, meaning that the 238 



model assumptions were properly defined. The conditions of rigid soil (no SSI) were compared with 239 

the other soil conditions. It is worth noting that deformable soils (SOIL2 and SOIL3) showed smaller 240 

mean values than those for SOIL1, underlining the effect of soil deformability in reducing the seismic 241 

vulnerability of the soil-pipeline system. In particular, the non-linear behaviour of the soil was driven 242 

by the ultimate strength of the soil that needs a certain level of intensity to be mobilized. Therefore, 243 

the relative damage of the two soil conditions differ mainly at moderate level of PGA because such 244 

intensities may affect the soil in different ways. It was found that at high level of PGA, the soil 245 

mobilizes plastic behaviour affecting the performance of the soil-pipeline system. The most 246 

deformable soil (SOIL3) showed larger values of PE, demonstrating that SSI effects are detrimental. 247 

Overall, the paper showed how the strains due to scenario 1 (Mina et al., 2020) may considerably be 248 

amplified when soil deformation vary. It was shown that neglecting the SSI effects on the 249 

performance of the system (stiff soil conditions) may considerably undervalue the pipeline 250 

vulnerability, leading to unconservative predictions and designs. The proposed findings may be 251 

included in code provisions to consider the role of SSI with a probabilistic-based approach 252 
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Figures

Figure 1

Pipeline and sleeper model used in the thermal buckling and seismic/thermal interaction analyses in
Mina et al. (2020).



Figure 2

The �nite element mesh



Figure 3

Backbone curves

Figure 4

Comparison: Mina et al. (2020) and Soil 1 results



Figure 5

Comparison: SSI effects



Figure 6

Fragility Curves: SOIL 1



Figure 7

Fragility Curves: SOIL 2



Figure 8

Fragility Curves: SOIL 3



Figure 9

Fragility curves: comparison LS1



Figure 10

Fragility curves: comparison LS4


