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Abstract:

There is a growing attention towards the seismic response of large diameter pipelines, owing to the
potential adverse impact on economy and civilized life of a structural collapse under earthquake
effects, such as strong ground shaking, and other earthquake related effects such as fault rupture,
landsliding and liquefaction. The intersection of a fault rupture with a pipeline is of special concern,
because the safety verification is affected by significant uncertainties in the loading condition,
related to the unknown exact location where the fault offset may occur, the unknown amount of the
offset itself, as well as the intersection angle of the fault rupture with the pipe axis. Besides, the
inherent analytical/numerical complexity of the problem may require 3D finite element models with
non-linear constitutive laws and large deformations.

In this paper a summary is presented of a comprehensive set of 3D numerical simulations of the
interaction of a large diameter gas pipeline with a normal fault rupture, with the main objectives of:
1) throwing light on the pipeline performance under increasing levels of fault offset, including cross-
sectional buckling and ovalization; 2) providing a parametric set of results, including the variability
of the fault-pipe intersection angles, of the mechanical properties of the pipe-soil interface, as well
as of the operating conditions, in terms of internal gas pressure and temperature variations.
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1. INTRODUCTION

Seismic response of buried pipelines is mainly governed by the kinematic interaction between soil
and structure rather than by inertial actions [7]. On one side, such interaction may induce transient
effects, related to straining due to seismic wave propagation. On the other side, permanent effects
are related to irreversible ground failure, induced either by lateral spread/vertical settlements as a
result of soil liquefaction, or by lateral/oblique displacement as a result of slope instability, or by
horizontal/vertical offset due to fault rupture crossing [20].

The experience from past earthquake has shown that, apart from few cases (e.g. [7], [20])
structural failures of pipelines are mainly associated to permanent ground deformations (see, e.g.,
[9], [31], [33]). Among the latter cases, pipelines are mostly vulnerable to active fault crossings
(e.g. [17]) since the strength of the surrounding soil may not reduce significantly as in the
liquefaction or landsliding problems, and localized large straining are likely to occur along the
pipeline. Several well-known examples of major pipeline failures induced by the interaction with the
seismic fault offset are from San Fernando (California, 1971) [19], Maniil (Iran, 1990) [23], Kocaeli
(Turkey, 1999) [8], and Chi-Chi (Taiwan, 1999) [16].

Analytical modeling of the buried pipeline-fault interaction problem started with the pioneering work
of Newmark and Hall ([10] and [18]), who modeled the pipeline as a cable connected to the soil
with nonlinear springs, subsequently refined by Kennedy et al. [14]. These works provided the
theoretical support to the 1984 ASCE guidelines [3], which have been for decades the basis for
seismic analysis design of pipelines crossing active faults. Subsequently, different researchers
provided improvements, in the framework of simplified analytical approaches, such as [12], [13],
[22], [27], [28], [29].

Only in the recent years, a substantial experimental activity provided support to the previous
analytical approaches. Aside from the shaking table tests performed by Sim et al. [24], who used a
special equipment, able to simultaneously simulate the transient vibration due to seismic wave
propagation together with the permanent ground displacement caused by fault offset, research
work was mostly based on centrifuge tests, such as Abdoun et al. [1], Ha et al. [9], and Xie et al.
[32], who verified that the 1984 ASCE guidelines [3] are in good agreement with the experimental
results for strike-slip faulting, but they tend to overestimate stiffness and strength of the p-y curves
in normal faulting. Centrifuge tests on reverse faulting were reported by Rohjani et al. [23], who
noted the dependence of the instability failure modes on the burial depth, moving from general
buckling, at shallow depths, to cross-sectional wrinkling, at larger depths.

Both the analytical and experimental works have confirmed the following factors that contribute to
the safety of pipelines crossing fault ruptures, (see e.g., Eurocode 8 Part 4 [5]): (i) the depth at
which the pipeline is buried should be minimized; (ii) the fault crossing angle of the pipeline should
be chosen to promote tensile elongation and reduce compressive strains; (iii) the cross-sectional
thickness to diameter ratio should be increased; (iv) the angle of interface friction between the
pipeline and the soil should be reduced, by selecting a loose to medium granular soil as backfill
material.

Simplified analytical approaches proved to be a very effective tool in understanding the key factors
influencing the seismic response of buried pipelines crossing fault ruptures, as well as in
determining the threshold values of fault offset to achieve initial pipe yielding, i.e., a damage limit
state. However, being typically based on modeling the system as a linear beam on a bed of non-
linear springs, they are not suitable to follow extensively the response of the pipeline in the non-
linear range, within a performance-based design approach. As a matter of fact, at the relatively
large strain levels that are typically prescribed to define the ultimate limit state for a buried pipeline
subject to fault rupture, i.e. 3% in tension and 1% in compression according to EC8 Part4, local
buckling may occur, which can be reliably predicted only by means of three-dimensional (3D) finite
element (FE) numerical approaches.
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However, the accurate numerical modeling of this complicated soil-structure interaction problem
poses several major numerical difficulties, such as: i) 3D geometry; ii) large deformations; iii) local
cross-sectional buckling; iv) Eulerian buckling under compressive fault movement; v) pipe sliding
with respect to the surrounding soil; vi) non-linear soil behavior. As a result, such comprehensive
numerical analyses are still confined at the research stage, and relatively few examples exist of 3D
simulations involving the large-strain non-linear response of all the elements of the problem, i.e.,
the structure, the soil, and the soil-structure interface (e.g., [11], [21], [22], [25], [26], [33], [34]). In
some research works (e.g. [15], [32]), the complexity of the problem is reduced by considering a
3D structural model on a bed of non-linear springs, but, in the latter case, the contribution of
interaction among the different components of loading at the soil-foundation interface is lost.

In this paper, we will address, through a 3D numerical finite element approach involving
discretization of both soil and pipeline, the response of pressurized buried pipelines subjected to
normal fault rupture, which is the common case in Central/Southern Italy, with expected maximum
magnitude around 7, corresponding to a maximum expected fault-offset of 1 to 1.5 m [30].
Compared to previous studies on the interaction of normal fault offsets with buried pipelines (e.g.
[13]; [32]), the contribution of this paper will mainly focus on the following objectives:

- to highlight the main computational problems to be tackled, especially as regards the
longitudinal extent of the model to avoid spurious effects from boundary conditions, that in such
computationally demanding 3D numerical simulations may be a critical issue;

- to establish relationships between the pipe performance, measured through standard
definitions of serviceability and ultimate limit states, with increasing values of the fault offset;

- to highlight the role, within such relationships, of several parameters, related to geometry (dip
angle, fault-pipe intersection angle), to mechanical properties (soil elastic modulus, interface
friction angle), and to operating conditions (internal pressure and temperature of the pipe);

- to analyze the changing shape and extension of the plastic zones within the pipe as a function
of load conditions;

- to build a set of reliable numerical results to be used as a benchmark to develop and calibrate
more simplified approaches usable in the engineering practice.

2. NUMERICAL MODELING

To provide reliable results, the adopted FE approach should properly account on one side for the
loading conditions, in terms of operating gas pressure and temperature, of the dead load due to the
burying soil layer, as well as of the fault geometry and kinematics, in terms of intersection angle
and direction and amount of the fault offset. On the other side, it should properly model the large
amount of nonlinear response involved in the pipe and soil responses, including that at their
interface.

As a first step, we defined a region including the pipeline and the surrounding soil, the dimensions
of which were set in order to avoid disturbances of the boundary conditions on the structural
response. This is of concern especially in the longitudinal direction of the pipe, because it should
be checked that, in the most heavily strained region close to the fault crossing, the solution is not
affected by the numerical boundary conditions which limit the longitudinal extension of the model.
As illustrated later, such extension depends on the combination of pipe geometry, non-linear soil
response, soil-pipe interaction, fault dip angle and maximum offset, so that it cannot be set a-priori
in the analysis, even if its actual impact should be verified a-posteriori.

When symmetry of loading conditions applied along the vertical longitudinal plane holds, only half
of the full model was considered in the analysis and discretized.

The loading conditions are applied in two steps. First, the operating conditions in terms of gas
pressure and temperature are provided at the inner surface of the pipe, together with the gravity
load caused by the soil burying the pipe, leading to a small ovalization of the cross-section. These
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loads were applied quasi-statically, and provide the initial conditions from which the fault offset is
plugged in the model through progressively increasing values. Due to the prevailing effect of large
permanent values of fault offset on the pipeline response, the contribution of transient loading
during the seismic excitation, including inertial effects, was disregarded.

The mesh size was set to cope with the two competing requirements of accuracy and minimization
of computational costs. Preliminary analyses were run to design an optimum space discretization,
to ensure the structural response within the region of interest to be mesh-independent. A finer
mesh discretization was selected close to the fault crossing. To avoid numerical locking when large
values of the fault offset are applied and large plastic deformations occur, the pipe and the soil
were discretized through reduced-integration (with hourglass control) 4-node shell elements and 8-
node solid elements, respectively.

Numerical analyses were carried out with the commercial FE code Abaqus [6].

3. NUMERICAL RESULTS

3.1. Validation against centrifuge test results of normal fault rupture propagation

Bransby et al. [4] conducted an experimental campaign, based on a centrifuge test carried out to
investigate the propagation of a normal fault inside dry, medium dense (D,=60%), uniform silica
sand with the following properties: 50%-passing diameter (dsp)= 0.3 mm; maximum dry density
(Pmax)= 1.7 t/m?; minimum dry density (omin)= 1.44 t/m>; internal effective friction angle (#)= 35° and
dilation angle (w)= 6°. The physical model set-up is shown in Figure 1, with a geometry scaling
factor of 115. The main output of the test was the measurement of the displacement field, from
which the shear strain field was then computed.

DRY SAND

LAYER \

Layer thickness, H = 25m

51.97 m [ 2346 m \
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Figure 1. Drawing of the physical model at the prototype scale (after [4])

In the numerical counterpart considered here, still at the prototype scale, plane strain conditions
were assumed. The sand response was modelled by an isotropic, elastic perfectly-plastic
constitutive law, with equivalent shear modulus (G¢y) varying between 20-30 MPa; Poisson’s ratio
15=0.25-0.30, and yielding governed by a Mohr-Coulomb failure condition with non-associated flow
rule. The non-uniformity of the gravitational field resulting from the centrifugal acceleration and
Earth’s gravity acceleration was not taken into consideration. The fault offset was applied as a rigid
body motion on the boundaries of the hanging wall (HW) side, as shown in Figure 1. To avoid
unrealistically large strains at the interface with the footwall (FW) boundary, a narrow 1 m wide
region, in between the HW and the FW, was introduced for the fault offset to gradually increase
from zero to its maximum value.

A mesh sensitivity analysis was preliminary carried out, adopting a gradual refinement from a
coarser mesh away from the fault crossing (with a characteristic element size of 1.0 m) to a finer
one close to the fault (with a characteristic size of 0.25 m). By comparing experimental data and
numerical predictions, it was possible to point out that the discretization along the horizontal
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direction plays the most important role; accordingly, a structured mesh of quadrilateral elements
featuring node spacing of 0.25 m and 0.50 m in the horizontal and vertical directions, respectively,
provided a reasonable trade-off between accuracy and computational efficiency.
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Figure 2. Comparison between experimental (top row, after [4]) and numerical (bottom row) results for the centrifuge
model at a fault offset of around 1.0 m. Left column: displacement field; right column: strain field.

In Figure 2, displacement and strain fields obtained with such space discretization are compared
with the available experimental data for a fault offset of around 1.2 m, see [4]. The corresponding
vertical displacement profiles at a depth of z=0.9 m, are compared in Figure 3. In this figure,
numerical results are also illustrated at varying amplitudes Ax of the region across which the fault
offset is imposed along the bottom surface of the model, showing a limited dependency of the
solution using widths smaller than 1 m.
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Figure 3. Comparison between experimental (after [4]) and numerical vertical displacement profiles at a depth from
surface z=-0.9 m. Results obtained using different amplitudes Ax (=1m, 0.5m, or 0.25m) of the region across which the
fault offset is imposed along the bottom surface of the model are compared.

An acceptable agreement between the experimental and numerical displacement profiles was
obtained. The formation and inclination of the main shear band in the sand was also satisfactorily
predicted, as well as the width of the main shear plane close to fault outcropping, as shown in Fig.
3 by the spreading of the region wherein the vertical displacement jumps. The mismatch between
the numerical and experimental datasets may be related to having neglected some effects like:
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non-uniform gravitational field at centrifuge conditions, softening of sand, strain localization after
yielding, inhomogeneous soil conditions.

It is finally noted that, to pursue the main objectives of this study, i.e., investigating the pipeline
performance up to the serviceability and ultimate limit states under increasing values of fault offset,
an extreme mesh refinement to capture very localized solutions of soil failure was not considered
necessary. A similar compromise between accuracy of the solution and objectives of the analysis
is also at the base of the selection of the structural grid size, which is addressed in the next
section.

3.2. Case studies of pipe-fault rupture interaction

We start the set of numerical simulations by a benchmark case, where a steep dip angle was
associated to the fault plane (6= 80°), and the fault offset (Af) was increased up to a maximum
value of 2 m. The study was carried out by considering first the effect of the fault offset alone (Case
1), then the combined loading by the internal gas pressure and fault offset (p;=8MPa, Case 2) was
applied, and, finally, the operating conditions were completed by considering the additional
contribution of the variation of temperature (AT = 50°C, Case 3). For all of those cases, the
simulation was repeated for lower values of the dip angle (6=40°-60°), in order to verify its effect
not only on the resulting stresses and plastic deformations of the pipe, but also on the geometric
modelling assumptions, especially to check whether the length of the modelled portion of the
pipeline was sufficiently extended.

In addition to these benchmark numerical simulations, we considered other situations, in order to
study the impact of different assumptions, such as the reduced value of the elastic soil modulus
(Case 4), the reduced shear strength, both in terms of the friction (¢’) and dilatancy (y) angles
(Case 5), the increase of the soil-pipe interface friction coefficient, to investigate the increased
constrain provided by the soil to the pipe movement (Case 6). Finally, in Case 7 we re-considered
the benchmark case with operating conditions (Case 3), and checked the effect of a change of
plane orientation, i.e., instead of considering the unit vector normal to the fault plane directed as
the longitudinal axis of the pipe (os = 0°), we selected o = 45°. Therefore, only in the latter case
symmetry conditions could not be applied. The list of case studies is reported in Table 1.

For all simulations, the geometric characteristics (cross-sectional thickness and diameter) as well
the pipeline burial depth were kept constant. A shallowly embedded (H=1.5 m), large diameter
(D=1.2 m) gas transmitting pipeline with wall thickness t=0.02 m was modeled. Trench depth (5 m)
and width (5.2 m) were chosen consistently with a real case study. Consistently with the former
verification stage, the mesh density for the soil is characterized by an average element size in the
radial direction of 50 cm. 32 shell elements were used for the spatial discretization of the pipe
along its perimeter. By keeping an almost unitary shape ratio for the shell elements, their
characteristic size resulted to be around 0.16 m. Although such element size along the longitudinal
axis of the pipe is not sufficient to accurately model the evolution of local buckling induced by
compressive stress states, it is refined enough to capture the triggering of this ultimate limit state,
beyond which our numerical simulations were terminated.

The X60 graded pipe steel was modeled by an elasto-plastic constitutive law, with yielding
governed by von-Mises law (f,=450 MPa), with associated flow rule, and featuring a slight isotropic
hardening (r=0.002). The soil was instead assumed to display an elastic, perfectly-plastic response
governed by Mohr-Coulomb yield condition, with non-associated flow rule. Further details of the
numerical mesh along the cross-sectional plane and of the prescribed material properties are
shown in Figure 4.
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Figure 4. Finite element mesh in the cross-sectional plane and material properties for the benchmark model.

A preliminary investigation was made to determine the optimum longitudinal size of the numerical
model, depending on the combined effect of fault offset, dip angle and mechanical soil properties.
Eventually, for a single numerical model to be investigated, a conservative value L=2000 m was
chosen for all case studies. As shown in Figure 5, the density of the mesh was gradually
decreased for increasing distance from the fault rupture, after verification of the mesh
independence of the numerical results.

Similar to the validation example of Section 3.1, boundary conditions to model the fault slip were
applied as follows. For the soil body: (i) the whole outer surface (except for the top) of the FW part
was fixed in their outward normal directions and for bottom surface also horizontal fixity is
provided, (ii) bottom and vertical planes of the HW part were moved with an increased value of
displacement, and (iii) longitudinal sides of HW were fixed along their outward normal directions
throughout the longitudinal length of the model L all-along-2000-m. For the pipe elements: (iv) pipe
cross-section on the extreme FW side was restrained along the pipe longitudinal direction, (v) pipe
cross-section on the extreme HW side was moved with an increased value of displacement (as in
(ii)), and (vi) restraints according to symmetry conditions were provided at the symmetry plane, all
along L 2000-m. In Figure 6, in-plane boundary conditions (i.e. (i), (ii), (iv), (v)) are shown.

24 Z_; 23 Z1 Zl Z_; 25
L7292 m L3:50 m L,=10m LW:ZO m Lsﬂﬁz m
AL,=2.5m AL3=1 m AL2=0.5 m AL2=0.25 m AL5=2.5 m

Figure 5. Finite element mesh along the longitudinal direction for the benchmark case.
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ODA ‘ANADAADAANAAANA H—
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Figure 6. Boundary conditions at the second stage of the analysis (after application of operating loading conditions), for
the quasi-static application of fault offset. Out-of-plane boundary conditions are not shown.
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The soil and pipe elements are connected with zero length interface (contact) elements, for which
no normal deformation is permitted, while shear deformations are controlled by the shear strength
of the interface. The latter is taken as 2/3 of the soil effective friction angle, in agreement with ALA

Guidelines [2].

Table 1. List of case studies with the parameters considered in the sensitivity analysis. Soil parameters: shear wave
velocity (Vs), mass density (p), equivalent linear shear modulus (Geq), soil Poisson’s ratio (v), internal effective friction
angle (¢’), dilation angle (), effective cohesion (c’) Structure parameters: Modulus of elasticity for steel (Es), steel
Poisson’s ratio (vs), yield strength of steel (fy), bilinear hardening ratio (r).

# Soil Structure Interface :ault Oper_a_tlng Aim
; ngle | conditions
#=36°, 1/=6°, =0.1 kPa fy=450 MPa, r=0.002 AT=0°C - Effect of dip angle
5 as case 1 pi=8 MPa Effect of internal gas
AT=0°C pressure alone
pi=8 MPa _Combined effect of
3 ascase 1 AT=50 °C internal gas pressure and
temperature difference
4| 8 case 1 with as case 1 Effect of soil elastic
Geq=0.15Gmax moduli
Vs=125 m/s, p=1.60 t/m° Effect of soil bearing
5 | Geq=0.33Gmax, v=0.25, ascasel ks~0.90 ascase 1l pressure (with equal
¢=30°, ¥=0°, c'=0.1 kPa interface friction)
Effect of interface friction
6 as case 1 ks/~1.00 as case 1 (with equal soil bearing
pressure)
o | Pi=8 MPa Effect of fault crossing
7 ascase 1 =45 AT=50 °C angle

3.3. The benchmark case

To display the evolution of stress and strain throughout the pipeline as a function of the amplitude
of fault offset, in Figure 7 the spatial variation of the Mises stress, normalized by the yield stress, is
shown, together with the longitudinal strain computed along the upper and lower lines of the pipe

for Ak =0.4m —-0.8m — 1.5m.

Yielding is first attained in the FW side of the pipe along the upper line, for a fault offset slightly
larger than 0.4 m, and, as A increases, yielding appears also on the HW side, along the lower line.
In both cases, yielding occurs due to tensile stresses. At Ar = 1.5 m, yielding is largely diffused
throughout a zone of about 50 m around the fault crossing, dominated by bending, which is
represented in more detail by Figure 8. Note that, while on the FW side the plastic deformation is
confined within a relatively narrow zone, roughly associated to the formation of a plastic hinge,
yielding on the HW side is distributed along a much wider zone with Mises stress along the inner

S|de of the p|pe WhICh hardIy reach yleldlng also for AF =1.5m. Besqdes—ylelelmg—glcaeual—e\mtufeen

rather vague statement: W|th no addltlonal explanatlon | suggest to take it out]

-[RP: Itis a

Another important result to point out for this initial case study, refers to the extension of the portion
of the model affected by different deformation modes. As previously noted, a zone with
predominant bending deformation appears across the fault intersection, with spatial extension L, ~
50m. Externally, both on the FW and HW sides, a region of prevailing longitudinal elongation
appears, the extension of which, denoted by Lirw and Liyw (see sketch in Figure 9), is related to
the amplitude of the fault offset. Although straining in this region provides a limited contribution to
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the total deformation, the minimum longitudinal extension of the numerical model should include at
least such elongation zones, in order to avoid any spurious effect on the results owing to numerical
boundary conditions too close to the fault crossing. For this reason, we provide in Figure 10
quantitative evaluations of L,, L1yw and Lirw. Results are also shown for the operating conditions,
with internal gas pressure p;=8MPa and temperature variation AT=50°C, which will be commented
in more detail in the following section. From the left and mid panels of Figure 10, it can be deduced
that the spatial extension of Lisw and Lsuw is about the same, irrespective on the operating
conditions, and it only depends on AF,x= AFcosd, which is the projection of the fault offset along
the pipe axis. As regards L, it is nearly independent on the magnitude of Ag, and roughly equals
50 m, where about 20% of such extension is on the FW side, where the largest plastic strains
occur, while the remaining is on the HW side. Besides the benchmark value 6=80°, additional dip
angles were considered (6=90°, 5=60°, 6=40°). Relevant results are presented in the performance
based framework in Table 2.
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Figure 7. Case 1: Pipe response in terms of normalized Mises stress, longitudinal strain and cross-section ovalization (for
the most-deformed cross-sections on footwall region). Fault offsets 0.4 (top), 0.8 (middle) and 1.5 m (bottom). The values
for the upper line of the pipe (thick dashed), and for the lower line (thin gray) are shown. The undeformed (dashed line)
and deformed (continuous line) cross-sections are also illustrated.
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Figure 8. Case 1: deformed configuration of the pipe for fault offset 1.5 m in the vicinity of the fault crossing, with

identification of the Mises stress distribution. In zoom-up windows, the plastic equivalent strains are indicated (black
color: PEEQ > 10°°)
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Figure 9. Case 1: deformed configuration of the pipe for fault offset 1.5 m, and identification of the main deformation
zones. Lirw and Linw: length of the pipe trunk subject to tensional, along the foot (FW) and hanging wall (HW),
respectively. Lo: length of the pipe trunk subject to combined tension and bending. Panel denotes the zoomed area
illustrated in Fig. 8. MCPs: Maximum curvature points.
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Figure 10. Effect of dip angle on the deformation features (see Fig. 9) of the pipeline, for Cases 1 (pi=0, AT=0), 2 (pi=8
MPa, AT=0) and 3: pi=8 MPa, AT=50°C. Note, from the left and middle panels, that the length of the pipeline trunk in
tension is about the same for the FW and HW sides and depends on AF,x= AFcosd, which is the projection of the fault
offset along the pipe axis. On the right side, it is shown that the length of the pipe trunk mainly subject to combined
tension and bending (L2) has only a moderate dependence on AF, and its value is around 50 m.

3.4. Impact of operating conditions
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We now focus on the variation of the solution when operating conditions are also considered in
addition to the fault offset loading. A similar investigation was also reported in [28]. We started from
considering the internal gas pressure alone (Case 2, pi=8MPa) and subsequently a temperature
variation AT=50°C was also introduced (Case 3). In Figure 11, the stress ratio (ai/ov) and the
corresponding longitudinal strain (g) observed in the extreme top and extreme bottom fibers are
shown, for the single case of fault offset Ar=1.5m. In addition, the cross-section ovalization is also
shown.

p= 8MPa AT=0°C@ A=1.5m
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Figure 11. Stress ratio (ow/ov), longitudinal strain (&) and cross-section ovalization (for the most-deformed cross-section
on footwall plastic hinge region). for Case 2 (top, pi=8MPa, AT=0) and Case 3 (bottom, p=8MPa, 4T=50°C) for the fault
offset Ar = 1.5 m (bottom). Dashed lines indicate the values at yielding.

If we compare Figure 11 with the corresponding profiles for Case 1, illustrated at the bottom of
Figure 7, some important remarks can be made:

- Owing to the effect of p;, cross-sectional ovalization is significantly reduced from about 3% in
Case 1, to about 0.7% in both Cases 2 and 3;

- Due to the initial operating conditions, straining due to the fault offset is larger, both in tension
and compression, with significant, albeit localized, plastic hinging on the FW side, but also with
a more widespread plastic zone along the HW side. The Mises stress pattern for Case 3 is
illustrated in Figure 12.

- The length of the plastic hinge along the FW side extends significantly, up to about 7 times the
pipe diameter. To clarify this result, we illustrate in Figure 13 the evolution of the extent of the
plastic zone in tension and compression, as a function of the fault offset and of the operating
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conditions. It appears that consideration of AT has a major impact on the length of plastic zone
in compression, which becomes almost as wide as the plastic zone in tension, while in the
other cases plastic hinge length is dominated by tension.

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+4.530e+08
+4.500e+08
+4.000e+08
+3.500e+08
+3.000e+08
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+2.000e+08
+1.500e+08
+1.000e+08
+5.000e+07
+3.373e+01

&

*

X=-14 m X=28m

Figure 12. Case 3 (combined effect of p and AT) : deformed configuration of the pipe for fault offset 1.5 m, with
identification of Mises stress (black colour indicates yielding). In zoom-up windows, PEEQ distributions are shown (black
color: PEEQ > 107).
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Figure 13. Length of plastic zone in tension (Lyrw ) and compression (Lyrw,c) of the most deformed portion of the pipeline

along the FW. Values are normalized by the pipe diameter D. Different operating conditions (Cases 1, 2, 3) are
considered.

3.5. Pipeline performance

The pipeline performance for increasing fault offsets was verified based on the following criteria, by
making reference to Part 4 of Eurocode 8 [5]:

Damage limit state (DLS): &y = &y =0.002 (1a)
Ultimate limit state (ULS): &y =0.03 (1b)
&cy =min(=0.01,-0.4t/ D) (1c)
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where, in eq. 1a, &, and &, are the yield longitudinal strains, while in eq. 1b and 1c &, and &, are
the ULS strains in tension and compression, respectively, t represents the cross-sectional
thickness and D is the pipe diameter. Owing to the distance between DLS and ULS performance
levels, an intermediate damage threshold limit state (ILS) was also considered, represented by a
strain value 0.5%.

Following ALA Guidelines [2], we also addressed the limit for ovalization deformation (ranging from
2% to 5%), but, according to results shown previously, this is not a matter for operating conditions
because of the positive effect of internal gas pressure.

Performance checks are shown in Figure 14 for Cases 1, 2 and 3, referring to the fault dip angle
5=80°. It is found that yielding first occurs in compression in Case 3, for a fault offset of about 40
cm (see bottom panel in Figure 14). This is a somehow surprising result, because a pipeline under
normal faulting is expected to be mostly subjected to tensile straining. However, the presence of a
high variation of temperature (AT=50°C) induces a significant compressive pre-stress which adds
to the compressive bending stresses along the FW side of the pipe when fault offset occurs.
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Figure 14. Pipeline performance measured, as a function of fault offset, in terms of longitudinal strain in tension (thick
continuous line), longitudinal strain in compression (thin continuous line), cross-sectional ovalization. From top to bottom:
Case 1, Case 2, Case 3. Attainment of a limit state is denoted by an arrow.

3.6. Effect of non-perpendicular fault crossing

Since the orientation of the fault rupture plane may be subjected to large uncertainties, also
because of the complicated patterns based on which the fault rupture may propagate through the
shallow ground surface layers, it is interesting to determine the sensitivity of the solution to the fault
plane orientation, which, up to now, was considered to have a unit normal vector directed as the
longitudinal axis of the pipe (o = 0°, as in Figure 15). A thorough sensitivity study implies a large
computational effort and it is beyond the scope of this paper. However, to start shading light on this
subject and to point out its practical relevance, we have considered a single case study, obtained
based on Case 3 (5=80°, p=8 MPa, AT=50°C), but with a normal vector forming an angle o; = 45°
with the longitudinal axis of the pipe, as sketched representatively in Figure 15.
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S

Figure 15. Sketch of the case of non-perpendicular normal fault-crossing

The non-perpendicular fault-crossing condition turns out to be more severe, with all limit states
reached in compression, and limit fault offsets of about 0.2-0.3 m for DLS (against 0.3-0.4 m for the
perpendicular case), 0.6-0.7 m for ILS (against 1.0-1.25 m, reached in tension for the
perpendicular case), and 0.8 m for ULS (against 1.5-1.75 m) (see Table 2, Case lll vs Case IX). To
clarify reasons of such result, in Figure 16 the longitudinal strain distribution is plotted along the
upper and lower generatrixes of the pipe, for the case of a fault offset AF =1.0 m and o=45°.
Furthermore, the polar distribution of the longitudinal strain in the most heavily loaded cross-
sections on the FW and HW sides of the pipe are shown.
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Figure 16. Top: Envelope of the maximum longitudinal strain distribution along the upper and lower generatrixes of the
pipe. Bottom: Polar plots of the longitudinal strain across the most heavily loaded cross-sections on the FW (left) and HW
(right) sides of the pipe.
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It turns out that the pipe in the non-perpendicular case is negatively affected by the following main
factors: (a) given the same normal fault offset, the elongation component is reduced and the
bending component increased, with a consequent increase of the compressive strain in the most
critical cross-section of the FW trunk; (b) mobilization of passive soil pressure at the lateral side
induces a further constrain which tends to increase bending of the pipe, which reaches yielding
also within the HW trunk.

Although this is a preliminary result, which deserves further investigations and numerical
simulations, it should be pointed out that the common assumption of disregarding the non-
perpendicular components of normal faulting may lead to unconservative results. This is especially
true for those cases, like the pressurized pipe subject to temperature variation considered in this
study, where the limit state of the pipe in the perpendicular fault-crossing is reached in
compression. When the limit state is reached in tension, then the non-perpendicular fault crossing
may improve performance, but only until compressive strains become predominant.

3.7 Parametric study

A parametric summary of results for the different cases considered in this study is reported in
Table 2, in terms of fault offset value AF required to reach a given performance level. The following
indications may be drawn.

- In general, normal fault crossings create tensile plastic deformations. However, in the case of
operating temperature variation, compressive strains may be significant, especially for high dip
angles, and govern the attainment of performance limit state.

- The internal pressureitself; does not significantly affect performance in terms of strain limits
(see case 2 vs case 1). However, the ovalization performance is significantly enhanced.

- The increase of operating temperature variation makes the system slightly more resilient in
terms of tensile deformation and significantly more vulnerable in terms of compressive
deformation (see case 3 vs case 1). Since it is usually coupled with internal pressure, the
ovalization performance is enhanced.

- Decrease in dip angle (Cases 1 to 6) does not significantly change the performance in tension.
It significantly improves the performance of the pipe against compressive failure. Ovalization
performance is inversely influenced.

- Increase of bearing pressure and elastic stiffness (Cases 4 and 5 vs case 1) slightly decreases
the performance of the pipe in terms of tensile, compressive, and ovalization deformations.

- Increase of interface strength (Case 6 vs Case 1) significantly reduces the performance in
terms of tension. The reverse happens in terms of compressive strains. Since tearing off is the
likely failure mechanism, cross sectional deformations are also increased.

- Fault offsets to reach the DLS are compared (see values in parentheses for case 1 in Table 2)
with those computed by the simplified analytical method proposed by Karamitros et al. [13],
showing a reasonably good agreement.

- For a dip angle 6=90°, which was considered only for Case 1, an abrupt reduction of the fault
offset to reach the ULS is found, consistent with the vanishing contribution of the fault offset
elongation component along the pipe axis. Moreover, governing mechanism of the pipeline is
shifted to compressional type in all performance levels. Although this case is of limited practical
relevance, since no normal faults is expected along a vertical plane, it points out the relevance
of the elongation component of the fauls offset in the overall good performance of the pipeline
subjected to normal faulting.

- Finally, it is important to note that non-perpendicular normal fault crossing (Case 7 vs Case 1)
decreases performance in terms of compressive straining and improves in terms of tensile
straining. Ovalization deformations were not investigated for non-perpendicular normal fault
crossing case.
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Table 2. Values of fault offset (in m) associated to the exceedance of limit states defined for the case studied. Damage
limit state (DLS, £=0.2%); intermediate damage limit state (ILS, £=0.5%); ultimate limit state (ULS, egs. 1b and 1c));
ovalization (OLS). Attainment of the limit state in compression or in tension is denoted by C or T, respectively. The
values in parantheses are the fault offset values at first yield obtained by using the simplified analytical procedure of
Karamitros et al. [13], which are noted as their first exceedances for each 10 cm increase in the fault offset.

DLS ILS uLs oLsS
Adm) | T/C | Adm) | T/C| As(m) | T/C 2% 5%
Case 1-5=80° | 0.4-0.5 T 0.9-1.0 T >2 - 0.8-0.9 >2
(0.6)
Case 1-5=90° 0.5-0.6 C 0.9-1.0 C 1.0-1.1 C 0.8-0.9 >2
Case 2-~80° | 0.4-0.5 T 0.8-0.9 T >2 - >2 >?2
Case 3-5=80° 0.3-0.4 C 1.0-1.25 T 1.5-1.75 C >1.75 >1.75
Case 4-~80° | 0.5-0.6 T 1.0-1.25 T >?2 - 1.0-1.25 >?2
Case 5-=80° 0.6-0.7 T 1.0-1.25 T >2 - 1.5-1.75 >2
Case 6-=80° | 0.3-0.4 T 0.7-0.8 T >2 - 0.8-0.9 >?2
Case 1-5=60° 0.4-0.5 T 0.9-1.0 T >2 - 1.25-1.5 >2
(0.5)
Case 2-=60° | 0.4-0.5 T 0.8-0.9 T >2 - >2 >?2
Case 3-=60° | 0.6-0.7 T 1.0-1.25 T >2 - >?2 >?2
Case 4-5=60° 0.5-0.6 T 1.0-1.25 T >2 - 1.5-1.75 >2
Case 5-=60° | 0.6-0.7 T 1.25-1.5 T >2 - >?2 >?2
Case 6-=60° 0.3-0.4 T 0.5-0.6 T 1.25-1.50 T 1.0-1.25 1.25-15
Case 1-=40° | 0.5-0.6 T 1.0-1.25 T >2 - 1.75-2.0 >?2
(0.5)
Case 2-5=40° | 0.4-0.5 T 0.8-0.9 T >2 - >2 >2
Case 3-40° | 0.7-0.8 T 1.0-1.25 T >2 - >2 >?2
Case 4-5=40° | 0.5-0.6 T 1.0-1.25 T >2 - 1.75-2.0 >2
Case 5-=40° | 0.6-0.7 T 1.25-1.5 T >2 - >2 >2
Case 6-=40° | 0.3-0.4 T 0.5-0.6 T 0.8-0.9 T 0.7-0.8 >0.9
Case 7-&=80° 0.2-0.3 C 0.6-0.7 C 0.8-0.9 C >0.9 >0.9
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4. CONCLUSIONS

In this paper we investigated from a numerical point of view the performance levels of a gas
pipeline subjected to normal fault rupture, for increasing values of the fault offset and considering
also the influence of the operating conditions, including the effect of internal gas pressure and
variation of temperature.

After providing some practical guidelines to properly select the spatial extension of the numerical
model in the longitudinal direction, in order to reduce the effect of boundary conditions on the
numerical results, we carried out a set of 3D nonlinear numerical simulations, useful to clarify the
response of the pipeline up to extreme loading conditions, with fault offset up to 2 m, which is
usually considered as an upper threshold in the case of normal faulting.

It was found that pipeline initially yields (DLS) for values of fault offset of about 0.3 to 0.5 m, with
worst conditions occurring in the case of high values of the friction angle at the pipeline-soil
interface, or for large temperature gradients, typically increasing compression stress throughout
the pipeline. For increasing values of the fault offset, the ultimate limit state (ULS), defined as in
the Eurocode 8 Part 4 in terms of a 3% longitudinal strain in tension and ultimate limit in
compression, is reached only in few cases, typically related to high interface friction angles and low
values of the fault dip angle.

While this in general confirms the good performance of pipelines under normal faulting, mainly
because of prevailing tensional stresses, so that, in presence of sufficiently loose soils in the pipe
trench, the fault offset may exceed in most cases 2 m without reaching the ULS, an important
outcome of this research work is the sensitivity of the solution to the case of non-perpendicular
fault-crossing, i.e., when the normal to the fault plane is not contained in the longitudinal plane of
the pipe. Contrary to the expectations, the non-perpendicular crossing case turned out to be more
severe, with all limit states reached in compression, and limit fault offsets of about 0.2-0.3 m for
DLS and 0.8 m for ULS, in the case a=45°. This was argued to be related to the mobilization of
passive soil pressure at the lateral side of the pipe effect, with an increase of the bending
component of deformation, and a corresponding increase of the compressive strain in the most
critical cross-sections of the pipeline.
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