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ARTICLE INFO ABSTRACT

Fault slippage threatens the structural integrity of buried pipelines. In this work, we adopted a 3D thermo-hydro-
mechanical coupling numerical model for investigation of a warm steel pipeline crossing active tectonic fault in
permafrost, focusing on two pipeline-soil interactions: fault slippage in the course of the thawing of the per-
mafrost and pipeline mechanical behavior. Effects of pipeline fluid temperature, thawed soil permeability as well
as faulting regime to longitudinal strain along the pipeline were examined. This study shows that the relatively
warm pipeline heats the surrounding soil-ice bonded permafrost, thawing of the permafrost leads to diffusion of
the pore fluid surrounding the warm pipeline, and the accumulated pore water near the impermeable freezing
front could cause a drastic pore pressure change, which would affect the destabilization of previously stable
faults in critically stressed regime. The fault slippage and the corresponding longitudinal strain along the pi-
peline increase with pipeline fluid temperature and thawed soil permeability, while a relatively larger long-
itudinal strain takes place in the strike-slip faulting regime.
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1. Introduction

Long distance buried pipelines system is one of the most important
transportation means of natural gas and oil [1]. At present, buried pi-
pelines are often constructed in permafrost region [2], such as the
Roman Well pipeline in Canada [3], the Far East pipeline in Siberia [4],
the Alyeska hot oil pipeline in North America [5], and China 's pipeline
network in cold region. In geohazard region, buried pipelines could be
subjected to hidden faults [6,7]. Fault displacement, even micro-fault
slippage has the potential to induce severe strains and ruptures of the
pipeline wall, which could result in pipeline damage, and cause irre-
coverable ecological disasters [8]. When a relatively warm pipeline
penetrates a fault in the permafrost, the pipeline wall would heat the
surrounding soil-ice bonded permafrost, leading to the gradually
thawing of the permafrost and phase change of the pore fluid [9].
Therefore, the heat released from the pipeline may create a permafrost
thaw bulb within the surrounding permafrost, and generally reduce the
load carrying capacity of the soil. The permafrost thaw bulb would in
turn lead to significant excess pore-water pressures, as well as excessive
stress and strain on the pipeline which cause its eventual damage [10].
Heat transfer process together with the phase change of the pore fluid
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would result in significant excess pore-water pressure on the fault wall
around the pipeline [11], especially when the thawing take place
around the pipeline, the impermeable permafrost accumulates the fluid
flow and enhances the pore pressure. The maximum pore pressure
changes can also be correlated to net volume changes of the soils sub-
sequent to thawing [12]. Consequently, the pore pressure change on the
fault plane can reach a significant level.

Faults are discontinuous planes in geological formations across
where relative displacement of adjacent layers would take place
[13,14]. On the fault plane, change in pore pressure usually affects the
in-situ stress field in critically stressed regime [15-17]. Pore pressure
increase shifts the Mohr circle to left, destabilization of previously
stable faults occurs when the Mohr circle intersects the failure envelop,
which is equal to coefficient of friction [18,19], and subsequently fault
slippage occurs along pre-existing fault plane [20]. A large number of
investigations on pipeline-fault crossing have been well performed
[21-24]. Regarding fault displacement, analytical approaches such as
the Newmark-Hall approach [25], the Kennedy et al. approach [6] and
the Wang-Yeh approach [26] were conducted. However, as average
strain is usually considered as a failure criterion in analytical ap-
proaches, the neglected pipe axial stress on pipe bending stiffness leads
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to overestimate the tolerable fault movement for pipelines, resulting in
the inapplicability of these methods for pipelines under compression
[7]. Later, based on the performance of gas and water pipes during the
San Fernando earthquake, Desmond et al. [22] studied the stress and
strain development in buried pipes crossing faults, considering the pipe
as a beam on elastic foundation. With respect to material nonlinearities,
Karamitros et al. [27] introduced refinements in former analytical
methodologies to calculate the maximum design strain, the pipeline
bending moment and axial force can be obtained through elastic-beam
theory and beam-on-elastic-foundation.

Other than analytical approaches, in recently years numerically
approaches based on finite element techniques in application to the
buried pipelines fault crossing problem are actively developing
[28-30]. Beam-type models are introduced based on the representation
of the pipeline by ensemble of beam elements to simulate global
bending and axial deformations of the pipe [31]. One advantage of the
beam-type modelling is that the large displacements and strains can be
included in this formulation. Kokavessis and Anagnostidis [32] pre-
sented a finite element methodology (FEM) using contact elements to
describe buried pipeline-soil behavior. With the similar model geo-
metry to Kokavessis, Liu et al. [33] presented their numerical simula-
tion through a shell finite element model and reported results for axial
strain distribution along the pipeline. Considering the elastoplastic
behavior of soil, Vazouras et al. [23] introduced a 3D continuous soil
representation, and examined the effect of both cohesive and non-co-
hesive soil conditions on the response behavior of the pipeline crossing
fault with sensitivity analysis.

In the present work, we adopted a three-dimensional thermo-hydro-
mechanical coupling numerical model of a buried steel pipeline
crossing active tectonic fault, focusing to two pipeline-soil interact
behaviors: fault slippage in the course of the thawing of the permafrost
and pipeline mechanical behavior. In Section 2 we presented the gov-
erning equations of thermo-hydro-mechanical (THM) coupling process
in porous media. Then we described the three- dimensional numerical
model we adopt in Section 3. Numerical results were presented in terms
of the fault slippage evolution and pipeline mechanical behavior, and
parametric analysis of the pipeline fluid temperature, thawed soil per-
meability and faulting regimes were performed in Section 4.

2. Theoretical background

Based on the principle of virtual work [34], stress field equilibrium
equation could be described as:

./‘;G:&dV:j;ﬁ,-é’vdS+./‘;f-5vdV+ J‘:snpwgavdV 1

where ¢ and v are the virtual strain and virtual displacement, f; is the
face force per unit area and f is the volume force, the fluid weight
f,, = snp, g with s is the soil saturation and n is the soil porosity.

For spatial integration, a shape function NV is introduced and thus
the virtual displacement év could be presented by a function of the
virtual displacement on the nodes of one element:

(2)

BN is introduced to bridge the relationship between &vM and the
virtual strain d¢ of the elements:

v = NN&vN

8e = BNSVN 3)

Thus, the discreted stress field equilibrium equation could be pre-
sented as:

SuN fv ﬁN:adV=5vN( j‘ f,*NNdS + jv‘ NNofdV + jv' snpngNdV]
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According to the principle of conservation of mass [35], the con-
tinuous equation of motion of the fluid in a porous medium can be
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expressed by a continuous equation as follows:
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Here the v, is the average flow rate of the flow relative to the solid
particles, N is the outward normal direction of the surface, J is the
change of soil volume. Assuming the flow direction, according to the
finite element discretization principle the continuous equation can be
expressed as:

1d

d
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Variation of pore water pressure du,, is introduced according to the
variational principle [36], now the differential equations of seepage
field could be described as:

L
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Heat transfer due to conduction in the pore fluid and soil skeleton,
as well as convection in the pore fluid [37], can be governed by thermal
equilibrium equation for a continuum in which a fluid is flowing with
velocity v:
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where n is the outward normal to the surface, x is spatial position, and ¢
is time, O(x, t) is the temperature at point x, p(6) is the fluid density,
c(6) is the fluids specific heat, k() is the conductivity of the fluid, q is
the heat added per unit volume from external sources, g, is the heat
flowing into the volume across the surface on which temperature is not
prescribed. Therefore, the boundary term in the thermal equilibrium
equation can be defined as:
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With respect to position, the above equations are discretized by first
order isoparametric elements, the fluid velocity v is computed from the
density of the fluid and the mass flow rate. The discrete time generates
the solution at time ¢ + At from the previous time ¢. Thus, the inter-
polation for the temperature 6(x, t) could be defined over a time in-

crement At as:
0(x, t) = NN()A*()6N", N=1,2,.., n=t t+At an
where the NV are standard isoparametric functions and A" is the time

interpolation:

A[+At — i

T
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The Petrov-Galerkin discretization [38] couples this linear inter-
polation A" with the weighting functions:
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50 = [NNZ + %(oﬁ YLy dA)i.aN }56”

2dt vl dx (13)

T
A =6—— 1_At+At
Aﬂ( )

14

h is a characteristic element length measure, « is the introduced
parameter to eliminate artificial diffusion of the solution, while § is
introduced to avoid numerical dispersion, y is the local Péclet number
in an element and C is the local Courant number defined as:
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Since the weighting functions are discontinuous from one element
to the next, manipulating the weak form of the thermal equilibrium
equation is required. For the continuous part of the weighting functions
used to discretize 6(x, t), the usual integration by parts of the con-
duction term could be performed, and continuity of heat flux between
elements is not assured for the discontinuous part. For convenience, the
discontinuous part of the weighting is:
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The weak form of thermal equilibrium would be written as:
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An extended classical isotropic Coulomb friction model is provided
for describing fault slippage induced by pore pressure change. The
extensions include an additional limit on the allowable shear stress and
the definition of a secant friction coefficient. Since the critical stress T
is dependent on the contact pressure, the slip rate and average surface
temperature at the fault wall, and field variables, and the fault stiffness
ks might be changed during the analysis.

When the equivalent stress exceeds the critical stress (1,4 > T i)
slip must be taken into consideration and the starting situation could be
characterized by the slippage , the slippage increment y, can be ex-
pressed as:
Ay, = S Aqu

Terit

(18)

where 1; is the shear stress, we introduce the normalized slip direction
n;. The final expression for the equivalent slippage is:

T
Torit = Tnaxs AT = (5ij - "i"j)ﬂde
Yeq (19)
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where u is the friction coefficient, P is the contact pressure and At is the
time increment in analysis.

3. Numerical modelling
3.1. Model setup

In this work, we conduct 3D THM coupling simulations of pipeline-
fault response in relatively warm pipelines buried in permafrost. The
pipe-soil model under multi-factor and multi-field coupling is shown in
Fig. 1a. This model includes three heat exchange processes: the atmo-
sphere heat exchange, the pipe-soil heat exchange and the heat ex-
change between melt water and permafrost. Meanwhile, the pore fluid
migration and thermal expansion contribute to the pore pressure built
up, which may affect the stability of the hidden fault. To investigate the
complex interaction between the pipeline and the hidden fault, an
elongated conceptual model is introduced including a steel pipeline
embedded 2.5m under the ground surface, pipeline burial depth is
chosen in accordance with pipeline engineering practice [39]. Fig. 1b
shows the geometry of the numerical model (15m X 10 m x 200 m).
The model extends from 0 to 10 m in depth, and horizontally (200 m) to
simulate laterally infinite conditions. The fault plane is considered to be
perpendicular to the pipeline axis at the pipeline middle section, and
divides the model in two symmetrical parts. Fig. 1c shows the initial
and boundary conditions of the model in cross section. Initially, roller
boundary conditions are applied to restrain all four sides and the

33

Soil Dynamics and Earthquake Engineering 106 (2018) 31-40

bottom from moving in perpendicular directions.

Fluid pressure is in hydrostatic conditions (shown as P, in Fig. 1)
and initial temperature is assumed to be -5 °C everywhere in the model.
Initial vertical effective geostatic stress is defined as gravity and in
horizontal directions is assumed to be a fraction of the vertical effective
geostatic stress (o,; = 1.050, and oy, = 0.700,). Under the assumption of
laterally infinite condition, the fault is modeled as a simple parallel
plate model, the interaction between the fault walls is considered as a
master-slave contact with a constant friction coefficient u = 0.6. A face
to face contact algorithm is considered to describe the interface be-
tween the surrounding permafrost and outer surface of the pipeline, the
interface friction coefficient is set to 0.3. Nevertheless, this metho-
dology can be sufficiently applied to various faulting modes and fault-
crossing angles.

Loads are applied in two steps. In the geostatic step, to achieve an
initial equilibrium state, the gravity and the fault wall contact are ap-
plied. The displacements of the boundary elements obtained are spe-
cified as the boundary conditions for the following step. In the sub-
sequent step, fluid is flowing at 20 °C within the steel pipe for one year,
the pipe is modeled as a line heat source with a constant coefficient of
heat conduction on the pipe surface. To represent the seasonal tem-
perature variation, a sinusoidal temperature variation ranging from
—15 °C in winter to 5 °C in summer is introduced on the ground surface
(Fig. 2).

3.2. Materials

The mechanical properties of the soil are depending on the phase
state of the water in the soil (frozen or thawed). The pore fluid flow and
elastic properties of the soil are assumed to depend on whether the soil
is frozen (more precisely, whether the water in the soil is frozen) or
thawed. The parameters in our model are citied from previous pub-
lication [40]. As shown in Table 1 and 2, the frozen soil is assumed to
be impermeable and significantly stiff compared to the corresponding
properties when thawed. The latent heat of fusion from ice to water is
adopted to define the phase change, this approach approximately de-
scribes the effects of phase change of the pore fluid on the mechanical
properties of the soil. As thermal expansion is important of the overall
physics of the modelling, all materials are assumed to undergo thermal
expansion ( Table 1 and 3). Thus, in the permafrost the differential
expansion contributes to the change in the pore pressure.

4. Results and discussion

The pipeline-soil thermal interaction on the fault wall during the
process is recorded in Fig. 2. As shown in Fig. 2a, the temperature of the
pipeline surface is constant at 20 °C. In spring heat transfer from the
relatively warm pipeline leads to a gradual temperature raise in the
surrounding permafrost. Meanwhile, thawing of the permafrost leads to
diffusion of the pore fluid surrounding the warm pipeline. Three
months later summer comes and the ground surface temperature raises
to 5 °C (Fig. 2b), by this time the ice lenses between the pipeline and the
ground surface can be considered to be thawed. Afterward ground
surface temperature gradually decreases in autumn and winter, even
though the temperature rise zone accounts for a significant portion in
the soil, the ground surface is frozen again (Fig. 2c and d).

Experimental measurements of pore pressure during thawing and
freezing of soil indicated considerable fluctuations [41]. Pore pressure
changes are typically associated with temperature increases. There are
two primary mechanisms control the behavior. Firstly, volume and
permeability change in clay subsequent to heat transfer from the warm
pipeline to the surrounding permafrost [12]. In particular, the perme-
ability increases by six orders of magnitude in the thawing permafrost
enable the pore fluid to reach the freezing front. Then, the accumulated
pore water near the impermeable freezing front could result in per-
mafrost thaw bulb, together with the thermal expansion, the permafrost
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Fig. 1. Schematic representation (a) and conceptual model (b) of buried pipeline subjected to fault, and (c) presents the initial and boundary conditions of the model in cross section.

thaw bulb would in turn lead to a drastic pore pressure change. Fig. 3
depicts the pore pressure distribution on the fault wall at different time.
As shown in Fig. 3a and b, the proportion of pore pressure rise zone on
the fault wall increases gradually with time in the early period (0-1
month). However, at 3 months when the ground surface temperature is
raised to 5°C in summer, the fast melting ice lenses in the previous
frozen soil portions between the pipeline and the ground surface results
in a pore pressure breakthrough to the ground surface, and this pore

(a) (b)

t= 3 months

t= 1 day

Spring-5°C Summer 5°C

(c) (d)

t=6 months
T=-5°C

pressure release process leads to a steep pore pressure drop near the
pipeline (Fig. 3c). Later with the ground surface temperature dropping
below the freezing point, growing ice lenses expand into the unfrozen
soil portions and exert pressure onto the unfrozen pore water, the for-
mation near surface is sealed again (Fig. 3d).

+2.000e+01
+1.708e+01
+1.417e+01
+1.125e+01
5 +8.333e+00

+ +5.417e+00
+2.500e+00

-1.208e+01
-1.500e+01

t= 12 months
T=-5°C
S

Winter -15°C -5°C

Surface Temperature (°C)

Fig. 2. Temperature distribution on the fault wall at 1 day (a), 3 months (b), 6 months (c) and 12 months (d).
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Table 1
Material properties used in the numerical analysis.

Property Soil (Frozen) Soil (Thawed) Pipeline Pore fluid

Young's modulus (Pa) 1.03 x 10" 6.89 x 10° 2 x 10!

Poisson's ratio (-) 0.30 0.30 0.3 -

Density (kg/m®) 1600 1600 7800 1000

Thermal conductivity 2.0 2.0 52.0 0.58
(J/sm°C)

Thermal expansion 9.67 x 107% 9.67 x 107 12.0 x 107° 51.0 x 10~°¢
coefficient (1/°C)

Specific heat (J/kg°C) 1381.0 1381.0 434.0 4186.0

4.1. Pipeline performance for fault slippage

Previous studies have shown that the fault representation has sig-
nificant effect on the development of stress and strain, in particular, the
process of the fault slippage could result in pipeline damage or failure at
active fault crossings [42]. However, instead of describing the fault
slippage by boundary nodes on the moving soil block [43,44], in this
work fault slippage is a consequence of pore pressure change in the
saturated porous medium.

Pore pressure evolution at the checkpoint (shown in Fig. 1b) on the
fault wall is shown in Fig. 4. The pore pressure evolution tendency is in
accordance with the result of laboratory freezing tests performed by
Eigenbrod et al. [12]. The pore pressure increase is a result of the
thawing of permafrost and thermal expansion of pore water. The early
stage of pore pressure builds up from day O to day 4 is defined as
stagelin Fig. 4a, in which the pore water of melt surrounding perma-
frost accumulated near the pipeline. The thawing takes place only in a
limited region in a short time, together with the thermal expansion of
pore water and the impermeable freezing front, the pore pressure ex-
periences a steep increase to 7.84 MPa. Subsequently, with the

Table 2
Permeability of the soil.

Soil Dynamics and Earthquake Engineering 106 (2018) 31-40

gradually expanding of thawing proportion, the previously accumu-
lated pore water diffuses to further pore medium. As a result, after 4
days the pore pressure drops gradually and reaches the stability during
three months, when the ground surface temperature rises to 5°C in
summer. Then, the pore pressure penetrates the fast melting ice front
near ground surface, and drops to the initial pore pressure in this pore
pressure-release process. This pore pressure steady-to-release period
from 4 days to 3 months is defined as stagell. In stage III, with the
ground surface temperature dropping below the freezing point, for-
mation near surface is sealed again by the ice front and growing ice
lenses expand into the thawed soil portions (Fig. 2c), and the pore
pressure achieves stability.

To thoroughly study geomechanical changes on pipeline induced by
pipeline-soil thermal interaction, numerical results are obtained for
fault crossing regime on both thermal conducting and thermal in-
sulating pipeline. The thermal conductivity coefficient in thermal in-
sulating pipeline is set to zero while 52.0 J/s 'm~°C in thermal con-
ducting pipeline. Fig. 5a and b illustrate the comparison of distribution
of Mises stress and vertical displacement along the pipeline on its outer
surface at fault displacement between two scenarios. In thermal con-
ducting scenario, the increasing fault movement results in a Mises stress
two orders higher than the thermal insulating scenario, fault slippage
spots undergo dramatic stress change at the intersection with the fault
wall. A substantial evolution of this localized displacement pattern is
observed, associated with the deformation of the adjacent domains on
the pipeline near the intersection. In thermal insulating scenario, the
fault stabilization is not affected, consequently, compared with the
thermal conducting scenario, the stress change and displacement
change on the pipeline take place in a very limited scale.

Fig. 6a and b plot the longitudinal strain and axial strain respec-
tively. The numerical results indicate that the maximum strain on the
pipeline occurs at the intersection with the fault wall, and the long-
itudinal strain distributions are in good concordance with the trend of

Temperature (°C) -5 -5 -0.5 -0.5 0 0
Permeability (m?) 1.0 x 10714 2.0 x 107 1.0 x 1071 2.0 x 1071 1.0 x 108 2.0 x 1078
Table 3
Thermal expansion coefficient of water.
Temperature (°C) -5 0 1 4 10
Thermal expansion coefficient (1/°C) 51 x 10°° 51 x 107 -16.67 x 107° 0 29.33 x 107°

+6.088e+05 +8.077e+05

(a) +5.552¢+05  (b) +7.401e+05
+5.015e+05 +6.726e+05

+4.478e+05 +6.050e+05

Ig.%gigg +5.374e+05

t=1 day +2.868e+05 t= 1 month 1 rseres
+2.332e+05 - +3.347e+05

+1.795e+05 +2.672e+05

- +1.258e+05 +1.996e+05

+7.214e+04 +1.320e+05

+1.848e+04 +6.447e+04

-3.51%e+04 -3.100e+03

+1.864e+05 +1.522e+04
(c) +1.700e+05 (d) +1.396e+04
+1.537e+05 +1.269e+04
+1.374e+05 +1.142e+04
R i
+1.047e+ +8.881e+
t= 3 months +8.841e+04 t= 6 months +7.612e+03
+7.209e+04 +6.3442+03
+5.576e+04 - +5.075e+03
+3.944e+04 +3.806e+03
+2.311e+04 +2.537e+03
+6.787e+03 +1.269e+03
-9.53%e+03 -4,578e-04

Fig. 3. Pore pressure distribution on the fault wall at 1 day, 1 month, 3 months and 6 months.
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Fig. 4. Pore pressure evolution at the checkpoint on the fault wall near the pipeline.
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the Mises stress (Fig. 5a). Similar to Mises stress, the longitudinal strain
in thermal conducting scenario is two orders greater than the thermal
insulating scenario, while the axial strain is in the same order in both
scenarios. In thermal conducting scenario, the longitudinal strain is
almost two orders bigger than the axial strain, therefore, it is safe to
conclude that the thermal transfer induce significant strain change
which is dominated by the longitudinal strain.

36

4.2. Effects of different pipeline fluid temperature

The displacement distribution on the fault wall is recorded in Fig. 7.
As shown, the initial displacement has achieved an equilibrium state in
the geostatic step, and increases gradually with time. The portion of soil
above the pipeline undergoes the maximum displacement. In order to
investigate the effects of the pipeline fluid temperature to the thermal
conducting pipeline performance, results are obtained for pipeline fluid
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Fig. 6. Distribution of longitudinal strain (a) and axial strain (b)
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temperature of 20 °C, 30 °C and 40 °C. Simulation results show that the
average fault slippage evolution share the similar pattern in all three
scenarios (Fig. 8). The fault slippages are initiated by the high pore
pressure change in stagelin Fig. 4a, and increases sharply with time
until maximum in stagell, then the equivalent stress drops below the
critical stress (tq < 7,,,,) shortly before the pore pressure breakthrough
ground surface, and no further slippage occurs in stage IIL.

The results summarized in Fig. 8 show a substantial increase of fault
slippage with increasing value of the pipeline fluid temperature, which
means that hotter pipelines are more prone to induce relatively larger
fault slippage. Furthermore, increase of pipeline fluid temperature
brings forward the time of fault slippage to achieve stabilization, from
38 days in 20 °C scenario to 24 days in 30 °C scenario and 18 days in
40 °C scenario. The results indicate that heat transfer from hotter pi-
pelines enable vast melt pore fluid to accumulate in shorter time, and
then rapidly melt the freezing front. This accelerated thawing process
brings forward the time of pore pressure to break through the ground
surface, and significantly enlarges the magnitude of fault slippage.

Sty Y =
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The numerical results for the mechanical behavior of pipelines are
summarized in Fig. 9, in terms of the corresponding longitudinal strain
with respect to different values of pipeline fluid temperature. The re-
sults indicate that hotter pipelines result in larger longitudinal strain of
the pipeline, which is in accordance with the magnitude of fault slip-
page.

4.3. Effects of different thawed soil permeability

The influence of thawed soil permeability on the mechanical be-
havior of pipeline was analyzed in this section. Three thawed soil
permeabilities were considered: 2.0e-7 m?, 2.0e-8 m?, 2.0e-9 m2 The
results plotted in Fig. 10 show an increase of fault slippage with in-
creasing value of the thawed soil permeability, which means that more
permeable thawed soil is more prone to induce relatively larger fault
slippage, even though increase of thawed soil permeability does not
significantly bring forward the time of fault slippage to achieve stabi-
lization.
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Fig. 7. Displacement distribution on the fault wall at 1 day (a), 1 month (b), 3 months (c) and 6 months (d).
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Fig. 8. Variation of fault slippage evolution for different values of pipeline fluid tem-

perature.
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Fig. 9. Variation of longitudinal strain along the pipeline for different values of pipeline
fluid temperature.
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Fig. 10.
ability.

Variation of fault slippage evolution for different values of thawed soil perme-

The numerical results for the corresponding mechanical change of
pipelines to different values of thawed soil permeability are summar-
ized in Fig. 11, the results indicate that higher thawed soil permeability
result in larger longitudinal strain of the pipeline, which is in ac-
cordance with the magnitude of fault slippage. Comparison of those
results with the results in Figs. 7 and 8 demonstrates that for the same
stress field and pipeline burying depth, both higher pipeline fluid
temperature and higher thawed soil permeability enlarge the long-
itudinal strain of the pipeline, while the effect of pipeline fluid tem-
perature variation is more significant and larger.
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Fig. 11. Variation of longitudinal strain along the pipeline for different values of thawed
soil permeability.
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Fig. 12. Variation of fault slippage evolution in three typical faulting regimes.

4.4. Effects of different faulting regimes

In the above sections, it is indicated that both pipeline fluid tem-
perature and the thawed soil permeability affects the fault slippage
evolution and mechanical behavior of pipelines. However, the models
used in the above study were in the strike-slip faulting stress regime,
and relatively little analytical work has been done for the pipeline fault
crossing problem in normal and reverse faulting regimes [45]. As the
pipeline-soil system is no longer symmetric when subjected to normal
or reverse faulting regimes, the transverse interaction force at the pi-
peline-soil interface for downward/upward movements could be much
greater than at the opposite direction. In this section we consider three
typical faulting regimes, which are normal faulting, strike-slip and re-
verse faulting, with the same model geometry to investigate the cor-
responding pipeline geomechanical behavior. The vertical stress is
given by the gravity of the overburden in all scenarios. In the strike-slip
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Fig. 13. Variation of longitudinal strain along the pipeline in three typical faulting re-
gimes.
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faulting stress regime, the maximum and minimum horizontal principal
(o and o) stresses have a gradient of 1.05 o, and 0.70 o,; in the
normal faulting stress regime, o;; and oy, are the same and equal to 0.6
o,; in the reverse faulting stress regime, o,; and oy, are the same and
equal to 1.65 o, after Victor Vilarrasa [46].

Simulation results in Fig. 12 show that the average fault slippage
evolution share the similar pattern in all three typical faulting regimes.
In strike-slip faulting regime, both the maximum and the minimum
principal effective stresses are horizontal and the Mohr circle is shifted
towards the yield envelope, the fault slippage reaches 1.90 mm, and the
pipeline experiences maximum corresponding longitudinal strain
(Fig. 13). In reverse faulting regime, as a response to overpressure, the
horizontal principal effective stress increases while vertical principal
effective stress remains constant, consequently, Mohr circle increases in
size. In contrast, in normal faulting regime, instead of being simply
shifted towards the failure envelop or increases in size in other sce-
narios, the Mohr circle shrinks due to an increase in the horizontal total
stresses, and the fault slippage decreases to 1.16 mm, and pipeline ex-
periences minimum longitudinal strain. Furthermore, different faulting
regimes show no influence to the thawing process, thus, the time of
fault slippage to achieve stabilization is consistent at 38 days in all
three scenarios.

5. Conclusions

Considering pipeline fluid temperature and thawed soil perme-
ability variation, 3D THM coupling numerical models of a buried steel
pipeline crossing typical faulting regimes are presented and discussed.
Based on the foregoing analyses, the following conclusions can be
drawn.

1. Thawing of the permafrost leads to diffusion of the pore fluid sur-
rounding the warm pipeline, and the accumulated pore water near
the impermeable freezing front could cause a drastic pore pressure
change.

2. In early stage, the pore pressure experiences a steep increase, and
then drops to a steady level with the previously accumulated pore
water diffuses to further pore medium. In summer, pore pressure
penetrates the fast melting ice front near ground surface and pore
pressure decreases to the initial pore pressure. After autumn, the
growing ice lenses exert pressure onto the free pore water, the pore
pressure see an upward trend and then achieve stable.

3. The fault slippages are initiated by the high pore pressure change in
early stage, and increase sharply with time until maximum, but no
further slippage occurs after the pore pressure breakthrough ground
surface.

4. Compared with the thermal conducting scenario, in thermal in-
sulating scenario the stress and displacement change on the pipeline
take place in a relatively limited scale. The thermal transfer induced
pipeline strain is dominated by the longitudinal strain.

5. The results of parametric analysis show a substantial increase of
fault slippage and the corresponding longitudinal strain along the
pipeline with increasing value of the pipeline fluid temperature and
thawed soil permeability, while the effect of pipeline fluid tem-
perature variation is more significant and larger.

6. Average fault slippage evolution presents similar pattern in all three
typical faulting regimes and a relatively larger fault slippage takes
place in strike-slip faulting regime.
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