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ABSTRACT: Oil and gas buried steel pipelines are vulnerable to permanent ground 13 

displacements, such as those resulting from tectonic fault activation. The dominant failure 14 

mechanism is strongly dependent on the type of faulting. The more complex case is the 15 

reverse fault type because the crossing pipeline is significantly compressed and bent and 16 

consequently, it may fail due to local buckling, upheaval buckling or tensile weld fracture. 17 

Which among those failure modes will be critical, depends on a set of parameters, comprising 18 

fault crossing geometry, diameter to thickness ratio (D/t) of the pipeline, pipeline steel grade, 19 

and backfill soil properties. An extensive parametric study is carried out, followed by 20 

statistical processing of the results in order to formulate simplified statistical models for the 21 

prediction of the predominant failure mode according to criteria set by the American Lifelines 22 

Alliance and EN 1998-4 standards. The study thus offers the first comprehensive attempt to 23 

quantify the qualitative criterion that deeply buried pipes with high D/t ratio tend to buckle 24 

locally, while shallowly buried pipes with a low D/t ratio tend to buckle globally. Pipe 25 

designers may use the provided expressions to predict the predominant failure mode in order 26 

to either apply the necessary seismic countermeasures or re-design the pipeline if necessary. 27 
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1. Introduction 45 

Buried steel fuel pipelines are vital infrastructure of national and international 46 

importance that is vulnerable to earthquake-induced Permanent Ground Displacements 47 

(PGDs), such as those resulting from fault offset. In case of fault activation, the crossing 48 

pipeline’s integrity is severely threatened [1] with significant downtime, monetary losses, and 49 

even casualties. The mechanical behavior of a pipe subjected to faulting is primarily dictated 50 

by the fault type, contrary to the case of imposed transient ground displacements, such as 51 

those caused by ground shaking ([2]-[3]), where potential pipe failure depends on soil 52 

homogeneity. In case of strike-slip and normal faults, the pipeline is mainly tensioned and 53 

bent and the predominant failure mode is either local buckling of the pipeline wall or tensile 54 

fracture at the locations of welds between adjacent pipeline parts. Contrarily, in case of 55 

reverse faulting, the pipe is bent and mainly compressed, thus developing high compressive 56 

stresses may result to local and/or global instability. The principal parameters affecting pipe 57 

stability are the diameter to thickness (D/t) ratio that determines the cross-section slenderness 58 

and the burial depth that determines the soil pressure acting on the pipe. Soil resistance (i.e. 59 

stiffness and strength) to pipe upward movement in the trench is much lower than the 60 

resistance to pipe downward movement, which may contribute to the so-called upheaval 61 

buckling (beam-typ buckling), in which the compressed pipeline buckles globally and 62 

deforms upwards, often being exposed above the ground surface. Yun and Kyriakides have 63 

formulated in [4] a qualitative criterion stating that deeply buried pipes with high D/t ratio 64 

tend to buckle locally, while shallowly buried pipes with low D/t ratio tend to buckle globally. 65 

The problem of the pipeline under faulting is displacement- and strain-controlled, as the 66 

imposed actions are in the form of soil displacement that the pipeline has to follow, while the 67 

pipeline response is often in the inelastic range. Hence, pipeline verification is carried out in 68 

strain, rather than in stress terms, exploiting steel ductility, as in EN 1998-4 [5], ALA [6] and 69 

CSA Z662 [7]. In these codes, limiting expressions are provided for tensile strains to avoid 70 

tensile fracture and for compressive strains to avoid local buckling of the pipe wall. 71 

In recent years, an intensive effort is underway worldwide for the reliable assessment of 72 

pipe behavior under faulting through experimental, analytical and numerical studies. 73 

Analytical tools are very useful for the preliminary calculation of pipe maximum strain 74 

(indicatively [8]-[12]). Numerical modeling, employing the finite element method is adopted 75 

to account for material nonlinearity, pipe – soil interaction, pipe cross-section ovalization and 76 

local buckling in a more rigorous way. The beam-type model, considering the pipe as a beam 77 

resting on a nonlinear Winkler foundation, is the simpler numerical approach (indicatively 78 

[13]-[17]). The continuum 3D model, using shell elements for the pipe and solid elements for 79 

the soil, with contact elements at their interface, is employed to better assess pipe local 80 

buckling and cross-section ovalization (indicatively [18]-[22]). However, this model is 81 

significantly time-consuming and its application in engineering practice is cumbersome. 82 

Finally, experimental studies of pipes under PGDs in centrifuge or split-box tests (indicatively 83 

[23]-[27]) offer a deeper understanding of the pipe mechanical behavior but performing an 84 

experiment is constrained by high cost and geometrical restrictions. 85 

In particular, the response of buried pipes under strike-slip and normal fault rupture has 86 

been thoroughly investigated during the last decades, starting from the pioneering work of 87 

Newmark and Hall [28]. Contrarily, the mechanical behavior of pipes under reverse fault 88 

rupture (Figure 1) has drawn the attention of researchers only recently.  89 



 90 

Figure 1: Pipeline – reverse fault crossing (fault dip angle: ψ,  91 

pipeline – fault crossing angle: β) 92 

A detailed description of the beam-type FE model for pipes under reverse faulting has 93 

been firstly presented by Joshi et al. [14]. The authors concluded that compressive strains can 94 

be reduced by orienting the pipe to be near parallel to the fault trace and by trench backfilling 95 

with loose soil. Also, it was shown that the reduction of D/t ratio leads to the decline of 96 

compressive strains, increase of burial depth leads to the development of higher strains and, 97 

for a given fault dip angle, low crossing angle leads to pipe local buckling, while higher dip 98 

angle leads to pipe upheaval buckling. 99 

Rojhani et al. [29] were the first to perform centrifuge tests of pipes subjected to reverse 100 

faulting. It was found that low burial depth and low D/t ratio lead to pipe upheaval buckling. 101 

Prevention of upheaval buckling can be achieved by increasing burial depth and pipe 102 

diameter. Rofooei et al. [30] carried out a parametric study of HDPE and steel pipes subjected 103 

to oblique-reverse faulting using the beam-type finite element model. It was mainly 104 

concluded that crossing angle is a key parameter for the level of compressive strains, HDPE 105 

pipes exhibit more compression that steel pipes, for constant pipe diameter the compressive 106 

strains increase with increasing D/t ratio, and pipes with low D/t ratio are more favorable in 107 

fault crossings.  108 

Zhang et al. [31] employed the continuum FE model and found that the decrease of the 109 

D/t ratio leads to the reduction of the number locations that local buckling occurs, a decreased 110 

probability of pipe local buckling and the reduction of tensile and compressive strains. Jalali 111 

et al. [32] presented a series of experiments using a split-box to investigate the behavior of 112 

steel pipes under reverse faulting. Then, continuum numerical models were calibrated based 113 

on the experimental results. The authors found that the pipe rupture is more likely to occur in 114 

the hanging wall part and pipes in the tests exhibited “diamond-shaped” buckling. They, also, 115 

investigated the accuracy of ALA [6] expressions for soil-pipe interaction forces were 116 

investigated revealing that these expressions can be used for engineering purposes with 117 

acceptable accuracy. Liu et al. [33] employed a hybrid numerical model to examine the effect 118 

of steel properties on the development of local buckling in buried pipes under reverse fault 119 

movement. It was found that for a pressurized pipe the properties of steel affect the critical 120 

stress and fault displacement for local buckling occurrence, while steel yield stress and 121 

hardening parameter do not affect critical buckling strain. Liu et al. [34] examined the 122 

buckling failure modes of a high strength X80 steel gas pipeline and highlighted the 123 



nonlinearity of the problem employing the beam-type finite element model. The authors 124 

examined the effect of fault dip angle and wall thickness. The important observation was that 125 

if upheaval buckling is preceded then local buckling occurs shortly after for increasing reverse 126 

fault offset. 127 

Xu and Lin [35] examined the effect of fault crossing geometry using a hybrid 128 

numerical model of a typical large diameter pipe with a high D/t ratio, being relatively deeply 129 

buried. It was found that for low angle ψ and near parallel pipe-fault orientation, the failure 130 

mode sequence was ovalization, local buckling, and tensile fracture. Moreover, for low angle 131 

ψ, the increase of angle β drives the local buckling location closer to the fault and for a pipe – 132 

fault perpendicular crossing (β = 90ο) the increase of dip angle ψ results to more pipe bending 133 

than compression, while the decrease of angle ψ leads to pipe failure for lower fault offset 134 

magnitude. Wijewickreme et al. [36] carried out full-scale experiments in a soil chamber 135 

modeling reverse faulting to investigate the mobilization of soil restraints on buried pipes and 136 

suggested to take into account the soil stiffness effects in a continuous basis in the analysis in 137 

order to achieve more reliable results. Jalali et al. [37] were the first to present results from 138 

shear-box experiments focusing on the soil rupture pattern, the magnitude of pipe strains and 139 

the cross-section distortion with reference to burial depth and relatively low D/t ratio.  140 

Rofooei et al. [38] used shear-box experimental results in combination with numerical 141 

results to formulate new expressions for the uplift force on the basis of hose proposed by 142 

ALA [6] and PRCI [39]. Uplift soil force was found to be lower at sections close to the fault 143 

plane (distance up to 10D) and higher at sections away from the fault. 144 

Demirci et al. [40] presented a series of thorough 1g-scale experiments of pipes using a 145 

shear-box and corresponding numerical analysis, which concluded that bending strain 146 

increases with the increase of burial depth, larger bending strains usually develop on the pipe 147 

at the foot-wall and double curvature appears within the fault crossing zone, leading to pipe 148 

yielding. Cheng et al. [41] employed a continuum numerical model to investigate the effect of 149 

the underlying rock stratum in the failure analysis of a buried X80 pipeline under oblique-150 

reverse fault rupture. The authors found that the three-dimensional fault movement affects the 151 

failure mode sequence and identified the corresponding effects of fault dip angle, internal 152 

pressure and D/t ratio, considering also the cross-section ovalization. Then, Tsatsis et al. [42] 153 

presented numerical and experimental results for buried pipes embedded in sandy soil 154 

focusing on the modeling of fault rupture propagation and axial soil resistance. It was found 155 

that the fault dip angle dominates pipe response and that pipe pressurization is detrimental. 156 

Finally, Zhang et al. [43] employed the continuum finite element model and examined the 157 

effect of internal pressure on the buckling behavior of pipes under faulting, concluding that 158 

high-pressure pipes are more prone to local buckling failure in case of reverse than strike-slip 159 

faulting. 160 

Published results have improved the understanding of pipe behavior and have revealed 161 

the basic aspects of the failure mode sequence. However, the qualitative criterion of Yun and 162 

Kyriakides [4] that shallowly buried pipes with low D/t ratio tend to buckle globally, while 163 

deeply buried pipes with high D/t ratio tend to buckle locally, has not been quantitatively 164 

addressed in depth until now, due to the multi-parametric nature of the problem. Research on 165 

upheaval buckling is mainly focused on unburied or partially buried submarine pipelines. In 166 

this case, thermal expansion is the primary cause of pipeline lateral or upheaval buckling on 167 

the seabed, as indicatively presented in [44]-[46]. Contrariwise, research on upheaval 168 

buckling of onshore pipes subjected to significant compression due to reverse faulting is 169 

limited. It is worth noting that the upheaval buckling of onshore pipes under reverse faulting 170 



is not directly addressed in codes. A general qualitative provision for pipeline design against 171 

upheaval buckling is given only in CSA Z662 [7]. This type of buckling may not lead directly 172 

to a loss of content, but the pipe’s serviceability is impacted due to the significant structural 173 

deformation. Moreover, it has been found that upheaval buckling may be followed by local 174 

buckling for a relatively low increase of fault offset [34], [35]. Thus, the upheaval buckling of 175 

buried pipelines is treated as a failure mode.  176 

The scope of this study is to provide a practical simplified methodology for identifying 177 

the predominant failure mode of a pipe under reverse fault rupture. An extensive numerical 178 

parametric analysis is performed considering the main variables affecting the pipe response. 179 

Due to the nature of the topic and a large number of associated parameters, it is not 180 

straightforward to obtain strict criteria on whether a pipeline will buckle locally or globally. 181 

Instead, the aim is to provide pipe designers and operators with a handy tool for the 182 

preliminary assessment of the predominant failure mode of the pipe at hand, given the 183 

assumptions made and the pertinent numerical and statistical uncertainties.   184 

 185 

2. Pipeline failure modes and verification criteria 186 

Pipeline failure due to tensile fracture or local buckling is examined by comparing the code-187 

based strain limits to the maximum longitudinal strain developed in the pipeline, while 188 

upheaval buckling is evaluated by examining whether the pipeline is exposed on the ground 189 

surface or not. The failure criteria for tensile fracture and local buckling are adopted from 190 

ALA [6] and EN1998-4 [5], which are two major international codes addressing the issue of 191 

the design of buried pipelines against seismic-induced permanent ground displacements. Even 192 

though there can be a lot of discussion on these criteria, herein, the relevant code-based 193 

criteria are adopted because a practical application is targeted and consequently the criteria 194 

are considered as reliable and conforming to current international practice. 195 

2.1 Tensile fracture 196 

The significant pipe bending caused by reverse faulting may lead to tensile fracture at 197 

weld locations. Code-based tensile strain limits aiming at preventing this failure mode are the 198 

following:  199 

• ALA Guidelines for the Design of Buried Steel Pipe [6] 200 

Operable limit state: 201 

 (1) 

Pressure integrity limit state: 202 

 
(2) 

• EN 1998-4 Silos, Tanks and Pipelines [5]: 203 

 (3) 

2.2 Local buckling 204 

High compressive strains may lead to wrinkling that extends over a short pipe length 205 

and neither interrupts fuel flow nor allows a leak. The subsequent increase of compression 206 

may then lead to the evolvement of the wrinkle to a local buckle. Local buckling occurrence is 207 

also recognized as a sign of the pipe degrading capacity to resist other loads and thus codes 208 

provide expressions for limiting compressive strains below a maximum value: 209 



• ALA Guidelines for the Design of Buried Steel Pipe [6] 210 

Operable limit state: 211 

 
(4) 

Pressure integrity limit state: 212 

  (5) 

where D is the pipe diameter, t is the pipe wall thickness, p is the pipe internal pressure, E 213 

is the pipeline steel modulus of elasticity and Dmin is the pipe minimum diameter due to 214 

possible cross-section ovalization. 215 

• EN 1998-4 Silos, Tanks and Pipelines [5]:  216 

 
(6) 

where D is the pipe diameter and t is the pipe wall thickness. 217 

2.3 Upheaval buckling 218 

Pertinent codes do not provide specific recommendations or expressions for the 219 

protection of onshore pipes against upheaval buckling. The only regulatory provision is par. 220 

C.6.3.3.5 of CSA Z662 [7], stating that the pipeline has to be designed in order to prevent 221 

upheaval buckling, whereas this case would be harmful to the pipeline. Upheaval buckling is 222 

therein defined as exposure of the pipeline on the ground surface [29],[37],[40]. Naturally, the 223 

definition of upheaval buckling occurrence can be a significant issue. Considering failure to 224 

occur a few centimeters below the ground surface, e.g. 10cm or 20cm, would change the 225 

results. Still, small changes are more pronounced for small diameter and shallowly buried 226 

pipes and are generally less significant than crossing geometry issues as discussed in Section 227 

4.7. 228 

The upheaval buckling occurrence is assessed in the present study in accordance with 229 

CSA Z662 [7]. Τwo successive stages of pipeline deformation are plotted in Figure 2. The 230 

first step presents the case of pipeline deformation without upheaval buckling, while the 231 

second step presents the case of upheaval buckling, i.e. the pipe is exposed on the ground 232 

surface. The pipeline top crown is located at depth H below the ground surface, Δf is the 233 

vertical fault offset magnitude, Δp is the maximum pipeline vertical displacement, δΔ is the 234 

pipeline relative vertical displacement in the soil and ψ is the fault dip angle. The pipe 235 

exposure on the ground surface is checked via δΔ. For  the pipe is not exposed, while 236 

for  the pipe is considered to having been subjected to upheaval buckling. 237 



 238 

Figure 2: Assessment of pipeline upheaval buckling due to reverse faulting 239 

 240 

3. Pipeline numerical model 241 

A beam-type model is developed for the numerical analysis of the pipeline – reverse 242 

fault crossing (Figure 1) by employing the commercial software ADINA [47], following the 243 

provisions of ALA [6] and the numerical considerations discussed in [14],[34],[48]-[50]. The 244 

reliability of the numerical modeling and analysis has been verified by the authors by means 245 

of comparison to experimental results, in their previously published work ([49],[50]). 246 

Additionally, it is noted that the beam-type model for buried pipelines is the one 247 

recommended by all major international codes (ALA [6], EN1998-4 [5], CSA Z662 [7]) and 248 

the results of such models and analyses are routinely applied in practice for all major buried 249 

pipeline projects. 250 

The developed model is schematically shown in Figure 3. The examined pipelines 251 

within the parametric analysis feature varying crossing-section in terms of diameter and 252 

thickness and varying steel grade, as described in Section 4. A straight pipeline segment with 253 

length equal to 1500m is examined, as good engineering practice and pertinent code 254 

provisions suggest tο avoid route changes in fault crossing areas because bends might act as 255 

anchor points and introduce additional undesirable forces to the pipeline. The modeling length 256 

has been found from appropriate sensitivity analysis to be sufficient for the effects of PGDs to 257 

vanish. The pipe is meshed into PIPE elements, which are two-node Hermitian beam elements 258 

with extra degrees-of-freedom (DOFs) to account for the strains caused by in- (3 additional 259 

DOFs) and out-of-plane (3 additional DOFs) cross-section ovalization. The ovalization 260 

degrees of freedom are based on the von Karman ovalization modes [51]-[52]. Strains are 261 

calculated at several Gauss integration points on the pipe cross-section, namely 2 points along 262 

the element’s longitudinal axis, 2 nodes through the cross-section thickness and 24 nodes 263 

along the circumference of the cross-section. Tensile fracture and local buckling are checked 264 

by comparing the code-based strain limit to the maximum longitudinal strain developed in the 265 



pipeline, regardless of the position of the maximum strain, while upheaval buckling is 266 

checked as per Section 2.3. 267 

Two zones are defined along the pipe longitudinal direction, in which different mesh 268 

densities are employed: Zone 1 around the fault crossing and Zone 2 outside Zone 1. This 269 

differentiation has been adopted to achieve a balance between the reliability of results and the 270 

minimization of solution time and computational power. After carrying out a parametric 271 

study, the length of Zone 1 has been set equal to 150m with mesh density equal to 0.25m. The 272 

total length of Zone 2 equals 1,350m consisting of two parts with length equal to 675m each, 273 

with mesh density equal to 1m. In total, the pipe is meshed into 1,800 PIPE elements. The 274 

pipe steel material nonlinearity is addressed using a bi-linear stress-strain relationship, 275 

considering that the conditions of par. C.5.7.1 of CSA Z662 [7] are met, namely the examined 276 

pipe is hot-reduced electric welded with a diameter lower than 941mm (36in). Using a 277 

smoother steel stress-strain relationship (e.g. Ramberg-Osgood) would have been appropriate 278 

when examining local phenomena (e.g. in a shell model), but it makes a negligible difference 279 

in the global behavior of the model, as has been verified by comparing sample results with the 280 

two models. Finally, geometrical nonlinearity (large displacement formulation) is taken into 281 

consideration to account for the second-order effects, which alter both the peak strain values 282 

and the strain distribution along the pipeline. 283 

 284 

Figure 3: Schematic illustration of the developed pipeline – fault crossing beam-type 285 

numerical model 286 

Fuel transmission pipelines are typically embedded within a trench that is assumed to be 287 

wide enough for the development of soil failure surfaces. Herein, the surrounding soil is 288 

modeled with mutually independent, nonlinear translational springs in four directions connect 289 

pipe nodes to “ground nodes”. Hence, every pipe node is supported by a set of four springs: 290 

(1) axial springs, which are orientated along the longitudinal pipe axis, model the pipe-soil 291 

friction, (2) lateral (transverse horizontal) springs model the soil resistance to pipe lateral 292 

movement in the trench with mechanisms similar to those of vertical anchor plates of 293 

horizontally moving foundations by activating passive earth pressure, (3) vertical upward 294 

springs model the backfill soil resistance to pipe movement towards the ground surface with 295 

the corresponding maximum force being equal to the weight of an inverted triangle prism of 296 

soil above the pipeline top and (4) vertical downward springs model the soil resistance to pipe 297 



movement towards the trench bottom with the corresponding soil forces acting on the pipe 298 

bottom being similar to those of the vertical bearing capacity of a footing. For downward 299 

movement, one should consider the native soil properties, but as it will be discussed in 300 

Section 4.7, soil properties play a rather minor role in the prediction of the predominant pipe 301 

failure mode, compared to fault crossing geometry. Soil springs’ properties are estimated after 302 

ALA [6] provisions. In more detail: 303 

• Axial springs 304 

The maximum axial soil force (Tu) per unit length of pipe is estimated via the expression: 305 

 
(7) 

where D is the pipe outside diameter, c is the soil cohesion representative of the soil 306 

backfill, H is the depth to pipe centerline,  is the effective unit weight of soil, Ko is the 307 

coefficient of pressure at rest, a is the adhesion factor, and δ is the interface angle of 308 

friction for pipe and soil that depends on the internal friction angle of the soil and the type 309 

of coating of the pipe. 310 

The maximum displacement depends on the soil type. 311 

• Lateral springs 312 

The maximum lateral soil force (Pu) per unit length of pipe is estimated as: 313 

 (8) 

where Nch is the horizontal bearing capacity factor for clay, and Nqh is the horizontal 314 

bearing capacity factor.  315 

The maximum displacement in the lateral direction is a linear function of burial depth (H) 316 

and pipe diameter (D). 317 

• Vertical upward springs 318 

The maximum vertical uplift soil force (Qu) per unit length of pipe is estimated via the 319 

following expression: 320 

 (9) 

where Ncv is the vertical uplift factor for clay, and Nqv is the vertical uplift factor for sand.  321 

The maximum displacement in the vertical upward direction is a linear function of burial 322 

depth (H) and depends on pipe diameter (D) and soil type. 323 

• Vertical downward springs 324 

The maxumum vertical bearing (downward) soil force (Qd) per unit length of pipe is 325 

estimated as: 326 

 (10) 

where Nc, Nq, and Nγ are bearing capacity factors, γ is the totwl unit weight of soil. 327 

The maximum displacement in the vertical downward direction is a linear function of pipe 328 

diameter (D) and depends on the soil cohesion. 329 

Soil springs are modeled in ADINA [47] using elastic-perfectly plastic SPRING 330 

elements (1801 elements in each direction) that exhibit stiffness only in the local axial 331 

direction. Soil spring properties depend on the pipe cross-section and the surrounding soil that 332 



are variables of the parametric study, as presented in Section 4. Herein, soil “ground nodes” 333 

located on the fault foot-wall are considered fixed, whilst the corresponding ones on the fault 334 

hanging wall are subjected to the imposed displacement caused by the fault offset. For 335 

numerical reasons, rotational degrees-of-freedom of “ground nodes” are fixed. The model 336 

consists of 9005 nodes in total. 337 

The problem’s inherent material and geometrical nonlinearity are handled through the 338 

implementation of the Newton-Raphson iterative solution algorithm with a sufficient number 339 

of analysis steps (1000 steps) to achieve numerical convergence. The energy convergence 340 

criterion is implemented with zero tolerance and the maximum number of iterations within a 341 

time step is 15. Moreover, the automatic time stepping (ATS) option of ADINA [47] is 342 

selected to achieve convergence in less solution time. The algorithm automatically sub-343 

divides the load step until convergence is reached, while the time step might also be increased 344 

to accelerate the solution time. Apparently, the employment of the rigorous continuum 345 

numerical model (3D soil and pipe modeling with contact elements for pipe – soil interaction) 346 

could yield better predictions of the pipe failure, but at the cost of severely limiting the 347 

parameter exploration range, which tilted the choice in favor of the beam-type model adopted. 348 

As a final remark, non-seismic and in-service actions, such as internal pressure, corrosion, 349 

and hydraulic actions, are not considered in the present study. 350 

 351 

4. Methodology and results 352 

4.1 Range of parameters 353 

The parameters considered as predictors of the predominant failure mode are: 354 

• pipe – fault crossing geometry (Figure 1): fault dip angle ψ and pipe – fault crossing angle 355 

β, 356 

• burial depth H (Figure 2), 357 

• diameter to thickness (D/t) ratio, 358 

• steel grade,  359 

• soil properties (unit weight γ, cohesion c, and internal friction angle φ). 360 

Investigated parameters values for pipe – fault crossing geometry and burial depth are 361 

listed in Table 1. The examined values of diameter to thickness (D/t) ratio are commercial 362 

ones and are listed in Table 2.  The uncertainties of D/t ratios are not considered because it is 363 

assumed that the values are within the corresponding tolerances of  API Specification 5L [53] 364 

and the examined parameters of the problem (fault crossing geometry, steel grade, soil type) 365 

have significant impact on the definition of the three areas in the “D/t ratio – burial depth” 366 

space, rather a minor variation of the D/t ratio. Preliminary numerical results have shown that 367 

pipes with diameter  fail always due to local buckling, irrespective of 368 

wall thickness, burial depth and code-based strain limits adopted. Therefore, higher diameter 369 

values are not examined. The examined API steel grades [53] are tabulated in Table 3.  370 

371 



 372 

Table 1: Parameters for pipe – fault crossing geometry and burial depth 373 

Parameter Parameter name Minimum  Maximum  Step 

ψ fault dip angle 30ο 90ο 10ο 

β pipe – fault crossing angle 30ο 80ο 10ο 

Η/D normalized burial depth  1.00 3.60 0.20 

 Table 2: Commercial values of D/t ratio under examination 374 

Pipe D (mm) t (mm) D/t  Pipe D (mm) t (mm) D/t 

6in 168.30 

7.11 23.67  

16in 406.40 

6.35 64.00 

10.97 15.34  9.53 42.64 

14.27 11.79  12.70 32.00 

18.26 9.22  16.66 24.39 

21.95 7.67  26.19 15.52 

8in 219.10 

6.35 34.50  30.96 13.13 

7.04 31.12  40.49 10.04 

8.18 26.78  

20in 508.00 

6.53 77.79 

10.31 21.25  12.70 40.00  

12.70 17.25  20.62 24.64 

15.09 14.52  32.54 15.61 

18.26 12.00  44.45 11.43 

20.62 10.63  50.01 10.16 

22.23 9.86  6.53 77.79 

10in 273.10 

6.35 43.01  

24in 610.00 

6.35 96.06 

7.80 35.01  12.70 48.03 

9.27 29.46  17.48 34.90 

12.70 21.50  30.96 19.70 

15.09 18.10  46.02 13.26 

18.26 14.96  59.54 10.25 

21.44 12.74  

28in 711.00 

7.92 89.77 

25.40 10.75  9.53 74.61 

28.58 9.56  12.70 55.98 

12in 323.90 

6.35 51.01  15.88 44.77 

9.53 33.99      

12.70 25.50      

17.48 18.53      

25.40 12.75      

33.32 9.72      

375 



 376 

Table 3: API 5L steel grades under consideration 377 

Steel grade  Yield stress (MPa) Ultimate stress (MPa) 

X52 359.0 455.0 

X56 386.5 489.5 

X60 414.0 517.5 

X65 448.5 531.0 

X70 483.0 565.5 

X80 555.0 621.0 

X100 690.0 760.0 

 378 

Pipe – soil interaction dominates the pipe response and thus it is suggested by 379 

constructional practice and code provisions to backfill the trench with granular soil in order to 380 

minimize the soil resistance to pipe movement in the trench. Accordingly, three indicative 381 

cohesionless soils are examined (Table 4), excluding cohesive (clay) soil types. 382 

 383 

Table 4: Soil types under consideration 384 

Soil type Friction angle Unit weight (kN/m3) 

Loose sand 30ο  16.0 

Medium sand 33.5ο 17.9 

Dense sand 40ο  20.0 

 385 

4.2 Methodology outline 386 

An indicative case of fault crossing geometry is examined at first in order to 387 

demonstrate the process of deriving the proposed simplified expressions. A typical API 5L 388 

X65 (Table 3) pipeline is examined, buried in medium sand (Table 4) and crossing a reverse 389 

fault with dip angle ψ = 40ο at a crossing angle β = 60ο. The pipeline is numerically analyzed 390 

for all combinations of burial depths (Table 1) and D/t ratios (Table 2). Results are presented 391 

in the “D/t ratio – burial depth” space (Figure 4a), considering the operable limits of ALA 392 

(Section 2). Each point comes from a single pipeline analysis and it is appropriately marked to 393 

indicate the predominant pipe failure mode. It is observed that in the upper-right side (high 394 

burial depth and D/t ratio) the pipe fails due to local buckling, while in the lower-left side 395 

(low burial depth and D/t value) the pipe fails due to upheaval buckling, as qualitatively 396 

predicted in [4]. There is, also, an intermediate area between the two previously described 397 

ones, where a small change of a parameter might trigger a different predominant failure mode, 398 

highlighting the sensitivity of the problem to the parameters. 399 

A first attempt to delimit the failure mode areas in the “D/t ratio – burial depth” space is 400 

performed by employing Linear Discriminant Analysis (LDA) [54]. LDA is a classification 401 

method that is applied when groups are known a priori. The LDA curve, shown in Figure 402 

4(b), stands as a preliminary index for the quantification of the Yun and Kyriakides [4] 403 



criterion but has limited practical applicability due to the above mentioned high sensitivity to 404 

parameters in the intermediate area. To that effect, two additional limits, are introduced, 405 

namely the 0% local buckling and the 100% local buckling (Figure 4b). The 0% local 406 

buckling limit line is generated by parallel displacement of the LDA line towards lower 407 

values of D/t ratio and depth H until all local buckling points are above and to its right. 408 

Similarly, the 100% local buckling limit line is generated by parallel displacement of the 409 

LDA line towards higher values of D/t ratio and depth H until all local buckling points are 410 

below and to its left. For pipeline designs located to the right and above the 100% local 411 

buckling limit, the pipe is expected always to fail due to local buckling, while for pipeline 412 

designs located to the left and below the 0% local buckling limit, the pipe is expected always 413 

to fail due to upheaval buckling or tensile fracture, depending on the adopted code-based 414 

strain limits and the design parameters. Between these two extremes, the LDA line provides a 415 

single “optimal” division of the intermediate area. The process outlined above is 416 

schematically portrayed in Figure 5. 417 

  

(a) (b) 

Figure 4: (a) Predominant failure mode of an API X65 pipeline buried in medium sand for 418 

fault dip angle ψ = 40ο and crossing angle β = 60ο, (b) LDA, 0% local buckling and 100% 419 

local buckling lines in the “D/t ratio – burial depth” space 420 

 421 

Figure 5: Schematic illustration of the predominant pipe failure modes in the “D/t ratio – 422 

burial depth” space 423 

The 0% local buckling, LDA, and 100% local buckling lines are estimated via the 424 

expressions: 425 

 
(11) 

 

(12) 



 

(13) 

where A0, B0, ALDA, BLDA, A100, B100 are the coefficients that depend on the pipe – fault 426 

crossing geometry, steel grade, and soil type. Specifically, the coefficients are assumed to be 427 

linear combinations of three functions of the problem parameters: 428 

 

(14) 

  

 

(15) 

where: 429 

G(ψ,β) : function to consider the effect of crossing geometry with fault dip angle ψ 

and pipe – fault crossing angle β (Section 4.3) 

ST(Fy) : function to consider the effect of steel grade. , where fy is 

the steel yield stress in MPa and 448.50MPa is the yield stress of the 

reference grade X65 (Section 4.4) 

S(soil type) : function to consider the effect of soil type (Section 4.5) 

p1 : coefficient for the effect of crossing geometry 

p2 : coefficient for the effect of steel grade 

p3 : coefficient for the effect of soil type 

Fault crossing geometry is considered to have a primary effect on the prediction of the 430 

predominant failure mode of the pipeline. Thus, in terms of design of numerical experiments 431 

[55], crossing geometry is treated as a full functional design, examining all possible 432 

combinations of angles ψ and β in order to study the effect of each angle (parameter or factor) 433 

on the predominant failure mode (response variable), as well as the effect of interactions 434 

between factors on the response variable. 435 

On the other hand, steel grade and soil type are treated as secondary effects and 436 

consequently, there is no full exploration of their influence. Hence, a central value is 437 

examined, and the effect of steel grade and soil type is investigated by considering only a 438 

single “mean crossing geometry” with ψ = 60ο and β = 60ο. In summary, the effect of crossing 439 

geometry is firstly examined by considering all possible combinations of angles (ψ,β) and 440 

then the steel grade and soil type effects are added, without considering interactions, via the 441 

linear combination of Eqs. (14) and (19) with the appropriate coefficients p1, p2, and p3.  442 

Overall, the methodology followed to fit Eqs. (11) through (13) is outlined below and is 443 

applied for each adopted code: 444 

1 Estimate the predominant failure mode for all  combination of angles β and ψ 

(Table 1) for X65 steel grade and medium sand times 751 combinations of D/t ratio and 

burial depth H resulting to  analyses (Section 4.3)    

2 Estimate the predominant failure mode for ψ = 60ο and β = 60ο, medium sand soil, and 

all 7 steel grades (Table 3) resulting to  analyses (Section 4.4) 



3 Estimate the predominant failure mode for ψ = 60ο and β = 60ο, X65 steel grade and all 

three soil types (Table 4) resulting to 3  analyses (Section 4.5) 

4 Fit Eqs. (11) through (13) in each of the  realizations of the “D/t ratio – 

burial depth” space to generically determine the coefficients (A0, B0), (ALDA, BLDA), 

(A100, B100) 

5 Use the  geometry realizations to fit generic function G(ψ,β) for each of the three 

A and B coefficients (Section 4.3) [note that A is A0, ALDA, A100, and B is B0, BLDA, B100] 

6 Use the 7 steel grades realizations to fit general function ST(Fy) for each of the A and B 

coefficients (Section 4.4) 

7 Use the 3 soil type realization to fit the general function S(soil type) for each of the A 

and B coefficients (Section 4.5) 

8 Use direct search to optimize the linear combination coefficients p1, p2, and p3 for Eqs. 

(14) and (19) to best predict A and B for all  realizations (Section 4.7) 

9 Validate the fitted equations on a test set different from the training set (Section 4.8) 

 445 

4.3 Effect of pipe – fault crossing geometry 446 

Pipe – fault crossing geometry is the primary parameter affecting pipe mechanical 447 

behavior. Indicative results for an API X65 pipeline, buried in medium sand with fault 448 

crossing angles ψ = 30ο and β = 70ο are presented in Figure 6, considering ALA operable 449 

strain limits, ALA pressure integrity strain limits and EN 1998-4 strain limits (Section 2). In 450 

general, for a given crossing angle β, steel grade, and soil type, increasing the fault dip angle 451 

ψ leads to increased pipe bending and consequently a larger “area” (i.e. more D/t ratio and 452 

burial depth combinations) of local buckling occurrence. This becomes apparent both for 0% 453 

and 100% local buckling limits (Figure 7) pulling them up and to the right when ψ increases. 454 

On the other hand, keeping everything else constant, the crossing angle β has a non-negligible 455 

yet considerably lower influence on the limits (Figure 8).  456 

The adopted code-based strain limits play an important role in the critical failure mode. 457 

In the case of adopting the ALA pressure integrity strain limits [Figure 6(b)], the compressive 458 

strain limit is higher than the other code-based limits and consequently, significantly more 459 

points of tensile fracture are observed. 460 

  

(a) (b) 



 

(c) 

Figure 6: Predominant failure mode of API X65 pipeline, buried in medium sand with 461 

crossing geometry ψ = 30ο and β = 70ο adopting (a) ALA operable limits, (b) ALA pressure 462 

integrity limits, (c) EN 1998-4 limits 463 

The effect of fault crossing geometry is incorporated in the limit lines in Eqs. (14) and 464 

(15) via the general function G(ψ,β): 465 

 (16) 

where g1, g2,…,g7 are the fitting coefficients. Evidently, to accommodate all observations on 466 

the relative significance of ψ and β, angle ψ is captured with terms up to the third power, 467 

while for angle β only linear terms are employed, including all interaction terms up to the 468 

third order. The resulting fitting coefficients are listed in Table 5 for ALA operable limits, in 469 

Table 6 for ALA pressure integrity limits and in Table 7 for EN 1998-4 limits. Indicative 470 

results of the fitted surfaces for coefficients A0 and B0 considering ALA operable strain limits 471 

are depicted in Figure 9. As expected, higher fidelity is achieved in the middle of the training 472 

set, compared to its edges. Moreover, it has to be noted that the case of fault dip angle ψ = 90ο 473 

has not been considered in this parametric study because a reliable distinction of failure 474 

modes cannot be performed in the “D/t ratio – burial depth” space (Figure 10). In this case, 475 

the intermediate area is very extended, rendering the identification of the predominant failure 476 

mode impractical. 477 

  

(a) (b) 

Figure 7: Effect of fault dip angle for constant crossing angle β = 70ο, considering ALA 478 

operable limits: variation of (a) 0% local buckling and (b) 100% local buckling limits 479 

 480 



  

(a) (b) 

Figure 8: Effect of crossing angle for constant fault dip angle ψ = 50ο, considering ALA 481 

operable limits: variation of (a) 0% local buckling and (b) 100% local buckling limits 482 

 483 

 

(a) 

 

(b) 

Figure 9: 3D surface fitting for considering the effect of fault crossing geometry in order to 484 

obtain the coefficients (API X65 pipeline buried in medium sand) 485 

486 



 487 

Table 5: ALA operable strain limits: Coefficients for considering the effect of fault crossing 488 

geometry 489 

Limit 

curve  

Coefficients for Eq. (16)  

g1 g2 g3 g4 g5 g6 g7 

0% 

local 

buckling 

GA,0 -0.3954 0.0044 -0.0036 -1.7412×10-4 2.6983×10-4 1.7353×10-6 -2.6839×10-6 

GB,0 0.3846 -0.0098 -0.0306 3.7314×10-4 3.3798×10-4 -3.3943×10-6 -5.2753×10-7 

LDA 
GA,LDA -0.6267 0.0047 0.0122 -1.6702×10-4 -4.0737×10-5 1.5210×10-6 -6.8061×10-7 

GB,LDA 0.0043 -0.0075 -0.0084 3.0634×10-4 -3.5935×10-5 -2.9234×10-6 1.5153×10-6 

100% 

local 

buckling 

GA,100 -0.6400 0.0048 0.0153 -1.7852×10-4 -1.1441×10-4 1.6052×10-6 -1.0307×10-7 

GB,100 -0.1338 -0.0049 -7.0187×10-4 1.9316×10-4 -1.2752×10-4 -1.8593×10-6 1.8027×10-6 

 490 

Table 6: ALA pressure integrity strain limits: Coefficients for considering the effect of fault 491 

crossing geometry 492 

Limit 

curve  

Coefficients for Eq. (16)  

g1 g2 g3 g4 g5 g6 g7 

0% 

local 

buckling 

GA,0 -0.9130 0.0038 0.0199 -1.3307×10-4 -1.2907×10-4 1.2069×10-6 -4.7461×10-7 

GB,0 -0.2279 -0.0047 0.0220 1.3940×10-4 -5.9792×10-4 -7.8476×10-7 4.1277×10-6 

LDA 
GA,LDA -0.4134 0.0022 -6.2682×10-4 -5.5855×10-5 1.2032×10-4 2.8827×10-7 -1.0347×10-6 

GB,LDA -0.1582 -0.0040 0.0173 1.2326×10-4 -4.9937×10-4 -7.5973×10-7 3.6018×10-6 

100% 

local 

buckling 

GA,100 -0.6856 0.0043 0.0153 -1.3892×10-4 -1.1959×10-4 9.8857×10-7 6.2992×10-8 

GB,100 0.1575 -0.0024 0.0143 6.7121×10-5 -3.8414×10-4 -3.7401×10-7 2.6890×10-6 

 493 

Table 7: EN 1998-4 strain limits: Coefficients for considering the effect of fault crossing 494 

geometry 495 

Limit 

curve  

Coefficients for Eq. (16)  

g1 g2 g3 g4 g5 g6 g7 

0% 

local 

buckling 

GA,0 -0.6272 0.0048 0.0091 -1.6529×10-4 1.9910×10-5 1.4529×10-6 -9.2010×10-7 

GB,0 0.9514 -0.0131 -0.0582 4.7404×10-4 7.7825×10-4 -4.0458×10-6 -3.0738×10-6 

LDA 
GA,LDA -0.8472 0.0057 0.0223 -1.9114×10-4 -2.0776×10-4 1.6075×10-6 3.5633×10-7 

GB,LDA 0.4905 -0.0099 -0.0337 3.6390×10-4 4.0528×10-4 -3.1424×10-6 -1.2562×10-6 

100% 

local 

buckling 

GA,100 -0.7917 0.0052 0.0221 -1.7401×10-4 -2.2553×10-4 1.4552×10-6 5.8575×10-7 

GB,100 0.3473 -0.0080 -0.0254 2.8810×10-4 2.8805×10-4 -2.4685×10-6 -7.3335×10-7 

 496 



  

(a) (b) 

Figure 10: Predominant failure mode API X65 pipeline, buried in medium sand with crossing 497 

geometry: (a) ψ = 90ο and β = 30ο adopting ALA operable strain limits, (b) ψ = 90ο and β = 498 

60ο adopting EN 1998-4 strain limits 499 

 500 

  4.4 Effect of pipe steel grade 501 

Pipeline steel grade properties affect the response of the pipeline under faulting and in 502 

particular the available ductility of the structure (indicatively [33],[56]). Pipelines buried in 503 

medium sand crossing a reverse fault with the “mean crossing geometry” (ψ = 60ο and β = 504 

60ο) are examined. Steel grades under examination are listed in Table 3. Indicative results for 505 

X52, X70, and X100 pipes considering ALA operable limits are shown in Figure 11. It is 506 

observed that the increase of steel grade leads to a decrease in the local buckling “area” in the 507 

“D/t ratio – burial depth” space, while the intermediate area is roughly constant. 508 

  

(a) (b) 



 

(c) 

Figure 11: Predominant failure mode of pipelines buried in medium sand with fault crossing 509 

geometry ψ = 60ο and β = 60ο: (a) X52 pipe, (b) X70 pipe, and (c) X100 pipe, adopting ALA 510 

operable limits 511 

Collecting all results for different steel grades, 2D curve fitting is performed to estimate 512 

the effect of steel grade through function : 513 

 (17) 

where  is the normalized yield stress (fy in MPa) with respect to the yield 514 

stress of the reference X65 steel grade. The fitting coefficients st1, st2,…,st5 are listed in Table 515 

8 for ALA operable limits, in Table 9 for ALA pressure integrity limits, and in Table 10 for 516 

EN 1998-4 limits. 517 

 518 

Table 8: ALA operable strain limits: Coefficients for considering the effect of steel grade 519 

Limit 

curve  

Coefficients for Eq. (17) 

  

st1 st2 st3 st4 st5 

0% 

local 

buckling 

STA,0 -0.0919 0.8270 -2.1427 2.1440 -0.9419 

STB,0 6.3355 -29.1165 49.1737 -35.9664 9.2522 

LDA 
STA,LDA -1.6726 7.8756 -13.6803 10.3662 -3.0695 

STB,LDA 3.2219 -15.1980 25.7198 -18.9936 4.7893 

100% 

local 

buckling 

STA,100 -1.2909 6.1938 -10.9571 8.4451 -2.5491 

STB,100 3.0523 -14.0848 23.8720 -17.4577 4.3710 

520 



 521 

Table 9: ALA pressure integrity strain limits: Coefficients for considering the effect of steel 522 

grade 523 

Limit 

curve  

Coefficients for Eq. (17) 

  

st1 st2 st3 st4 st5 

0% 

local 

buckling 

STA,0 0.4618 -2.0470 3.3210 -2.3159 0.2942 

STB,0 -0.2713 1.4149 -2.7205 2.2737 -0.7809 

LDA 
STA,LDA 0.0124 -0.1135 0.2972 -0.2705 -0.1867 

STB,LDA -0.3733 1.8307 -3.3232 2.6416 -0.8525 

100% 

local 

buckling 

STA,100 -0.6419 3.0554 -5.3738 4.1717 -1.4423 

STB,100 -0.5387 2.6246 -4.7307 3.7347 -1.1578 

 524 

Table 10: EN 1998-4 strain limits: Coefficients for considering the effect of steel grade 525 

Limit 

curve  

Coefficients for Eq. (17) 

  

st1 st2 st3 st4 st5 

0% 

local 

buckling 

STA,0 -1.2409 5.8036 -10.0616 7.6455 -2.3428 

STB,0 3.2799 -15.4517 26.7639 -19.9763 5.0253 

LDA 
STA,LDA -1.2864 6.0945 -10.6889 8.2046 -2.4941 

STB,LDA 2.4072 -11.2405 19.2890 -14.2255 3.4581 

100% 

local 

buckling 

STA,100 -1.2563 5.9674 -10.4895 8.0714 -2.4416 

STB,100 1.7962 -8.3530 14.2595 -10.4180 2.4436 

 526 

4.5 Effect of soil properties 527 

 As already mentioned, soil properties are defined by their fundamental parameters, 528 

namely unit weight, internal friction angle, and cohesion. Considering that it is not practically 529 

feasible to examine all combinations of soil properties, three typical sandy soils are examined 530 

(Table 4). The evaluation of the effect of soil properties is carried out by investigating a 531 

typical API X65 pipe that crosses a reverse fault with the “mean crossing geometry” (ψ = 60ο 532 

and β = 60ο). Indicative results considering ALA operable limits for different soil types are 533 

shown in Figure 12. It is deduced that the increase of the sand internal friction leads to an 534 

increase of soil resistance to pipe movement in the trench and consequently of pipe – soil 535 

friction. Hence, the local buckling “area” “D/t ratio – burial depth” space is increased, while 536 

the intermediate area remains roughly constant.  537 



  

(a) (b) 

 

(c) 

Figure 12: Predominant failure mode of API X65 pipeline with fault crossing geometry ψ = 538 

60ο and β = 60ο) considering different soil types and adopting ALA operable limits: (a) loose 539 

sand, (b) medium sand, and (c) dense sand. Denser sands cause an anti-clockwise rotation of 540 

limit lines around a roughly constant rightmost corner. 541 

The parameter of soil properties is treated as a categorical value and thereafter, function 542 

  assumes constant values for each soil type, without more elaborate curve fitting. 543 

Corresponding fitted values of function  are listed in Table 11  for ALA operable 544 

limits, Table 12 for ALA pressure integrity limits, and in Table 13 for EN 1998-4 limits.545 



 546 

 547 

Table 11: ALA operable strain limits: fitting values of function  to account for the 548 

effect of soil type 549 

Limit 

curve  

Values of  

Loose sand Medium sand Dense sand 

0% 

local 

buckling 

SA,0 -0.2168 -0.2069 -0.1857 

SB,0 -0.2753 -0.3324 -0.4080 

LDA 
SA,LDA -0.1899 -0.1780 -0.1626 

SB,LDA -0.2412 -0.0286 -0.3571 

100% 

local 

buckling 

SA,100 -0.1710 -0.1563 -0.1418 

SB,100 -0.2172 -0.2511 -0.3114 

 550 

Table 12: ALA pressure integrity strain limits: fitting values of function  to 551 

account for the effect of soil type 552 

Limit 

curve  

Values of  

Loose sand Medium sand Dense sand 

0% 

local 

buckling 

SA,0 -0.2811 -0.2849 -0.3060 

SB,0 -0.0810 -0.0838 -0.0872 

LDA 
SA,LDA -0.2572 -0.2601 -0.2713 

SB,LDA -0.0741 -0.0766 -0.0773 

100% 

local 

buckling 

SA,100 -0.2338 -0.2246 -0.2371 

SB,100 -0.0673 -0.0661 -0.0676 

 553 

Table 13: EN 1998-4 strain limits: fitting values of function  to account for the 554 

effect of soil type 555 

Limit 

curve  

Values of  

Loose sand Medium sand Dense sand 

0% 

local 

buckling 

SA,0 -0.2079 -0.1949 -0.1951 

SB,0 -0.3169 -0.3545 -0.4372 

LDA 
SA,LDA -0.1784 -0.1709 -0.1643 

SB,LDA -0.2718 -0.3107 -0.3680 

100% 

local 

buckling 

SA,100 -0.1586 -0.1478 -0.1436 

SB,100 -0.2417 -0.2688 -0.3216 

556 



 557 

4.6 Classification of error metrics 558 

In statistics literature [57], the nomenclature of classification errors is geared towards 559 

understanding medical test results. A positive outcome, thus, stands for evidence of having a 560 

given disease or condition. The following values are used to estimate metrics: TP (true 561 

positive) is the number of points predicted correctly, TN (true negative) is the number of 562 

points correctly discarded, FP (false positive) is the number of points incorrectly predicted 563 

and FN (false negative) is the number of points incorrectly rejected. Then, the three standard 564 

error metrics for classification are defined as:  565 

 
  

(18) 

 

(19) 

 

(20) 

The aforementioned error metrics can be better understood through an illustrative 566 

example. Suppose we have 20 points (15 local buckling points and 5 upheaval buckling 567 

points) in the “D/t ratio – burial depth” space indicating the predominant failure mode of a 568 

pipeline under reverse faulting. Following the procedure presented in section 4.2, the LDA 569 

line is drawn and local buckling points are considered to be a positive outcome of the LDA 570 

statistical model. The model identifies 10 local buckling points on the right-hand side of the 571 

LDA curve. However, it is observed that only 8 out of 10 points are actually local buckling 572 

ones, while the other 2 are misidentified as upheaval buckling points. In this case, we have 573 

 (local buckling points correctly identified),  (upheaval buckling 574 

points correctly identified),  (upheaval buckling points incorrectly identified), and 575 

 (local buckling points incorrectly identified). The precision after Eq. (18) 576 

is  and shows how useful the results are in predicting local buckling 577 

(if the model predicts local buckling, then 80% of the time it is correct). The recall after Eq. 578 

(19) is  and shows how complete the results are or in other words 579 

shows how many local buckling points have been identified out of their total number. Thus, 580 

the model was correct wherever it predicted the failure mode as local buckling, but it 581 

misidentified a lot of local buckling points as non-local buckling. In general, high precision 582 

reveals that the statistical model returned more correct results than incorrect, while high recall 583 

shows that most of the correct results have been identified. Then, balanced accuracy after Eq. 584 

(20) is , indicating that the overall 585 

performance of the classification process with LDA is 87%. Balanced accuracy checks the 586 

performance of the statistical model by overcoming the problem of unbalanced data through 587 

the normalization of TP and TN predictions by the number of positive and negative samples, 588 

respectively. 589 

In statistical testing, a type I error is the false-positive finding, while a type II error is 590 

the false negative. In other sciences, such as medicine, the distinction between these two types 591 

of error is crucial, for example, in case of a disease, type I is preferred because the test might 592 

show that a healthy person has the disease, leading to re-testing, while type II error is not 593 

preferred as the test might show that an ill person is healthy. Differently, in the present study 594 



both type I and II errors have the same impact on the prediction of the predominant failure 595 

mode of the pipe. Thus, balanced accuracy is the appropriate metric to evaluate the overall 596 

performance of the model, namely the LDA line. Instead, in case of the 0% and 100% local 597 

buckling limits the interest is on having zero local buckling points on the left-hand side of the 598 

0% local buckling limit and respectively zero non-local buckling points on the right-hand side 599 

of the 100% local buckling limit. Therefore, precision, where positive values stand for local 600 

buckling occurrence, is the appropriate error metric for the 100% local buckling limit, while 601 

the precision, where positive values stand for non-local-buckling occurrence, is the 602 

appropriate metric for the 0% local buckling limit. During the formulation of the full 603 

statistical model that takes into account all parameters, our concern is thus to minimize the 604 

number of local buckling points on the left-hand side of the 0% local buckling limit and 605 

respectively minimize the number of non-local-buckling points on the right-hand side of the 606 

100% local buckling limit.  607 

4.7 Combined effect of parameters 608 

To combine the effects of all parameters into a single model, a direct search was 609 

employed to maximize the precision for 0% and 100% local buckling limits and the balanced 610 

accuracy for the LDA line over the entire training set. The resulting coefficients for Eqs. (14) 611 

and (15) are: 612 

 

(21) 

Then, the values of Eq. (21) are substituted in Eqs. (14) and (15) for estimating coefficients A 613 

and B: 614 

 

(22) 

  

 

(23) 

This weighting indicates the governing importance of fault crossing geometry vis-à-vis the 615 

steel grade and the soil type. Although past literature has dealt with parts of this problem 616 

mostly, rather than considering all factors together, similar conclusions can be found in [42]. 617 

 618 

4.8 Evaluation and validation of the simplified expressions 619 

To validate the proposed expressions outside the training data set, a distinct testing set is 620 

employed. It comprises four cases with widely dispersed arbitrary combinations of parameters 621 

(ψ,β), fy, and soil type. It should be noted that regression is at its most accurate for the training 622 

set for which it has been optimized. The parameters were selected to test samples at the edges 623 

of the parameters’ space, especially regarding steel grade and soil property effects, where only 624 

a central design was employed. The cases under examination and the resulting error metrics 625 

are presented in Table 14, where the important error metric for each is highlighted with bold. 626 

The following observations are derived from Table 14: 627 



• The precision for the 0% local buckling limit is very high and close to 1.00. Lower values 628 

are observed for a marginal fault crossing geometry, namely for ψ = 30ο for ALA operable 629 

(precision = 0.79) and EN 1998-4 (precision = 0.73) limits. 630 

• The precision for the 100% local buckling limit is generally over 0.90. 631 

• The balanced accuracy for the LDA line is in general over 0.80, indicating that the overall 632 

performance of the statistical model is over 80%. 633 

• Recall values are observed to be quite low especially for the 0% local buckling limit. This 634 

is indicative of the impossibility of clearly separating the predominant failure modes in the 635 

intermediate area. 636 

The error metrics are deemed to be acceptable and sufficient for preliminary design purposes, 637 

considering the complexity and the multi-parametric nature of the problem.638 



Table 14: Cases under examination and corresponding error metrics for the validation of the methodology. Precision is the appropriate error metric for the 639 

0% and 100% local buckling limits and is highlighted with bold because these limits are created for maximum precision. Balanced accuracy (highlighted 640 

with bold) is examined for the LDA in order to evaluate the overall performance of the statistic model. 641 

Case 

No. 

ALA operable limits 0% local buckling LDA 100% local buckling 

fault crossing 

geometry 

steel 

grade 

 sandy 

soil 
precision recall 

balanced 

accuracy 
precision recall 

balanced 

accuracy 
precision recall 

balanced 

accuracy 

 

1 ψ = 30ο, β = 60ο  X56 loose  0.79 0.17 0.58 0.97 0.97 0.84 0.99 0.91 0.94 

2 ψ = 40 ο, β = 80ο  X80 dense  0.92 0.29 0.64 0.99 0.94 0.92 1.00 0.83 0.91 

3 ψ = 80 ο, β = 60ο  X70 loose  1.00 0.36 0.68 0.88 0.94 0.84 0.97 0.38 0.68 

4 ψ = 50 ο, β = 70ο  X100 medium 1.00 0.21 0.61 0.85 0.99 0.83 0.91 0.94 0.89 

Case 

No. 

ALA pressure integrity limits 0% local buckling LDA 100% local buckling 

fault crossing 

geometry 

steel 

grade 

 sandy 

soil 
precision recall 

balanced 

accuracy 
precision recall 

balanced 

accuracy 
precision recall 

balanced 

accuracy 

1 ψ = 30 ο, β = 60ο  X56 loose  1.00 0.22 0.61 0.93 0.92 0.92 1.00 0.67 0.83 

2 ψ = 40 ο, β = 80ο  X80 dense  0.99 0.71 0.85 0.98 0.81 0.89 1.00 0.38 0.69 

3 ψ = 80 ο, β = 60ο  X70 loose  0.91 0.26 0.60 0.74 0.84 0.86 0.99 0.59 0.79 

4 ψ = 50 ο, β = 70ο  X100 medium 1.00 0.64 0.82 0.81 0.98 0.93 1.00 0.51 0.75 

Case 

No. 

EN 1998-4 limits 0% local buckling LDA 100% local buckling 

fault crossing 

geometry 

steel 

grade 

 sandy 

soil 
precision recall 

balanced 

accuracy 
precision recall 

balanced 

accuracy 
precision recall 

balanced 

accuracy 

1 ψ = 30 ο, β = 60ο  X56 loose  0.73 0.22 0.61 0.98 0.98 0.85 1.00 0.90 0.95 

2 ψ = 40 ο, β = 80ο  X80 dense  0.84 0.37 0.68 0.99 0.94 0.92 1.00 0.81 0.91 

3 ψ = 80 ο, β = 60ο  X70 loose  1.00 0.43 0.72 0.95 0.96 0.90 0.94 0.79 0.83 

4 ψ = 50 ο, β = 70ο  X100 medium 1.00 0.22 0.61 0.83 1.00 0.79 0.94 0.92 0.90 



4.9 Design application 642 

The developed simplified expressions can be directly applied for design purposes. The 643 

required input data are (1) pipeline D/t ratio defined by the pipe process design, (2) fault dip 644 

angle ψ obtained from geological and geotechnical survey, (3) pipe – fault crossing angle β 645 

defined by the route selection procedure, and (4) burial depth Η defined by pertinent codes 646 

(e.g. EN 1594 [58] and ISO 13686 [59]). Therefore, given the input data, the 0% local 647 

buckling and the 100% local buckling limits are defined. Then, given the D/t ratio and the 648 

burial depth H/D, the area that the pipe under consideration is located can be defined. In case 649 

the pipe is located in the only-local-buckling “area” (on the right-hand side of the 100% local 650 

buckling limit), then appropriate countermeasures against local buckling should be applied. In 651 

case the pipe is located in the no-local-buckling area (on the left-hand side of the 0% local 652 

buckling limit), then protection measures against upheaval buckling or tensile rupture should 653 

be considered. An overview of seismic countermeasures for pipes under faulting can be found 654 

in [60]-[61]. Finally, in case the pipe is located in the intermediate area, then a more thorough 655 

investigation by means of advanced analysis is needed. The process to apply the proposed 656 

methodology is summarized in Table 15. 657 

Table 15: Steps of the proposed methodology for predicting the predominant failure mode of 658 

a pipe under reverse faulting 659 

Step Action 

1 Pipe design parameters: diameter D, wall thickness t, burial depth H, steel grade fy, 

fault dip angle ψ, pipe – fault crossing angle β and soil type 

2 Calculate the dimensionless values of burial depth H/D, log(D/t) ratio, 

, and categorize soil as per Table 4 

3 Estimate the effect of fault crossing geometry G(ψ,β) for the three limits using Eq. 

(16) and Table 5 through Table 7 depending on the adopted strain limits 

4 Estimate the effect of steel grade ST(Fy) for the three limits using Eq. (17) and Table 

8 through Table 10 depending on the adopted strain limits 

5 Estimate the effect of soil type S for the three limits using Table 11 through Table 13 

and depending on the adopted strain limits 

6 Calculate coefficients A and B via Eqs. (22) and (23), respectively, for 0% local 

buckling, LDA, and 100% local buckling limits 

7 Predict the predominant failure mode using the following algorithm: 

Estimate Det0 for the 0% local buckling limit after Eq. (11) 

               DetLDA for LDA after Eq. (12) 

               Det100 for the 100% local buckling limit after Eq. (13) 

if Det100 > 0 then the predominant failure mode is local buckling 

   else 

         if Det0 < 0 then the predominant failure mode is upheaval buckling or   

             tensile fracture or one of these two, depending on the adopted  

             code-based strain limits 

             else if DetLDA > 0 then local buckling is more likely to be the  

                    predominant failure mode 

                    else upheaval buckling or tensile fracture is more likely to be  

                            the predominant failure mode                   

  

 

   



8 If the predominant failure mode is well-defined then take necessary seismic 

countermeasures or re-design the pipe 

    else perform a more thorough analysis 

 660 

5. Summary and conclusions 661 

The main parameters affecting the mechanical behavior of buried pipelines subjected to 662 

reverse fault rupture are the pipe – fault crossing geometry, the diameter to thickness ratio 663 

(D/t) that defines the pipe local slenderness, the burial depth, the pipe steel grade, and the soil 664 

type. An extensive numerical parametric study has been carried out for a wide range of 665 

realistic design parameters. The first comprehensive attempt is offered to quantify the 666 

qualitative criterion of Yun and Kyriakides [4], which states that shallowly buried pipes with 667 

low D/t ratio tend to buckle globally, while deeply buried pipes with high D/t ratio tend to 668 

buckle locally. Numerical results have been statistically processed through a multi-stage 669 

fitting process, using full functional experiment and central composite experiment designs. 670 

Linear discriminant analysis has been implemented in the “D/t ratio – burial depth” space to 671 

discriminate the failure mode areas and build the statistical model. Three areas have been 672 

defined: (1) only-local-buckling area, where the pipe is expected to fail due to local buckling, 673 

(2) intermediate area, where failure modes cannot be separated in a reliable manner, and (3) 674 

no-local-buckling area, where the pipe is expected to fail due to upheaval buckling or tensile 675 

fracture. The methodology has been applied for the operable and the pressure integrity strain 676 

limits of the American Lifelines Alliance (ALA) and the strain limits of EN 1998-4.  677 

The statistical processing of results has revealed that fault crossing geometry controls 678 

the pipe response, hence also the failure mode, to a greater extent, as it determines the level of 679 

bending and compression that the pipe exhibits. Then, soil properties have a small effect and 680 

steel grade has a minimal effect. The increase of sand density leads to the expansion of the 681 

only-local-buckling area in the “D/t ratio – burial depth” space due to the increase of soil 682 

resistance to the pipe movement in the trench, a fact that confirms the requirement for trench 683 

backfilling with loose soil material to avoid local failures caused by excessive compression. It 684 

was also found that the steel grade upgrade will cause some shrinking of the only-local-685 

buckling area in the “D/t ratio – burial depth” space. 686 

 The derived expressions can be applied for the preliminary design of a buried pipe 687 

under reverse fault rupture. Τhe pipe designer is thus able to pre-determine the predominant 688 

failure mode for the design case and standards at hand and consequently redirect the design 689 

procedure and/or consider appropriate seismic countermeasures.  690 
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