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Abstract

Permanent ground deformation caused by fault movement threatens the safe operation
of buried pipelines. Accurate fragility assessment of buried pipelines subjected to faulting
is essential for pipeline design and risk management. However, buried pipelines exhibit
nonlinear mechanical responses due to the coupled effects of multiple factors. Moreover,
the effects of key parameters remain insufficiently quantified, limiting the accuracy and
engineering applicability of existing fragility assessments. In this study, a three-dimen-
sional finite element model incorporating large deformation and nonlinear pipe-soil in-
teraction is developed and validated against representative experimental data. Using this
model, numerical simulations are performed for 352 parameter combinations covering
fault type, dip angle, burial depth, soil type, and pipe material. Nonlinear regression of
the simulation results yielded predictive models for pipeline peak axial strain under nor-
mal-slip and reverse-slip faulting. A fragility framework is then established with fault
displacement as the intensity measure, and fragility curves are derived for both faulting
modes. The predicted peak axial strains agree with the finite element results: 78.6% (nor-
mal-slip) and 72.5% (reverse-slip) of predictions fall within +20% error. The fragility
curves enable quantitative estimation of fault-displacement thresholds. In the case study,
the intact-to-damage displacement threshold is approximately 0.6 m for normal-slip faults
but approximately 0.2 m for reverse-slip faults, indicating a higher failure likelihood un-
der reverse-slip faulting. Within the investigated parameter ranges, the fault dip angle is
the most significant factor affecting the pipeline failure probability for both normal-slip
and reverse-slip faulting. Sandy soil and greater burial depth substantially increase the
probability of moderate-to-severe damage, whereas higher steel grade increases the dis-
placement threshold for transition from intact to failure. This study provides a rapid quan-
titative tool and a theoretical basis for pipeline design and risk quantification of buried
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1. Introduction

Pipelines are critical infrastructure for global energy transmission, owing to their
wide spatial distribution and extensive network length [1]. Many long-distance oil and
gas pipelines cross active fault zones, where fault displacement can produce substantial
permanent ground deformation (PGD) [2] and thereby threaten pipeline structural integ-
rity. In particular, reverse-slip and normal-slip faulting can be especially damaging, po-
tentially causing pipe-wall buckling or localized tensile rupture. Accurate assessment of
deformation and failure risk in buried pipelines subjected to fault movement is essential
to improve the resilience of energy infrastructure and reduce disaster losses.

Fragility curve-based probabilistic risk assessment has been increasingly adopted for
pipeline design and risk assessment of buried pipelines. These studies typically use per-
manent ground deformation (PGD) or fault displacement as the intensity measure (IM).
Using strain-based damage indices tied to performance states (e.g., yielding, local buck-
ling, and rupture), researchers develop fragility curves or surfaces that relate failure prob-
ability to the IM via extensive numerical simulations or response-surface methods [3,4].
Ni et al. [4,5] applied machine learning approaches to fragility analysis of pipelines sub-
jected to fault displacement and quantified the key parameters governing fragility. Over-
all, existing fragility studies mostly focus on transverse PGD or typical strike-slip fault
conditions, while systematic research on fragility characteristics under normal-slip and
reverse-slip faults, different fault parameters, and various combinations of key pipeline
parameters remain insufficiently explored.

Peak-strain prediction models are central to pipeline fragility analysis. Prior studies
have leveraged extensive finite element results to develop peak-strain prediction models
for rapid engineering assessment [6,7]. These models typically use fault displacement, di-
ameter-to-thickness ratio, burial depth, and the pipe-soil stiffness ratio as key predictors,
and they derive explicit regression equations for peak axial tensile and compressive
strains that can be directly applied in strain-based design and verification [8]. Accurate
prediction of the mechanical response of buried pipelines under fault movement is there-
fore critical to developing reliable peak-strain models.

In recent years, computationally efficient approaches for response prediction and
probabilistic assessment of buried pipelines have received increasing attention, driven by
the need for multi-query evaluations in parametric studies and uncertainty-based risk as-
sessment. For example, Zheng et al. proposed an easy-to-implement probabilistic assess-
ment framework by integrating a finite-difference-based strain calculation tool with
Monte Carlo simulation (MCS) to estimate the probability of strain capacity exceedance
for pipelines subjected to permanent ground movement [9]. In parallel, physics-informed
neural networks (PINNs) have emerged as promising surrogate solvers for PGD-induced
pipeline responses: recent studies demonstrated that PINN predictions can closely match
conventional numerical solutions while offering notable efficiency advantages in multi-
query scenarios after training [10]. Furthermore, a PINN-based reliability analysis frame-
work (PINN-RA) was recently introduced by integrating a parametric PINN surrogate
model with MCS, enabling efficient reliability assessment while accounting for uncertain-
ties in ground movement and soil properties [11]. These advances provide valuable per-
spectives on coupling response prediction with probabilistic assessment and motivate the
development of efficient, engineering-oriented models that can be readily combined with
fragility analysis.

Despite these encouraging developments, the choice of an appropriate modeling
strategy still depends on the target application and the dominant nonlinearities. Finite
element models remain the most general approach for capturing three-dimensional pipe—
soil interaction, large deformation, contact nonlinearity, and material nonlinearity, but
they are often computationally demanding for extensive parametric or probabilistic

https://doi.org/10.3390/app16042141



Appl. Sci. 2026, 16, 2141

3 of 22

studies. Finite difference-based tools are attractive due to their simplicity and efficiency,
yet they are typically formulated within idealized beam/spring representations and can
be discretization-dependent [10]. PINN/PINN-RA approaches provide a promising mesh-
free surrogate route once trained, but their implementation still requires careful formula-
tion, training, and validation across parameter ranges [11]. Motivated by these efforts, the
present study aims to provide a complementary, engineering-friendly pathway: we lev-
erage a validated 3D pipe—soil coupled FE model to generate a comprehensive database
for normal-slip and reverse-slip faulting, then we develop explicit regression-based peak
axial strain prediction equations that are straightforward for design checks and can be
directly integrated with fragility curves for risk quantification.

The FE model is an important tool for investigating the mechanical response of bur-
ied pipelines subjected to fault displacement [12], and numerous studies have been con-
ducted. Liu et al. [7,13] used the soil-spring method to represent soil-pipe interaction and
investigated pipeline response and peak-strain prediction under strike-slip and reverse
faulting. However, the soil-spring method idealizes pipe—soil interaction as linear springs
and may unrealistically allow the soil to carry tension, which limits its ability to capture
the system’s nonlinear behavior. As a result, it is often unsuitable for large-deformation
scenarios such as fault movement, which can introduce substantial errors in response pre-
diction and failure-risk assessment. In contrast, pipe—soil coupled finite element models
directly simulate pipeline—soil interactions using continuum (solid) elements and contact
algorithms. With large-deformation kinematics, elastoplastic constitutive models, and
contact—friction formulations, such models can more realistically capture tensile, com-
pressive, and bending behavior during fault movement [14,15]. For example, Vazouras et
al. developed coupled models for X65 and X80 pipelines under strike-slip faulting and
examined the effects of soil type, pipe geometry, and crossing angle on failure [16,17].
Zhang et al. evaluated how fault displacement influences local buckling [18]. Nevertheless,
research on the mechanical response of buried pipelines under normal-slip and reverse-
slip faulting remains limited. Moreover, systematic quantitative assessment of the cou-
pled effects of fault and pipeline parameters on peak axial strain is scarce, hindering the
development of robust fragility curves for buried pipelines subjected to fault movement.

This study develops a three-dimensional pipe—-soil coupled finite element model that
accounts for large deformation and contact nonlinearity. Using this model, mechanical
response analyses were conducted for pipelines subjected to normal-slip and reverse-slip
faulting across fault dip angles, displacement levels, soil types, and pipeline parameters,
and the influence of key factors on axial strain was quantified. Based on the simulation
results, separate peak axial strain prediction models for normal-slip and reverse-slip faults
were derived, and their accuracy was validated against the finite element results. Fragility
curves for buried pipelines subjected to fault movement were further developed to quan-
tify the effects of fault type, dip angle, and pipeline properties on fragility, thereby provid-
ing a basis for pipeline design and risk assessment of pipelines crossing active faults.

2. Numerical Simulation Method and Verification
2.1. Finite Element Model

Based on the geometric parameters in Table 1, a three-dimensional pipe-soil coupled
finite element model of a buried pipeline subjected to fault movement was developed
(Figure 1). The model consists of an active block, a passive block, and a buried pipeline,
with the passive block subjected to fixed boundary conditions on its surface, as shown in
the boundary conditions in Figure 2. Both tectonic blocks are active in nature; the term
“passive block’ is used here only to denote the block where fixed boundary conditions are
applied in the FE model. The angle between the pipeline axis and the fault plane is defined
as the crossing angle, 5. The model was solved using ABAQUS/Standard (v2016). The
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mesh employed C3D8R eight-node, reduced-integration solid elements. To improve local
accuracy, the mesh was refined (i) within 3 m of the pipeline in both blocks and (ii) within
10 m on either side of the fault. In the refined regions, the target element size was 0.2 m;
elsewhere, it was 0.4 m. The pipeline was also refined within 10 m on either side of the
fault (0.2 m element size), with a 0.4 m size in the remaining sections. At least five elements
were used through the pipe-wall thickness.

Table 1. Dimensions of research objects and simulation cases.
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Figure 1. Finite element model: (a) Overall model, (b) Pipeline model, (c) Model cross-section.

Passive block Pipeline Active block

Equivalent

Kinematic coupling constrain -
tensile stress

Limit displacement in
the normal direction

Y

t Fixed constraints applied to both the Apply displacement loads according
X bottom surface and adjacent side surfaces. Gravity to specific working condition

Figure 2. Loading and boundary conditions of the pipe-soil coupled model.

To investigate the influence of parameters such as fault dip angle, pipe grade, soil
type, pipe diameter, fault displacement, and burial depth on the mechanical response of
pipelines under fault movement, parametric simulations were conducted. In total, 352 fi-
nite element simulations were performed, providing the dataset used to develop the peak
axial strain prediction model.
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2.2. Constitutive Model

The Ramberg—Osgood constitutive model (Equation (1)) was adopted for the pipeline
material [8]. Figure 3 shows the stress—strain curves for X60 and X80 pipeline steels; the
corresponding material parameters are listed in Table 2.

gzﬁ{zm[zj } a
Elo, o

Here, € is the total strain, os is the yield strength (MPa), E is the elastic modulus (MPa),
and a and N are the Ramberg-Osgood parameters.
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Figure 3. Curves of X60 and X80 were digitized from Refs. [8,19] and replotted by the authors.

Table 2. Pipeline material parameters in the Ramberg—Osgood model.

Density Elastic Modulus Poisson’s Yield Strength

ial (04
Material —; o/m3) (MPa) ratio (MPa) N
X60 7850 207000 03 450 024 13
X80 7850 207000 03 555 086 28

For sandy soil, the Mohr—Coulomb elastoplastic model was employed, which is suit-
able for simulating sand foundations where shear failure predominates. For clay, the Cap
plasticity model was utilized [20]. This model is appropriate for simulating the volumetric
compression and yielding behavior of normally consolidated clay under static loads. By
introducing a “cap” yield surface to limit volumetric plastic deformation, it effectively
reflects the hardening response and stress-path dependency of clay across a wide range
of confining pressures. The soil domain is idealized as a homogeneous medium with uni-
form properties along the depth. This simplification is adopted for consistency with pre-
vious experimental and FE investigations [21] and to focus on the fault-induced PGD ef-
fect on pipeline response. The soil was assumed to be normally consolidated, and repre-
sentative parameters are listed in Table 3.

Table 3. Parameters were compiled/adopted from Refs. [20-22].

Soil  Density Elastic Poisson’s Cohesion Friction  Dilatancy Void Coeff1c1e'n t,(?f Stress

type  (kg/m?) Modulus Ratio (kPa) Angle, ¢ Angle Ratio Compressibility Ratio
(MPa) ) ) (MPa™)

Sand 1550 33 0.27 5 30 0 - - -

Clay 1923 26 0.28 25 22 0 0.899 0.174 0.87
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2.3. Boundary Conditions and Contact Settings

The model boundary conditions are shown in Figure 2. The bottom and adjacent side
faces of the passive block were fixed, whereas prescribed displacements were applied to
the active block to represent fault movement. The pipeline extends beyond the left bound-
ary and was idealized as semi-infinite by applying a normal displacement constraint at
the truncated end. The far-side wall of the passive block was also fixed. Coupling con-
straints were imposed on the centroid nodes at both pipe ends to enforce compatible de-
formation of the end sections.

A gravitational acceleration of 9.8 m/s? was applied to the entire model. A uniform
internal pressure of 12 MPa was applied to the pipe inner surface, and an equivalent axial
tensile stress of 1.57 MPa was applied at the right end. The soil was assumed to be fully
saturated. Sand was modeled as drained, neglecting excess pore-water pressure, whereas
clay was modeled as undrained, with undrained behavior represented by the cap-model
parameters.

Surface-to-surface contact pairs were introduced to simulate pipe—soil interaction
and relative block displacement. Tangential behavior was modeled using Coulomb fric-
tion (pn = 0.6 for pipe-soil contact and p = 0.4 for soil-soil contact), and normal behavior
was modeled as hard contact. The pipe surface and soil surface were assigned as leader
and follower surfaces, respectively; at the fault plane, the hanging wall and footwall were
set as leader and follower surfaces to represent inter-block slip.

2.4. Model Verification

To verify the reliability of the established pipe-soil coupled model, a comparative
analysis was conducted using experimental data published by Jalali et al. [8]. A pipe-soil
coupled finite element model corresponding to the experimental apparatus was estab-
lished based on the geometric dimensions, material parameters, and boundary conditions
used in the test. The axial strain distributions at the pipe crown and invert were obtained
and compared with the experimental and numerical results from the literature [21], as
shown in Figure 4.

The results indicate that during the critical deformation stages before and after pipe-
line yielding, the simulated axial strain distributions are in good agreement with the ex-
perimental values, with some deviations observed only in regions of localized large de-
formation. Quantitatively, the relative errors in the peak compressive and tensile strains
are 8.2% and 21.2% at the pipe crown and 7.0% and 10.1% at the pipe invert; all errors are
<22%. Compared to the approach by Jalali et al. [21], this study utilizes C3D8R three-di-
mensional solid elements to simultaneously simulate both the pipeline and the surround-
ing soil. Normal and tangential tractions at the pipe-soil interface are transferred via 3D
contact, enabling strains in multiple cross-sectional directions to be computed from a sin-
gle stress field. This enables a more refined capture of localized buckling and the evolution
of cross-sectional ovalization. In addition, an elastoplastic constitutive model calibrated
to the tested pipe material was adopted to represent strain hardening at large strains,
which improves predictive accuracy. Overall, the proposed pipe—soil coupled finite ele-
ment model accurately predicts the mechanical response and deformation of buried pipe-
lines subjected to fault movement, and it provides a basis for subsequent axial strain pre-
diction and fragility analysis.
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Figure 4. Comparison of axial strain distributions: (a) axial strain at pipe crown, (b) peak axial strain

at pipe crown, (c) axial strain at pipe invert, (d) peak axial strain at pipe invert.

3. Mechanical Response Analysis of Buried Pipelines Under Faulting
Modes

After completing the model verification, an X80 pipeline with an outer diameter of
0.864 m was selected as a case study to analyze the mechanical response under typical
normal-slip and reverse-slip fault conditions. The fault dip angle was set to 45°, the cross-
ing angle to 90°, and the burial depth to 4.5 m. The soil was sandy soil, and the dislocation
displacements for normal-slip and reverse-slip faults were 3 m and 1 m, respectively.

Figure 5 presents contour maps of pipeline deformation, von Mises stress, axial stress,
and axial strain for the two fault-dislocation scenarios. Under normal-slip faulting, a pro-
nounced bending zone develops near the fault, accompanied by a continuous offset of the
pipe axis (Figure 5a,e). The maximum transverse displacement is close to 3 m. The high-
displacement region extends more than 10 m on either side of the fault, indicating a broad
influence zone. Under reverse-slip faulting (Figure 5b,f), pipe segments away from the
fault remain nearly straight, and angular deformation is localized at the fault crossing.
The maximum displacement is approximately 1 m and is mainly confined to a 3-5 m zone
on either side of the fault, leading to severe local deformation.

The von Mises stress distributions (Figure 5c,d) are consistent with the deformation
patterns described above. In the normal-slip case, a continuous high-stress band develops
on the pipe outer wall near the fault, with a peak von Mises stress of approximately 711.3
MPa. The high-stress zone extends approximately +10 m along the pipe axis, indicating
yielding over an extended length. In the reverse-slip case, elevated von Mises stresses are
largely confined to a 3-5 m region adjacent to the fault, with a peak of approximately 715.6
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MPa and a steep local stress gradient. The axial stress distributions (Figure 5g,h) further
show that, under normal-slip faulting, tensile stresses at both the crown and invert form
a continuous axial tension zone. Under reverse-slip faulting, a pronounced compressive
zone develops at the invert, whereas compression at the crown is relatively small. This
suggests that reverse faulting is governed by localized axial compression coupled with
bending [23].

The axial strain distributions (Figure 5i,j) provide a direct indicator of potential fail-
ure risk. In the normal-slip case, axial tensile strain increases markedly in the pipe seg-
ment near the fault, reaching a maximum of approximately 6%. In the reverse-slip case,
pronounced compressive strain develops at the invert near the fault, with values of -6%
to =7%. These strains are highly localized within a 3-5 m zone on either side of the fault,
whereas axial strain far from the fault is close to zero. Although the deformation patterns
differ between the two fault modes, severe axial strain localization occurs near the fault in
both cases [21]. This localization is a primary factor governing pipeline failure.
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Figure 5. Mechanical response distributions of pipelines under faulting: (a) deformation under nor-
mal fault, (b) deformation under reverse fault, (c¢) Mises stress under normal fault, (d) Mises stress
under reverse fault, (e) pipeline displacement under normal fault, (f) pipeline displacement under
reverse fault, (g) axial stress under normal fault, (h) axial stress under reverse fault, (i) axial strain

under normal fault, (j) axial strain under reverse fault.

Figure 6 shows the axial distributions of von Mises stress, displacement, axial stress,
and axial strain at the pipe crown and invert for both faulting scenarios. The displacement
profiles (Figure 6b) show that, under normal-slip faulting, the axial displacements at the
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crown and invert nearly coincide. Displacement increases gradually from near zero at the
far end of the passive block to a plateau of approximately 3 m on the active-block side,
consistent with the imposed fault offset. In contrast, under reverse-slip faulting, axial dis-
placement peaks near the fault and is mainly confined to the 0-5 m region on the active-
block side. Displacement in the remaining segments is nearly constant, indicating a more
localized deformation influence zone.
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Figure 6. Stress and deformation distribution of the pipeline under slip faulting: (a) Mises stress, (b)

Deformation, (c) Axial stress, (d) Axial strain.

The von Mises stress distribution (Figure 6a) shows that under the normal-slip con-
dition, the stress exhibits a “plateau-type” distribution along the axis, with values around
600 MPa far from the fault, rising to approximately 700 MPa near the fault, and maintain-
ing high levels within about 10 m on both sides. Under reverse-slip faulting, high von
Mises stress occurs only as several sharp peaks on either side of the fault. The axial stress
curves (Figure 6c) show a similar pattern: under normal-slip, a high tensile stress zone
approximately 20 m wide forms near the fault; under reverse-slip, the stress fluctuates
sharply near the fault and decays rapidly further away.

The axial strain distribution (Figure 6d) reveals that under normal-slip faulting, the
axial tensile strains at both the pipe crown and invert exceed 4% over a large range adja-
cent to the fault, with a peak of about 6%. These values are substantially higher than the
strain limits typically adopted in conventional design (*2-3%), and the high-strain zone
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extends for more than 10 m. In the reverse-slip case, axial compressive strain at the invert
peaks at nearly —7% near the fault, whereas strain elsewhere remains close to zero. This
indicates that failure risk is highly concentrated in the immediate fault-crossing region.
Compared with stress, both the exceedance of axial strain beyond the limit and the axial
extent of the high-strain region provide more direct indicators of potential damage sever-
ity [5]. Therefore, pipeline failure under slip faulting should be assessed primarily by
whether axial strain exceeds prescribed limits [17].

4. Prediction Model for Peak Axial Strain of Buried Pipelines Under
Faulting Modes

4.1. Applicability of the Peak Strain Prediction Model

Based on the analysis in Section 3, this study adopts the limit strain (€.it) as the
criterion for pipeline failure [7,8], as shown in Equations (2) and (3):

£ =05 [é) —0.0025+ 3000(%)2 @
L Y
2t 2to,
0, = i ©)
040, L=>04
2to,

N

where 0y, is the hoop stress (MPa), p is the internal pipeline pressure (MPa), and 0y is
the yield strength (MPa). The hoop stress is defined as 0, =pD/2t.

4.2. Prediction Model for Peak Axial Strain

The peak compressive strain of a pipe can be assumed to be a function of all influence
parameters (Equation (4)). Based on the finite element analysis results and with reference
to existing studies [7,13], reasonable independent dimensionless parameters were further
selected to conduct the parametric analysis, which transforms Equation (4) into Equation
(5). For specific parameter definitions, see the notes below the equations. From 352 finite
element simulations, data screening was performed according to the criterion that axial
strain must be less than &g, resulting in 208 sets of valid peak strain data. And, the
functional relationships with strain demand can be assumed to form the assumed equa-
tions (Equations (6) and (7)). Non-linear regression analysis was applied to this dataset to
establish prediction models for the peak axial strain of pipelines under normal-slip and
reverse-slip faulting. The range of pipeline and fault parameters used in the models is

provided in Table 4.

€:f(é;’l//’D’t’p’GT’FAxial’FL@’Flvi’earing’FAxial) (4)

_ 0O F i yr D D p FUpD3 FBearingD3 FpiaD
£=/t o, '180°¢°8 0" EI ° EI  EA ) ©®)

§F [(,]4(%JZ+CZ%+C3+C4LJ F D3 C7
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Here, &y and &g are the peak axial strains for normal-slip and reverse-slip faulting, re-

spectively. g is the fault displacement (m); p is the internal pressure of the pipeline

(MPa); oy is the yield strength (MPa). I is the moment of inertia (m%; A is the cross-sec-

tional area of the pipeline (m?). Fyy;q; is the axial force (kN/m); Fyy, and Fpeqring are

the vertical uplift force and vertical bearing force (kN/m), respectively; ¥ is the effective

unit weight of the soil (N/m?); fis the friction coefficient; « is the adhesion coefficient. u1

and u2 are the vertical uplift coefficients; t1, t» and ts are the vertical compression coeffi-

cients for clayey soil. The non-linear regression parameters for the normal-slip fault mode

(ci—c15) and the reverse-slip fault model (di—dis) are defined as shown in Equations (15)

and (16), respectively.

¢, =0.7003 ¢,=-0.0263 ¢, =14279 ¢,=-0.3980
¢, =0.5226 ¢,=-0.8338 ¢, =0.7209 ¢, =—0.001
c, =-0.6249 ¢,=0.6813 ¢,=-0.8614 ¢,=-0.1000
¢;=0.1899 ¢,=0.3028 c,=-0.0004

d =—0.1283 d,=04473 d,=50062 d,=-3.6804
d,=24450 d, =0.0347 d,=-03529 d,=3.8185
d,=33435 d,=14652 d,=-3.8481 d,=5.2398
d,, =—0.0004

Table 4. Parameter range.

(15)

(16)

Parameter Range
Crossing angle f/° 90°
Dip angle ¢/° 45-90°
Pipeline material X60, X80
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Soil type Sand, Clay
Diameter D (thickness t) /mm 406-864 mm
Buried depth H/m 1m-4.5m
Displacement of the normal-slip fault 0-1.5m
Displacement of the reverse-slip fault 0-0.45m

Existing regression or semi-empirical strain-demand equations for fault-crossing
pipelines are often developed for specific fault kinematics and modeling assumptions. For
example, Liu et al. [7]. reported regression-based strain demand models for X80 pipelines
crossing reverse or oblique-reverse faults, where pipe-soil interaction is represented
through spring-based idealizations and the formulation is intended to support strain-
based design calculations [13]. Such studies demonstrate the practical value of explicit
prediction relationships, while their use is commonly tied to the adopted interaction ide-
alization, targeted fault components, and the parameter ranges considered. In the present
study, the peak axial strain prediction equations are derived from a validated three-di-
mensional pipe—soil coupled finite element model that captures large deformation, non-
linear contact and frictional interaction, and material nonlinearity under normal-slip and
reverse-slip faulting. To reflect the different response mechanisms in these two faulting
modes, separate functional forms are established for normal-slip and reverse-slip condi-
tions. The equations further incorporate fault displacement together with key geometric,
material, and soil-related parameters (e.g., burial depth, soil type, pipe diameter, and steel
grade) based on the dedicated FE database and screened strain data employed in this
work. In addition, the present closed-form equations are complementary to recent com-
putationally efficient response-prediction routes, such as the finite-difference-based strain
tool integrated with Monte Carlo simulation for probabilistic analysis reported by Zheng
et al. and the PINN-based surrogate and reliability-analysis frameworks (PINN-RA) pro-
posed by Taraghi et al., which couple a PINN surrogate with Monte Carlo simulation to
reduce repeated numerical evaluations in reliability assessment [9-11]. Compared with
these approaches, the explicit regression form adopted herein provides a transparent de-
mand model that can be directly embedded into the subsequent fragility framework for
rapid generation of fragility curves across parameter combinations, without additional
finite element analyses. These demand models can be embedded into the subsequent fra-
gility assessment framework using fault displacement as the intensity measure, enabling
rapid generation of fragility curves for different parameter combinations without addi-
tional finite element analyses.

4.3. Verification of the Peak Axial Strain Prediction Model

Figure 7 compares the model predictions with finite element results for both normal-
slip and reverse-slip faulting cases. Most data points lie close to the 45° line, indicating
good agreement between the predictions and the simulations. For normal slip, 60.2% of
points have errors <10%, and 78.6% have errors <20%. For reverse slip, 51.6% of points
have errors <10%, and 72.5% fall within a 20% error margin. Overall, the proposed models
provide accurate and reliable predictions of peak axial strain under representative slip-
faulting conditions.
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Figure 7. Comparison between predicted axial strains and FEA results: (a) Normal-slip, (b) Reverse-

slip.

To evaluate the generalization capability of the model, several independent valida-
tion cases were selected. For each case, the fault displacement was substituted into Equa-
tions (4) and (5) to compute the predicted strain, and the prediction error was quantified
using the metric defined in Equation (17). If the prediction error is lower than the uncer-
tainty level implied by the regression residuals, the model is considered to exhibit no sub-
stantial overfitting. The validation results satisfy this criterion for all test cases, indicating
that the proposed models generalize well within the specified parameter range [4,5] and
are applicable to a broad set of engineering scenarios.

MSE 1

valid ==

n

2

i=1

€

2 2
e —E) (17)

5. Fragility Analysis of Buried Pipelines Under Slip Faulting
5.1. Fragility Assessment Methodology

The fragility [24] of a buried pipeline subjected to fault displacement can be defined
as the conditional probability that the structural demand D exceeds a specific capacity or
damage state C for a given intensity measure IM = x, as expressed in Equations (18)—(21):

F(x)=P[D>C|IM =x] (18)
D= Mpmme *Teppm (19)
C=m.n, (20)

_ M
Mme =—"TFT—o (21)

N TR

where F(x) is the pipeline fragility function; Mgpp|;y is the median strain response un-
der different fault displacements; Ngpp|;y is the random error following a lognormal
distribution with a median of 1 and a lognormal standard deviation of Sgp piim [25]; m¢
represents the critical strain response for different damage states; )¢ is the random error
following a lognormal distribution with a median of 1 and a lognormal standard deviation
of B¢c; Uc and O; are the mean value and coefficient of variation of the limit strain for
various damage states, respectively.

In conventional pipeline fragility analysis, fragility curves are typically represented
by a lognormal cumulative distribution function, shown in Equation (22). In this study,

https://doi.org/10.3390/app16042141



Appl. Sci. 2026, 16, 2141

14 of 22

the total dispersion 8 accounts for three contributions: demand uncertainty (Sgp P| M)

capacity uncertainty (f¢), and modeling uncertainty (fj) [26]. The demand uncertainty
[25] represents the scatter of the strain-demand prediction relative to the FE results and is
quantified from the residuals of the regression-based demand models developed in Sec-
tion 4 (i.e., the logarithmic error between predicted and simulated peak axial strains). This
is consistent with the notion that the demand model serves as a surrogate of FE response
and its residuals should be propagated into fragility analysis. The capacity uncertainty
reflects the variability of limit strains due to material properties, manufacturing tolerances,
welding/defect conditions, and other capacity-related factors. ¢ is taken as 0.25 [27,28].
The modeling uncertainty represents the epistemic uncertainty associated with modeling
idealizations (e.g., constitutive assumptions, contact/friction representation, and bound-
ary idealization) and is taken as 0.2 following [27]. Considering the total dispersion (f3)

[26], the fragility function for pipelines in fault zones is derived as shown in Equations
(23)-(25):

F(x)=@ {—ln al _'bl,n mc)} (22)

. q{lmmmm)—ln(mc)} .
B

Beomns =A[[I0(D) () | o

Be=In(1+62) (25)

B = Bion + B+ B (26)

where @[] is the standard normal cumulative distribution function; f is the total
lognormal standard deviation; Sgp p|im represents the uncertainty between calculated
and predicted values; [ represents the uncertainty in structural capacity; [y reflects
the uncertainty in structural modeling accuracy.

Traditional least squares-based fragility analysis requires numerous finite element
simulations for each parameter combination to calibrate the median demand and disper-
sion [25], which limits extrapolation beyond the available dataset. Here, the peak axial
strain prediction models (Equations (6) and (7)) are embedded directly into the fragility
function. Using the peak axial strain computed from these equations as the demand input,
fragility curves can be rapidly constructed for any parameter combination without addi-
tional finite element analyses, thereby substantially improving assessment efficiency.

To quantify pipeline damage under fault displacement, damage states must first be
classified. Following Shinozuka et al. [29], pipeline damage is categorized into three states:
basic intact, moderate damage, and severe damage. Table 5 provides the criteria for each
limit state and the corresponding critical axial strains (€, and 0.7¢,). Substituting these
critical strains into Equation (19) and using Equation (22) yields the corresponding fragil-
ity curves. A damage probability matrix is then constructed using Equation (27).

Table 5. Classification of limit damage states for buried pipelines.

Damage State Performance Description Strain Criterion

Basicintact ~ Slight deformation without rupture or leakage. £,< 0.7¢ »
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Establishment of the

b

Damage Matrix

Prababiliny (%)

FEM

Moderate dam- Significant deformation or buckling, potential mi-

age O.7€y <g,<Eg,

nor rupture or leakage; repairs are required for
normal operation.

Pipeline rupture or massive leakage; the pipeline

E >&E
Severe damage must be replaced. poY
Rnt = 1 - })leak
Rned = Beak - Pbreak (27)
Psev = Pbreak

Here, Pjgoqr and Ppyeqr denote the probabilities of the slight-damage and moder-
ate-damage limit states, respectively, while Pj,;, Ppeq, and Py, are the probabilities
of being intact, moderately damaged, and severely damaged, respectively.

The proposed procedure for fragility assessment of buried pipelines subjected to slip
faulting is summarized in Figure 8 and includes the following steps.

Step 1: Develop a 3D pipe-soil coupled finite element model and verify and calibrate
it.

Step 2: Perform parametric simulations to obtain peak axial strain for combinations
of fault dip angle, soil type, pipe grade, pipe diameter, fault displacement, and burial
depth.

Step 3: Screen the dataset and develop regression-based models to predict peak axial
strain (Equations (6) and (7)).

Step 4: Construct the fragility function with fault displacement as the intensity meas-
ure (Equation (23)) using the predicted peak axial strain as the demand input.

Step 5: Define damage limit states and specify the corresponding critical strains based
on Table 5.

Step 6: Compute the exceedance probability for each damage state at different fault
displacements and plot the fragility curves.

Step 7: Construct the damage probability matrix using Equation (27) to complete the
fragility assessment of the fault-pipeline system.

Establish axial peak
strain prediction formula
Filter valid data
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functions
Fragility function [
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Figure 8. Flowchart for fragility assessment of buried pipelines under slip faulting.
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5.2. Analysis of Fault-Pipeline Fragility Assessment Results

Using the methodology described above, the fragility curves and damage probability
matrices for the two fault conditions discussed in Section 3 were obtained, as shown in
Figure 9. In Figure 9a,b, the blue curve denotes the threshold for the basic intact state; for
a given fault displacement, the area above this curve corresponds to the probability that
the pipeline remains intact. The red curve denotes the threshold for moderate damage;
the area below it corresponds to the probability of severe damage, whereas the area be-
tween the blue and red curves corresponds to the probability of moderate damage.

As shown in Figure 9¢, when fault slip is <0.6 m, the probability of the pipeline re-
maining in the basic intact state is nearly 100%. At a slip of 1.2 m, the probability of basic
intact decreases to 35.05%, whereas moderate damage and severe damage increase to
41.86% and 23.09%, respectively. Therefore, 0.6 m is taken as the displacement threshold
for the transition from intact to damaged states under normal-slip faulting [30]. Figure 9d
shows that, under reverse-slip faulting, the basic intact probability is 100% for slip <0.2 m.
At a slip of 0.4 m, the basic intact probability decreases to 27.78%, with moderate damage
at 43.21% and severe damage at 29.01%. Notably, the intact-to-damage displacement
threshold under normal-slip faulting is about three times that under reverse-slip faulting,
indicating a substantially higher damage risk for reverse-slip events.

Pipeline Fragility Curves (normal slip fault)

Pipeline Fragility Curves (reverse slip fault)

(a) 1 (b 1y
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Figure 9. Fragility assessment of the fault-pipeline system: (a) Fragility curves for normal-slip, (b)
Fragility curves for reverse-slip, (c) Damage matrix for normal-slip, (d) Damage matrix for reverse-

slip.

At small fault slip, stresses and deformations are minimal and the pipeline remains
elastic, corresponding to an intact probability of 100%. As slip increases, axial strain in-
tensifies and the pipeline transitions from elastic behavior to yielding, increasing failure
risk. Normal-slip faulting is dominated by axial tension and bending, whereas reverse-
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slip faulting is dominated by axial compression and bending. With increasing fault dis-
placement, accumulating axial plastic deformation substantially increases the probability
of pipeline damage [31-33].

5.3. Influence of Key Parameters on Pipeline Fragility

Figures 10-14 present fragility curves for three fault dip angles (45°, 60°, and 75°),
two pipe grades (X60 and X80), two soil types (sand and clay), three outer diameters (406,
610, and 864 mm), and three burial depths (1.0, 2.0, and 4.5 m). Figure 10 shows that, for
both normal-slip and reverse-slip faulting, the failure probability increases as dip angle
decreases from 75° to 45° at a given fault displacement. In addition, the displacement
threshold for damage initiation is higher for normal-slip faulting than for reverse-slip
faulting. Consequently, as fault displacement increases, pipelines subjected to reverse-slip
faulting exhibit higher failure probabilities than those subjected to normal-slip faulting
[31,34]. For both faulting modes, a smaller dip angle promotes greater accumulation of
slip-induced axial deformation, thereby increasing the probability of pipeline damage.

& y=45°
y=60°
. =757

Pipeline Fragility Curves (normal slip fault)

Pipeline Fragility Curves (normal slip fault) A Pipeline Fragility Curves (reverse slip fault)
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Figure 10. Influence of fault dip angle on fragility curves: (a) Normal-slip, (b) Reverse-slip.

Figure 11 shows that, as fault displacement increases, failure probabilities for both
X60 and X80 pipelines increase from near zero under both faulting modes. At a given
displacement, X60 pipelines exhibit substantially higher failure probabilities than X80
pipelines under both faulting modes. Therefore, under both normal-slip and reverse-slip
faulting, higher-strength steel pipelines provide a larger displacement margin and lower
failure probability [35].

Pipeline Fragility Curves (reverse slip fault)
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Figure 11. Influence of pipeline material on fragility curves: (a) Normal-slip, (b) Reverse-slip.
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Figure 12 presents fragility curves for pipelines in sandy and clayey soils. In all cases,
failure probability increases with fault displacement. Under both slip-faulting modes, the
probabilities of moderate and severe damage are higher for pipelines in sandy soil than
for those in clayey soil. Therefore, within the parameter range considered, pipelines in
sandy soil exhibit higher failure probabilities than those in clayey soil at the same slip
mode and displacement [35,36]. This difference is attributed to the higher elastic modulus
and internal friction angle of sandy soil relative to clay (Table 3). Under the same confining
pressure, sandy soil provides stronger lateral confinement and higher pipe-soil interface
friction. As a result, fault-induced displacement is transferred to the pipeline over a
shorter axial length, amplifying local tensile, compressive, and bending strains. In contrast,
clay has a larger compression index and greater volumetric compressibility, allowing it to
accommodate part of the fault displacement through volumetric plastic deformation dur-
ing loading and thereby buffer pipeline deformation. Consequently, failure probability is
lower in clay for the same displacement.
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Figure 12. Influence of different soil types on the fragility curves of buried pipelines: (a) Normal-
slip fault, (b) Reverse-slip fault.

Figure 13 shows that the fragility curves for the three pipe diameters nearly overlap
at small displacements (normal slip: d<1.2 m; reverse slip: d<0.3 m). As slip displacement
increases, failure probability rises rapidly under both faulting modes. For normal-slip
faulting, pipe diameter has a negligible effect on failure probability, and the fragility
curves almost coincide. In contrast, under reverse-slip faulting, smaller-diameter pipe-
lines exhibit higher failure probabilities than larger-diameter pipelines.
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Figure 13. Influence of pipe outer diameter on fragility curves: (a) Normal-slip, (b) Reverse-slip.
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Figure 14 indicates that, for both normal-slip and reverse-slip faulting, pipelines at
all three burial depths show the same trend: failure probability increases from near zero
as slip displacement increases. At a given fault displacement, increasing burial depth from
1.0 m to 4.5 m increases the probability of moderate or severe damage [35,37]. This trend
may result from higher overburden stress and lateral earth pressure at greater burial
depths, which increase normal contact pressure and friction at the pipe—soil interface. First,
the enhanced confinement restricts free pipeline movement near the fault. Second, a larger
volume of surrounding soil deforms compatibly with the pipeline during fault movement,
amplifying local bending and axial tension/compression. Consequently, deeper burial
generally leads to higher peak strains and damage probabilities than shallow burial [37].
For reverse-slip faulting (Figure 14b), the curves still follow the trend of increasing failure
probability with burial depth, but their separation is much smaller. This indicates that
burial depth has a relatively minor effect on fragility under reverse-slip faulting.

3 Pipeline Fragility Curves (reverse slip fault)
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Figure 14. Influence of burial depth on fragility curves: (a) Normal-slip, (b) Reverse-slip.

6. Conclusions

Using a nonlinear pipe—soil coupled finite element model, this study investigates the
mechanical response of buried pipelines under normal-slip and reverse-slip faulting.
Based on peak axial strain data, prediction models for peak axial strain under both fault-
ing conditions were developed. Subsequently, a fragility assessment method using fault
displacement as the intensity measure was developed, and fragility curves for pipelines
under both fault types were constructed. Using this method, the influence of key param-
eters—such as fault dip angle, pipe material, soil type, pipe diameter, and burial depth—
on the failure probability was discussed. The main findings are summarized as follows:
(1) The proposed nonlinear pipe-soil coupled finite element model agrees well with

published experimental results, indicating that it can reliably simulate the mechani-
cal response of buried pipelines under slip faulting. Faulting mode fundamentally
controls deformation patterns and failure mechanisms. Under normal-slip faulting,
axial tension combined with bending dominates, and high-strain zones extend to ap-
proximately +10 m from the fault. Under reverse-slip faulting, localized axial com-
pression with bending dominates, and high compressive strains are concentrated
within approximately 3-5 m on either side of the fault.

(2) The regression-based peak axial strain models demonstrated good agreement with
the finite element results. For normal slip, 60.2% of the predictions have errors <10%
and 78.6% have errors <20%; for reverse slip, 51.6% have errors <10% and 72.5% have
errors <20%.

(3) Based on the peak axial strain prediction equations, a displacement-based fragility
assessment method for buried pipelines was established, and an illustrative case
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study was conducted for an 864 mm (X80) pipeline buried at 4.5 m in sandy soil with

a 45° fault dip angle. The resulting fragility curves quantitatively show that the fault-

displacement threshold for the intact-to-damage transition is approximately 0.6 m

for normal-slip faulting and approximately 0.2 m for reverse-slip faulting. Accord-

ingly, the fragility results indicate that, for the same fault displacement level, reverse-
slip faulting is associated with higher failure probabilities than normal-slip faulting
for the investigated configurations.

(4) Asevidenced by the parametric fragility results, the investigated parameters system-
atically shift the fragility curves under both faulting modes. Within the studied pa-
rameter ranges, the dip angle produced the most pronounced shift of the fragility
curves: failure probability increases as dip angle decreases from 75° to 45° at a given
displacement. The parametric fragility curves further show that higher-grade pipe-
lines (X80) provide a larger displacement margin and lower failure probability than
X60, and that the probabilities of moderate and severe damage are higher in sandy
soil than in clayey soil. The fragility comparisons also indicate that pipe diameter has
a minor effect under normal slip, whereas under reverse slip, smaller diameters lead
to higher failure probabilities. Moreover, the parametric results show that increasing
burial depth from 1.0 m to 4.5 m increases the probability of moderate and severe
damage under normal slip, while its effect is relatively minor under reverse slip.

In general, this study suggests that the proposed framework can serve as a practical
tool for strain-demand estimation and displacement-based fragility assessment of buried
pipelines in active fault zones, while the quantitative outcomes remain conditional on the
investigated soil models, geometric configurations, and parameter ranges. Future work
will (i) incorporate more refined soil constitutive descriptions and more complex route—
site conditions, (ii) extend the framework to additional fault—pipeline crossing geometries
(including different crossing angles), and (iii) evaluate heterogeneous site conditions (e.g.,
layered soils with depth-dependent properties) and real fault-crossing cases to further
improve applicability.
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