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Abstract: Polyethylene (PE) pipes are widely used in gasstrassion projects due to
their excellent performances. Earthquake is desweiand difficult to predicted,
which is one of the major disasters caused PE faihge. The study was conducted
on the mechanical behaviors and failure mechananimiried PE pipes under fault
movement, and the effects of gas pressure, fasibadition, soil and pipe size on the
mechanical behavior of PE pipes were discussed. Sthdy indicates that gas
pressure has a less effect on the mechanical lehalviPE pipe. Under faults, the
flathess curve of PE pipe is distributed symmeligoaith respect to the fault plane.
Deformation rules of PE pipe in different straturage similar, while the pipe
deformation is the largest in clay and it is snsli@ sand. The greater the standard
pipe size, the greater the diameter flatness @iefii is. The larger the diameter, the
smaller the pipe diameter flattening parametePEs.pipes with a larger the standard
dimension ratio of a fitting9DR) and a smaller diameter are prone to failure uitfa
zone. The results can provide the basis for gas pigsign, laying, testing, and
evaluation.
Key words: Polyethylene pipe; Strike-slip fault; numerical siation; mechanical

behavior; Failure analysis



1 Introduction

In recent years, the demand for energy has inadgHséJrban gas pipes, hailed
as the city's lifeline, have a crucial role to play sustaining urban functions.
Common gas pipes are made from the steel pipe, icast PE pipe and other
components. Steel pipe and cast iron pipe are ghigdeplaced by PE pipe in the gas
pipe projects due to its flexibility, corrosion igance, weldability and other
characteristics[2-4]. "Steel-to-plastics substdnti has become mainstream in the
pipe field [5]. In the rapid development of PE gaipe, the concern of its safe
operation is also increasing rapidly. So far, thie ®peration of gas with PE pipe will
be directly affected by the external damage, repestakes, pipe corrosion, material
failure, geological disasters and other reason#l&jong them, stratum permanent
deformation caused by unpredictable and sudderogeal disasters serves as one of
the main causes of the buried pipe failure. Piper&amay cause serious accidents,
such as explosion and fire [7]. Therefore, it ixessary to study the mechanics
behavior and failure mechanism of buried PE pipdeunearthquake fault.

For current researches, the study on the mechasystgm of buried steel pipes
with complex situation goes well, but PE pipes ndh evaluation methodology
mixed with fault tree analysis (FTA), analytic laechy process (AHP) and the grey
theory is applied to the risk assessment of urliag&s pipes by Guo et al.[8]. Based
on the Kent scoring method, Jin et al.[5] have ldstlaed the risk factor evaluation
system of PE gas pipe with a more optimizing senantitative method. A system for

medium pressure PE pipes was established by Liafjg The system with
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hierarchical-expert consultation comprehensive wat&n method determined the
weight of each risk evaluation criteria, managee tisk value and some targeted
measures could be taken to improve the safety elmbility of the pipe. Zhou [6]
have analyzed the deformation damage of PE pipthévgoil settlement and collapse
situations through experimental simulations. Thdowheation characteristics and
failure laws of PE pipes with different diameteglithickness and depth are analyzed.
Aimed at the failure influence factor of the burie& gas pipes under traffic load, a
mechanical analysis method was set up on the aangineering by Li [3].
Meanwhile, a simple experiment was designed totltesiechanical properties of PE
pipes and provided a reference for the safety etialo and mechanical properties test
combined with mechanics. Guo [9] established thizefielement model of buried PE
pipe with traffic loads, analyzed pipe failure apwbposed some countermeasures
policies for self-safety, safety-distance and safeanagement. Based on Suleiman
hyperbolic model, Ma et al. [10,11] confirmed tlaldre criteria through the yield
failure criteria of PE pipes from the tensile expwmts. Moghaddas and Khalaj [12]
studied the mechanical performance of buried PEegiwith traffic loads by
simulation. By analyzing the radial deformatiomndaseparately discussions and the
influence of different soil and buried depth on tteformation and settlement were
carried out .

Mechanical behaviors and failure mechanisms of ssfaglt buried PE pipes
under the earthquake fault were investigated is ftaper. Pipe-soil system was

analyzed nonlinearly to determine the failure cidteof the PE pipe. The typical



parameters were selected to study the effect tdrdrit fault dislocations and soils on
the strength of non-pressure and pressure PE mppsctively. At the same time, the
deformation rules of PE pipes with different sizdter being squeezed by the fault
were analyzed. The failure mechanism of buried B&Epmipe under cross-fault motion
was studied, which had a certain value for the ldgweent of risk assessment system

of post-geological gas pipe.
2 Mechanical response of buried PE pipes

2.1 Nonlinear finite e ement

(1) PE pipe
As a polymer, polyethylene has the property of agsasticity. Its mechanical
properties are affected by four factors, such asefodeformation, temperature and
time[3]. The strain rate sensitivity is more obwsbuthan that of metal material. The
use of polymeric composites has grown at a phenahnate, and these materials now
have impressive and diverse range of applicati@js[1

Suleiman [14] and others proposed hyperbolic ctriste mode as follows

g=—2* (1)

a+be

Among them, the parameters a dndre related to the tensile-strain rate.and

£ are real stress and strain. Then, the initial redaf the PE pipe can be obtained:

E=1 @)
a
The Eq.(1) is linearly converted:
£- a+be 3)
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According to the stress-strain data of the uniateakion in the test[11], when
Eq.(3) is calculated, the values of paramet@rand b can be fitted. The fitted
constitutive relationship is in good agreement wite experimental data, and it is
able to accurately simplify and simulate the mateproperties of polyethylene
material (PE80)[15]. For nonlinear materials, magneranoparticle has some
advantages, such as high stability, strong magmnesigonsiveness, cost effectiveness
and excellent binding of a larger value of lysozyarsl easier separation from the
reaction system[16]. Nanomaterials have attracxéehsive attention because of their
novel properties in different fields in comparisasith their bulk counterparts[17].
And enzymes are natural biocatalysts of nanometde[ 8]. About thermal stability
of nanocomposites, which was characterized by Xdi#fyaction, scanning electron
microscopy and so on[19]. Development of nanocatalfor hydrogen sorption with
high performance and stout stability remained asaifrthe most important challenges

for energy conversion/storage[20].

The material of PE pipes is viscoelastic and igptroThe constitutive model of
PE pipe with the strain rate is 2%gas analyzed, the performance parameters as
shown in Table 1 and Fig.1.

(2) Soil model

The commonly used soil models are the Mohr-CouloWbC) and the
Drucker-Prager (D-P). In this paper, the plasticdeioof Mohr-Coulomb (M-C) is
used, which is suitable for materials with grainargcteristics under monotonic
loading. The general criterion equation, as follows

r,=1f(c40,) 4

Where, C is the cohesive force of soilp is the internal friction angle of the soil.

o is the positive stress on the yield surface.

M-C model is suitable for sensitive soils, whichasgood reflection of the



behavior of rocks and soils under tensile and cesgwve loads, widely used.
Moreover, the M-C model ignores the influence & thtermediate principal stress
and the hydrostatic pressure, and the results lesédcliby are more conservative this
model[21]. The length and width of the model angéaenough to simulate infinite
soil. The property is shown as Table 2.
(3) Pipe-soil system

The interaction is finite-slip contact between piged soil. Coulomb friction
model is used to define the tangential motion, thedfriction coefficient to represent
the friction characteristics between the contacfases[22]. According to different
friction behaviors between PE pipe and severaksaihd friction coefficient in the
range of 0.45~0.7[23]. Moore Coulomb's calculafimmula is:

Toip = HXP )

Where, 7, Iis the critical shear stresg/ is the friction coefficient, andp is the
normal contact pressure. Before the tangent forceeases to the critical shear stress,

there will be no relative sliding between the ioatsurfaces.

2.2 PE pipe performancecriteria

There are two failure modes of the PE pipe undeeripressure: ductile failure
and brittle failure. The ductile failure is the epeexpansion of the PE pipe under the
high inner pressure. That is to say, the weakeisit @b the pipe suddenly bumps up
and destroy quickly at a certain time. The brifdgure is the damage caused by the
small crack growth under the smaller inner pressureddition, there may be third

types of damage to the PE pipe aging resultingittidbfailure, which usually occurs
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after 50 years. The sketch map of the PE pipertaituwode is shown in Fig.2.

The hydrostatic strength of both failure modes teareasing function of time.
Compared with ductile failure, hydrostatic strengthbrittle failure decreased more
steeply. With the increasing of the PE pipe’s sarviime, the failure mode will
change from ductile failure to brittle failure umdeonstant pressure, namely the
toughness-brittleness transition[24], as shownign2- At present, the research on the

failure mode of pipe mainly relies on the experitntencomplete [3].

(1) Strength failurecriterion

Due to the unique viscoelasticity of PE pipe and thilure mode is plastic
failure under a large load and short time, it ieasible to use the fourth strength
theory as the failure criterion of PE pipe[25].

Referring to Buried Polyethylene (PE) Pipeline System for Gas' [14], the
minimum required strength of PE pipes is chosethasstrength failure criterion of
the pipe. The common types of gas pipes are PE8OR&LOO. The minimum

required strength of PE80 is 8.0MPa, and that df(®&s 10.0MPa.

(2) Strain failurecriterion

Under the external load, the strain establish dlcallrelative deformation of the
PE pipe. For the PE pipe, it suggested that tlaénstontrol within 5%[26]. Therefore,

the strain limit is 5%.

(3) Defor mation failure criterion

The material deformation is divided into elasticfadmation and plastic



deformation. Elastic deformation is able to resttine original shape after the
withdrawal of external force. Plastic deformatian unable to restore the original
shape after the withdrawal of external force, theap® of elongation or

shortening[27].

For pipes with many materials, the maximum desifpwable deformation is
5%. However, about the flexible PE pipe with a higkistance to deformation ability,
the deformation of 5% is relatively conservativieg d@s short-term deformation limit
is able to reach 30%[28]. However, it is generatiypsidered that the pipe will not be
damaged when the deformation of PE pipe reaches[2ZB}%When the safety
coefficient of PE pipe is 1.5, the deformation limi PE pipe is 20%.

For safe operation of the pipe, significant crosstien distorition should be
avoided. The strike-slip fault movement causes lldmnding and flattening or
ovalization of the pipe cross-section, and that d¢sn expressed through the
non-dimension “flattening parametdi[24], defined as follows :

AD
f= F (6)
AD=Dy-D or AD=Dy-D, where AD is the maximum change of diameter. A

cross-sectional flattening (serviceability) limtate is assumed when the valuef of

becomes equal to 20%

3 Numerical modeling

Finite element analysis (FEA) is a mathematical rapmation method to
simulate real physical systems, including geomaitny load by simplifying complex
problems[26]. Therefore, the structural response bafied PE80 pipes under

strike-slip fault movement is examined numericallging more advanced finite



element analysis tools. 3D model of the buried Regpcrossing strike slip faults is
established considering the pipe-soil coupling. fher limit of wall thickness of the
shell model, solid models are used for the pipe soid So the simulation model is

closer to the engineering practice.

As shown in Fig. 3, the boundary conditions and@&cimare illustrated reasonably.
About interactiona. andb. are soil-pipe: moving contact method (surface anthse
contact); c. is fault-pipe: self-contact of surface; faultisoiangential behavior
(penalty function), friction coefficient is 0.5. Aht load: restrict movement of Y and
Z direction on both sides of soil bottom. The rigind left sides move uniformly on
the X direction, and the amplitude function is shoim the figure. In kinematic
modeling of fault dislocation, the dislocation daimposed by displacement vectors
on the two sides of the fault plane. Because ointhrdinear static analysis, the fault

free dislocation function can be a uniformly vagyiiault, as shown in Fig.4.

As shown in Fig.5, dividing the pipe and soil selidto hexahedron eight-node
(C3D8R) unit, respectively. The mesh of pipe andl zart are refined in the area of
dislocation. PE80 has a better disturbability, &insl easy to roll, flattening resistance,
and widely used in small and medium caliber. PE$Q@sed in large diameter pipes.
According to the requirements: the minimum covetiihigkness of the underground
gas pipe laid under the driveway is not less th@mQand the place where the vehicle
can't arrive is not less than 0.5m. This paper ctldPES0 medium density
polyethylene gas pipe (MDPE), the analytical pipgmsent is 20m, the buried depth
is 0.5m, the Standard dimension ratio of a fitt{f8®R) is 11, outer diameteD| is
110mm, and thickness) (is 10mm. The gravity g is 9.8m/sThe effects of internal

pressure on pressurized and non-pressurized pipesmaulated, respectively. PE gas



pipe’s SDR=11 with the maximum operating inner pressitg.f to 0.8MPa, and the

pipe’sSDR=17.6 with thePyaxto 0.4MPa.

The rationality of the model is verified as shownHFig. 6. It can be clearly seen
from the simulation results that the length of ghge affected by faults is much less
than 20m, so the length of the model set in thigepas sufficient. In order to study
the sufficiency of cross-sectional dimension, tbatact model of slip fault pipe-soil
is set up. The specific size difference between éliddand Model 2 is shown in the
figure. In order to ensure the comparability of thsults, keep the buried depth of PE
pipe unchanged and increase the thickness of sdgrnthe pipe, the model size was
changed to 4x2x20m, and the pipe displacement wak/zed after the same slip
fault. By comparing the results of two groups ofdals with different sizes, it can be
seen that there is little difference between the gvoups of curves. The finite
analysis results of the two sets of models for &g actual faults are almost the
same. Therefore, the size of the model establighdtis paper is suitable and the
acceptable results are obtained.

In order to study the rationality of the slip faatigle, we have done some related
research as shown in Fig.7. Comparative analys ewaluation of different
inclination angles was added. 90 degré&® degree and 45 degree dip fault zones are
named Model 3, Model 4 and Model 5, respectivehe $ame dislocation was used to
analyze the difference of mechanical response reetlyroups of dip fault motion to
PE pipe in soil. The displacement curve of PE pipethe direction of fault is
extracted when the dislocation iD.2From the displacement curves, we can see that
the displacement trends of the three angles argasirso the change of the angle has
little effect on the qualitative research, and baikdes of the fault plane are
symmetrical. But it can be clearly seen that thredhgroups of strike-slip fault dip
angle will affect the soil PE pipe displacementiat@on of the extreme value is
different. When the inclination angle is 90 degrée, displacement variation of the
pipe is larger than that of the other two groups] the deformation is more serious,

so the pipe is more dangerous. In order to analyzedlamage degree of the fault to
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the pipe to a greater extent, we choose 90 degofieation angle which will lead to
the maximum deformation displacement of the pipel the inclination angle has no
influence on the change trend research.

In order to avoid the influence of the number afigron the analysis results, we
made a comparative analysis, as shown in the Figh8ee sets of finite element
models with different mesh number were set up foalysis, and curves of
displacement fields under a certain dislocationens#rown in the figure. The number
of grids in Mesh 1, Mesh 2 and Mesh 3 increasesenuence. In this paper, three
groups of models with different mesh densities siraulated and analyzed, and
displacement field curves caused by dislocatiothefsame slip fault are extracted. It
is clearly found that the Mesh 1 model with the Bbash mesh number has slight
extremum difference with the other two models, @né influence range of fault
behavior is smaller and the change is faster. Hewdhe difference between Mesh 2
and Mesh 3 is very small, and the curves coincatadally, so the effect of increasing
the mesh number on the results is very small. @enisig the larger number of grids,
the analysis takes longer. Therefore, it is necggsaselect the appropriate number of
grids to ensure the accuracy of the results, sohwese Mesh 2 as the grid generation

standard.

The comparison of clay, silty clay, loess and sanur kinds of soil materials.
The soil block has dimensions 2mx1mx20m, in whiclaknost rigidD = 0.11m pipe

is buried.

4 Results and discussions

4.1 M echanical behavior of non-pressure pipe

4.1.1 Effect of fault displacement

Fig.9 shows deformation of the pipe-soil system aunthe strike-slip fault.

Before the fault, the surrounding cohesive soits @mpletely contacted to the the
11



pipe surface. The PE pipe bears the pressure o$dlieand the gravity. With the
movement of soil, buried pipe is bent out of shapéhe soil, but the deformation
section still maintains a smooth curve. PE pipe soitlseparation occurs locally. One
side of pipe segment is separated from the sail tla@ fault causes the buried PE pipe
to withstand the friction of the surrounding sélbwever, the other side of the pipe is
closer to the other side of the soil. Because tikis soft and easy to deform, the
deformation of the pipe also affects the defornmatibthe surrounding soil.

Fig.10 shows the pipe-soil system in the procedauf in the X-axis direction.

It shows von Mises stresses of the separated pig@ment and soil in the fault zone.
The stress varies greatly on the contact surfadeeopipe and soil on both sides of
the fault. In particular, it is increasing rapidhe compression and tensile side during
deformation part. Small gap occurs at the soil epipterface under fault. In the
process of fault movement, the soil pressure omptpe is different, which leads to
the friction of the whole pipe segment is not hoemgty. Therefore, it is very
important to take the appropriate friction coetiai of pipe and soil.

Separated the affected pipe segment from the pipeysstem, the non-pressure
pipe is mainly subjected to axial tensile stressl the stress on the principal stress
surface is maximum. Therefore, the principal steesa reference to analyze the force
of the pipe. Fig.11 shows principal stress und#éemdint fault displacements, and the
high-low stress distribution are obvious and regul@he high stress area is
concentrated around the contact surface of thegppenear the fault layer for the PE
pipe is subject to bending moment under the fawivement. In the bend part of the

12



pipe, the stress concentration occurs at the lmeatith a the minimum curvature.
With the gradual increasing of the fault displacatnéhe high stress zone of PE pipe
is slightly extended from the center of the faultdaexpands evenly, showing the
symmetry of the two sides. Because the physicgbgites of polyethylene material
different from metal material, PE pipe shows a stinamrve in the area of bending
deformation without local energy accumulation ie firocess of increasing the fault
momentum from O to @. Therefore, there was no local crushing to resulthe
damage of PE pipe.

Fig.12 shows axial stress curves of PE pipe inecbfit displacements. The
amount of dislocation has a great influence onatkial stress around the fault area.
PE pipe’s axial stress curve is center symmetrgl, @esents the shape of "S". With
the increasing of fault dislocation, the defornpgok is larger, the greater the range
of "S". Obviously, the axial stress is 0 in the faway from the fault plane 1.5m
outside. In other words, apart from a distance franfault, the pipe is almost
unaffected by the fault.

Fig.13 shows the curves of the maximum axial staessthe maximum principal
stress with the fault dislocations. The two curaes the same trend. The maximum
principal stress is higher than the maximum axiedss, but the difference between
the two sets of data is very small. Notably, PEepgp mainly affected by the axial
stress in the fault. It is feasible to use the n&tiess to analyze the mechanical
behavior of PE pipe. In the first stage @), the maximum axial stress
experienced step change. The second stafe-4D), the maximum axial stress

13



decreases slightly, while the maximum principaéssr fluctuates in a small range.
When the dislocation reaches a certain value, whah a little effect on the pipe
stress. However, it has obvious influence on thesstin the local bending region.

As shown in Fig.14, the curvature radius of PE pipgisplacement curve
increases gradually and symmetrically at the benth whe increase of fault
displacement. When the dislocation increases, thugllen pipe segment in the two
bends is gradually elongated and thinner, but the i still smooth, and there is no
shape mutation and energy concentration. Extradtiegstrain of the path, Fig.15
shows axial strain curves of non-pressure PE pieudifferent displacements. The
axial strain curve is basically centrally symmetbat the right shift of the symmetric
center near the compression side. It is obviousttieacompression region is larger
than the tensile region, and the maximum valuehefdompressive strain is greater
than the maximum of the tensile strain. The shanilar to "S" with a sharp angle,
and the strain remains O after a distance fronfdbk, and the fault only affects the
pipe segment. In Fig.16, the maximum axial strgggaimately increases linearly
and uniformly with the dislocation increases. Tlffeat of fault displacement on the
tensile (compression) is obvious in the local areBE pipe.

Fig.17 shows the pipe displacements in the vertizaktion near the fault plane.
Because the pipe is extruded from the soil in Xedtion of the dislocation behavior,
the PE pipe has a certain deformation. The displao¢ trend of the pipe in the Y
direction has been shown previously. As the diglonaincreases, the displacement
range of the pipe in the Y direction also increasesl the increase is symmetrical
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about fault. The maximum displacement in Y directappears in the middle section
of the pipe. In order to establish the effect oflattations on the cross section
deformation of the pipe. the deformation degreeipé with the flattening parameter
(f) is characterized.

In the calculation of, two special directions (X) and vertical (Y) aekeén into
account. Fig.18 and Fig.19 show flattening paramaieves of PE pipe through fault
zone along the axis direction in cohesive soilse Thange of diametetD,) related
to f; is measured with respect to the vertical pipe éi@m D)), relations to
AD1=Dy-D andf;=AD1/D. And the change of diametexd,) related td, is measured
with respect to the horizontal pipe diamet®y), relations toAD,=Dy-D and
f,=AD,/D. PE pipe section distorted is uniformity and regiy. In contrast flattening
parameter curves of PE pipe under different faigpldcements, they are symmetric
distribution, and the value of increases gradually with the increase of fault
dislocations. The flat degree in the horizontaédiion is obviously greater than that
in the vertical direction. The influence of fauiskbcation is more obvious on the pipe
horizontal diameter. In Fig.181 descending about 1m near the fault plane is fast.
Owing to dislocation extrusion of soil, PE piperdeter decreases rapidly in the fault
direction. Thus, the design criteria ensures tha performance limit of the
deformation structure of buried PE pipe is 20% stdering the toughness of PE pipe,
short-term deformation limit can reach 30%, an@aéig 1.5 as the safety coefficient.
At no inner pressure, the degreefbfis as high as 17% when the fault reaches 4
There is no destruction at fault region of PE pibet timely checking to prevent
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accidents is necessary. Fig.19 shd2vicreases rapidly from the distance to the fault
plane about 1m. PE pipe diameter increases rapmdtiie vertical direction of the
fault. In the process dR reaching the maximum value, there is a small augd
fluctuation in the high stress zone. Compressioesstand bending stress appear in
the pipe wall. Moreover, the bending stress isrtion of the difference between the
horizontal and vertical soil pressures. The gretiterpipe flexibility, the greater the
possible deformation is. With the increase of pileéormation, the reaction force in
the vertical direction gradually shifted from thetige to the passive. At a certain
stage, the soil pressure will reach a vertical laozontal balance. At this point, the
pipe mainly bears the effect of cyclic compresssteess, and the excessive

compressive stress will cause the pipe to buckihg[

4.1.2 Effect of layer properties

Fig.20 shows principal stress distribution of noagsure PE pipe in the fault
area. The distributions of high and low principaéss regions on the pipes embedded
in four kinds of soils are obvious. On one sid¢hef fault direction, due to the contact
extrusion of PE pipe and soil, the zone of higmgpal stress is ovale. However, in
the opposite side of the soil movement, there Iswastress zone, because the pipe
and soil are not contact with the their gap. Defatiton of PE pipe in the sand soil is
smaller, and the maximum principal stress is smabet the region of the high
principal stress is larger under the same faulpldcement. Nevertheless, the
deformation and stress distribution of the PE pipebe other three kinds of soils are

similar.
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The principal stress curves along the PE pipe sagaral stress curve in the ring
direction at the maximum value are shown in Fig:Plie principal stress in the pipe
is slightly fluctuating at the area far away frone tfault plane. Overall, the maximum
stress of PE pipe embedded in sand solil is thesarfpllowed by silty clay, cohesive
soil, and loess. In the range of 0.5m near the fdahe, the stress increases rapidly to
about 25MPa. The principal stress of PE pipe isextdbd in loess is the largest, and
that in sand is the smallest. The maximum princgbadss in loess farther away from
the fault plane. Then, the stress restores to ab&MPa near the fault plane 0.75m.
The stress recovery area of PE pipe embedded §s liselonger than that in other
soils. So, the strike-slip fault has a greater icbma the PE pipe in the sand. However,
the fault movement causes the maximum stress gfipdin the loess is larger than
that in other soils. Finally, the principal stres&eep stable. The principal stress of PE
pipe in the sand is still the largest, and the mimn value is in the cohesive soils in
the stable region.

Taking the hoop principal stress curve at the pofnthe maximum stress, the
with curve regularity in the three kinds of surrdumg soils are similar except sand.
The stress is bigger than 20MPa in the range 086rf,lafter then stress decreases
rapidly in the range of 30 ~60°respectively. Fipalh the range within 120°, it is
stable in the low principal stress about 5MPa. Whele stress ring curve of the PE
pipes embedded in three soils changes obviously ithédoess. Nevertheless, that of
the PE pipes embedded in loess is approximatelairche maximum principal stress
appears at only one point, and the stress reduodsrmly in the range of

17



150°respectively. Because the soil properties dfferent, especially the cohesion
force. Cohesive force of the loess is zero, andsthaller value is used to the finite
element calculation. In the case of fault, theadlbw cohesive of loess is easily
deformed. In the fault area, uniform deformatiorsoil makes homogeneous change
of hoop stress on the PE pipe. Because the cohfesie of cohesive and sandy soils
is slightly higher than the loess, which has aaserinhibition on pipe deformation in
the fault area. The energy accumulate on the cbaetatace which result in the high
stress area. Once the contact surface of the pjmrates, PE pipe energy release, the
principal stress decreased rapidly along the cifetential. So that the low stress
stable region appears opposite to the high stress.

As shown in Fig.22, these paths of the specialtiposon the motion direction of
the layer (X-axis) and the circumferential pathtleé strain maximum is highlight.
The axial strain distribution of these paths argials. The tension side presents a
high strain zone, and the compression side islowastrain zone. The two sides are
symmetrical. Fig.23 shows the axial strain curvaestite paths. These axial strain
curves are approximately sine curve, and centraiymetric on fault plane. The
change of axial strain area of PE pipe is largiénloess, at about 1.5m on both sides
of the fault plane. Compared with other three kirafs surrounding soils, the
maximum axial strain is farther away from the fguline in the loess, and the axial
strain of the PE is smallest. In addition, Fig.28ahows the axial strain of ring of
the PE pipes at marking. The circumferential stairnve of PE pipe in the loess is
slowly and evenly, and the maximum difference iswt0.04. Moreover, the curve
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changes of pipe in other three kinds of soils arcentrated on 90°on both sides, and
the maximum difference is about 0.08. It is almusd times as high as the maximum
difference.

Fig.24 and Fig.25 show the flattening parametevesiof PE pipe embedded in
the different soils in the special directions im#uhorizontal (X) and vertical (Y)
respectively. Deformation regularity of these csnie similar but with obvious
differences. Considering the deformable degreeipdspin various surrounding soils
after the fault, the deformation rate of crossisecffl andf2) is around -1.5% in 3m
on both sides of the fault palne. Small neckinguogdn the pipe because of a certain
tension in this area. The flattening parameter eusvsymmetrical on the left of the
fault plane, and the changes greatly in 1m on bités of the fault plane. The change
of flattening parameter in the cohesive soils s ldrgest, followed by sandy soils,
silty clay and loess. In the middle area, fiecurve is inverted triangle. In this
direction, the diameter of PE pipe decreases moigaty from both sides to the
fault plane. The2 curve assumes “W” with the highest peak in thddia. In this
direction, the PE pipe diameter increase first #meh decrease, next increase to
maximum from both sides to the fault plane.

When the fault dislocation isD} the flattening parametét in the loess is only
6% in the horizontal direction. In addition to tisand,fl in other soils up to
14%~18%. However, the deformation rate is not ededehe performance limit of
20% deformable structure about the buried PE pgfeed in the previous article,
and it is safe. Compared with, the flattening coefficient of the pipe is muchadier
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in vertical direction. Thd2 maximum is only 3.5% in four kinds of soils, artet
diameter of PE pipes only changes slightly in Yediion. The greater the cohesive
force of the soil around the PE pipe, the gredtersection deformation of the pipe in
the strike-slip fault area. Therefore, it is neaegto check on the PE pipe and safety

assessment after destruction of fault in large siveesoil.
4.2 Mechanical analysisof pressurized PE8O pipe

4.2.1 Effect of fault didocation

In the actual conditions, when normal gas trangpiort, the influence of the
inner pressure on the PE buried pipe cannot beeégi@dccording to the requirements
of the maximum working pressure of PES8O, it is gaater than 0.8MPa. Taking a
PE80 pipe with diameterD) of 110mm and the inner pressure of 0.8MPa as an
example.

As shown in Fig.26, the displacement curves ofqurezed PE pipe appear small
fluctuation on one side of the fault plane, whielm ¢irstly increase and then decrease.
The pipe subjects to different certain degree n$ite deformation and displacement
in the area where the pipes and the soil have letdad=-ig.27 shows the axial strain
curves of the pipe under the different dislocatiorise axial strain changes regularly
with the increase of the dislocations. The axiedigtrate of PE pipe increases, and
the extreme value of axial strain increases in e segment. Fig.28 shows the
maximum axial strain curve, which is approximatahgar.

Fig.29 shows the axial stress curve of pressuri2edoipe under different fault

displacements. The fault displacement has a obvidiigence on the axial stress in
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middle area. With the increasing of fault dislooatiaxial stress increases in the far
from the fault plane. The axial stress on the fplahe is zero. The greater dislocation,
the larger the area affected by the fault is, dr@dpipe is hardly affected by the fault
after a certain distance. As the Fig.30 showshéngrocess db to 2D, the maximum
axial stress of the pressurized PE pipe is rapidiseasing, and little difference of the
maximum axial stress under the two pressures. Biledsplacement had a great
effect on maximum axial stress in this part of alistion. However, the maximum
axial stress remains constant after the displacemareds 2.

Due to the dislocation of the soil, the pressuripgzke subjects to both internal
and external pressures, which will cause pipe dedition. Considering the extrusion
between internal pressure and soil, the influentefaalt displacement on the
deformation degree of PE pipe by analyzing the ghanf cross-section of PE pipe in
XY plane.

Fig.31 and Fig.32 show the cross-section deformatie of the pressurized PE
pipe passing through the clay fault under differdisiaplcements. Considering the
deformation rate of the above five casdschanges rapidly at 0.5m from the fault
plane, until it reaches the extreme value at thdt falane, and then changes
symmetrically to form “V”. In other words, the clasto the fault plane, the X-axis
diameter decreases rapidly, and that is minimizedeafault plane.

However, thef2 increase from the same position, but there aferdiit degrees
of attenuation at 0.4m from the fault plane. Mommwvhe attenuation percentage
increases gradually and the regularity is moreiogmt with the increase of fault
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dislocation. The curve dR is approximately symmetrical on the small peakdoth
sides of the fault plane. That is to say, the Ysadiameter increases rapidly and
weakly attenuates at the closer to the fault pldine. maximum flattening parameter
is up to 22% in the process of the fault displacgnmecreasing. The deformation rate
exceeds the deformation limit of 20% about thednlPE pipe in the previous chapter
with selecting safety factor of 1.5, and it is angrous. In the process of strike-slip
fault, thef in the X-axis direction is larger than that in thaxis direction, and the PE
pipe is dangerous earlier in the fault directiomenefore, it is very important for
safety inspection and time maintenance of the gassprized PE pipe in the easy

fault zone.

4.2.2 Effect of layer properties

The axial stress distribution of PE pipe segmentyoay fluid pressure load as
shown in Fig.33. Under four kinds of soils, PE gipgth 0.8MPa exhibite the same
rule.

Due to extrusion of PE pipe-soil system, the ppatistress of PE pipe on the
contact surface with soil gradually increases, ahiilemains lower on the side of gap
with soil. Under the same conditions, PE pipe shawsmaller deformation and
high-stress zone in loess. It indicates that timel @il has a small extrusion effect on
the pipe, and the sand movement adapts to thedefmemation. Compared with the
non-pressure PE pipe, the inner pressure hadeaditect on the stress-strain of the
pipe in the fault zone.

Fig.34 shows von Mises stress of PE pipe segmelatesss layer, including the
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stress distribution in two axial paths and a cirfenential path of the maximum stress
point. There is a circular low stress area at thater of the fault palne. The

symmetrical distribution of oval stress ring ontbagides of the fault plane appears,
where stress decreases gradually from inside teidmt Due to the contact and
extrusion of the pipe-soil system in the loesstfatlle high-stress zone appears in
both of tension and compression sides, and theygramrcumulation occurs. On the
PE pipe side, a strip of low-stress band appearause of the energy release.

As shown in Fig.35, the stress of the path on #msile side of the PE pipe
experiences a large fluctuation. Within 1.5m frdm fault plane, the principal stress
rapidly increases to 25~28MPa and then rapidly ebsags to 0. After slight
fluctuation, the principal stress is stable neaPa8MThe maximum stress of the PE
pipe in loess appears the location that far awagnfthe fault plane, and the main
stress has a wider range, but the maximum is tlwedb In the circumferential stress
curve of PE pipe, that in loess is different frdme bther. Without region of sustaining
high stress, uniform and slow down in 120° on kstles, within about 120° stable in
the low main stress. In the other three kinds dgsthe PE pipe can maintain about
150 ° high stress zone, and in the range of 305ath sides of the rapid decline.

As shows in Fig.36, the axial strain regularityseath paths at the pressurized
PE pipe are same with that at the non-pressurei¥z phey are approximately sine
curves and symmetry on the fault plane. In thedpdése influenced area of axial
strain is larger, and the maximum value of axiahist farther away from the fault
plane. The circumferential strain curve of PE pipdoess appears circular, that in
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other kinds of soils shows shape of peach.

As shown in Fig.37 and Fig.38]1 andf2 curves regularity of PE pipe with
0.8MPa in different soils are the same with thahomh-pressure PE pipe. Therefore,
the inner pressure of 0.8MPa have a little impacth® cross-section deformation of
PE pipe under the strike-slip fault. As in the atind without pressure, the maximum
of f1 in the fault (X-axis) direction is about 6 timémat off2 in the vertical (Y-axis)
direction. That is to say, the deformation of tlieg#pe section in the fault direction is
much greater than that in the vertical directiontle slip fault zone. From the
flattening parameter data of the PE pipe outside fault plane around 2m, the
stability of flattening parameter is similar in hatirections of the PE pressurized pipe,
andfl andf2 are maintained at about -0.1%. Compared with pressure pipe, both
f1 andf2 of PE pipe increase in this area. The existeha@ner pressure can inhibit a
level of pipe deformation. Thé curves of symmetry distribution have significant
changes in the fault plane on both sides of 1meaargnong them, the change of
flattening parameter about PE pipe is the largestohesive soils, the result in silty
clay is similar to that in sandy soils, and theskds the smallest. As with
non-pressure PE pipe, tlilecurve shows an inverted triangle, andftheurve is “W”
in the middle region, but thé curves have a large fluctuation in the case of
pressurized PE pipe. Taken together, these resudjgest that the inner pressure of
the PE pipe has an unstable effect on the flattgpamameter in near the fault plane.

When the dislocation up td¥ thefl of PE pipes with inner pressure increase to
16%~18% in the three kinds of soils, the loess ptexk It does not exceed the
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deformation texture limit of the buried PE pipe 20%, which is defined by this
article. The inner pressure has a little effecttlom pipe deformation, so it cannot
significantly prevent cross-section deformation.tAis time, the maximunh of PE
pipe in loess is only 6%, and it is sure to be .s@feerefore, the real gas pressure in
the working is considered to ensure the accuradiiefesults in the strike-slip fault.
Notably, the difference of the surrounding soil hasgreat influence on the

deformation and failure of the pressurized PE pipe.

4.2.3 Effect of pipesize

In the actual projects, the PE pipes have a vaoésizes for gas transmission.
Referring to Gas Buried Polyethylene (PE) Pipe System for Gas Use GB15558,
combining with the standard size ratio of PE8O piged for gas are 11 and 17.6
respectively. The pipe specifications for the thgeeups of PE pipes are shown in
Table 3. In the model of 2m x 1m x 20m, setting tepth of 0.5m PE pipes to
analyze the influence of different sizes on strieragtd deformation of pressurized PE
pipes in the same zone. Considering the appropfaaté displacement of the pipe
specifications, the fault dislocation is 0.44m. @sponding to 50% of the maximum
operating pressul@nax of the pipe, the same operation pressure of P&spg0.4MPa
to ensure safety. The standard dimension ratio fiatiag (SDR) is the geometrical
terminology of the PE pipe, which is the ratio lo¢ thominal diameter to the nominal
wall thickness of the pipe, also called the diam#tekness ratio[1].

The design of gas-engineering takes allowed stanfiarfoundation, as far as

possible, reduces the expense of engineering. t8egjeihe slender pipe, based on
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guaranteeing the flow of gas pipe network. Thremigs of PE80 pipes with different
diameters are listed. Displacement curves of PE®@spwith different sizes are
shown in Fig.39. These curves show symmetry ablmufdult center. Along the pipe
segment, the displacement transits from -0.22n0.22m in fault area. Displacement
curves of PE pipes with different thicknesses ddemearly, indicating that the
thickness has a little effect on the pipe displaseimFor PE pipes with the sarf@éR,
the larger the diameter, the larger the transitian@a and the smoother the curve of
transition. Because a wider range of soil deforamatauses the extrusion from the
contact surface between PE pipe and soil in thik émea when the increasing of pipe
diameters. Importantly, the thinner pipe are a#idcinore easily by the strike-slip
fault.

Fig.40 show the axial stress curves of PE80 pipi#s two groups sizes. All
curves presenting approximately sinusoidal alorgdipe segment. The axial stress
of the PE pipe with the same diameter is not sicgnittly different. The greater the
DR, the greater the stress change is. Because theti@d of the wall thickness will
weaken the pipe strength. However, the effect scigpehe same. The stress
distribution appears an oval on the tension sidthefPE pipe, and symmetry on the
fault plane. Axial stress of PE pipes with the s&D® is difference. The greater the
diameter, the larger affected areas and the smifléedegree. Because a larger the
pipe diameter results in a greater the contactasardf the pipe and soil. The the high
stress produced by the motion extrusion will passiad to a large extent under
certain dislocations. In the case of the same fthudt diameter has a certain effect on
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the axial stress and strain. A larger diameter reaylts in a smaller stress and strain.

With the increase of fault displacement, the maximqrincipal stress curves of
PES8O0 pipes with different sizes appear parabolépstas shown in Fig.41. During the
increasing of fault displacement from 0 to 0.44ime tmaximum principal stress
curves of PE pipes witBDR 17.6 are greater than the curves of pipes @ilR 11. In
other words, the maximum principal stress of thepigie with a largeEDR is larger.
WhenD is 110mm, the maximum principal stress curvesheftivo SDR are quite
different. When the fault dislocation is about 2,8he difference is up to 5SMPa. The
maximum principal stress curves of the PE80 pipils thiree diameters in the same
DR are made. The stresses vary greatly owing to rdiftediameters. With the
increase of fault dislocationthe maximum principal stress increases, but theesio
the increase rate is. Besides, the larger the deamthe smaller the maximum
principal stress is. When the fault displacemer@i.4&8lm, the maximum stress of PE
pipes up to 19MPa ~28MPa.

As shown in Fig.42, in the range of 2m on both sidé the fault plane, the
tendency of axial strain curves is similar to thdah stress curves. There are
significant differences and obvious trends betwarial strain curves of PE80 gas
pipes with differenD. With the increasing of the diameter, the perinctease and the
curve amplitude decreases. In the process of fiaoNement, pipe-soil contact surface
is separated on one side, but the extrusion onttier side leads to a large axial strain
on the PE8O pipe. As the diameter increases, fieetafl length of pipe increases in
fault zone, but the strain intensity is weakenedm@ared with the stress tendency,
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the diameter has a similar effect on the axialirstia the same slip fault. When the
DRis 11, the symmetry center deviates from the falalbe.

The max axial strain curves are shown in Fig.42 [BEnger theSDR of PE pipes,
the greater the change proportion of the max atrain and the steeper curves. The
max axial strain curves laws of PE pipes with défe diameter are obvious, and the
maximum axial strain increases as the parabolipeshéth the increase of the fault
dislocation. With the increasing of the diametbg maximum axial strain increases.
When the fault dislocation is within 0.44m, the nmaxm axial strain is greater than
2.5%. And the growth rate is also greater, the maxn change is over 1%. Therefore,
the slender PE pipes should be reasonable safetitaring and regular maintenance.

When the fault displacement is 0.44m, the flattgmparametefl andf2 of PE80
pipes with different sizes in 0.4MPa internal ptgssare shown in Fig.44 and Fig.45,
respectively. Thdl curves appear rapid reduction and rapidly rismthe 2m range
on both sides of the fault plane. The fluctuatisrapproximately symmetrical to the
fault plane. There are obvious differences athbwurves with the differer8DR near
the fault plane, and thid curve is always below whe8DR is 17.6. For example,
when diameter of PE pipe is 110mm, the minimidnof SDR=11 is as low as -6%,
that of SDR=17.6 pipe is about -8%. Under the same diameterfl difference
between the two groups &R is within 3%. In the fault zone, squeezing ground
gives rise to flattening PE pipes with three diamet And thefl curves are
symmetrical on both sides, and there is a valleghatfault plane. WheBDR of PE
pipe is 17.6, the minimunil whenD=75mm is as low as -14%, the difference
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between with that wheB=160mm is about 11%. The wall thickness has & létfect
on the flattening parameté&t. The deformation rate of the pipes is symmetripath
sides of the fault plane, and the effect of thee@jze on the deformation is obvious.

In the vertical direction, the trend & curves about two kinds &R is a clear
difference with the curves dfi in the fault direction, as shown in Fig.45. Ditet
from the simple trough ofl curves,f2 curves fluctuate slightly within 0.5m of the
fault plane, but the degree is not large. Formingva shape symmetrical about the
fault plane, these data are consistent with thenahat deformation of the PE pipe is
unstable because of necking caused by the tengiohedflexible pipe. When the
diameter of PE pipe is 110mm, tfRecurve ofSDR 17.8 is always greater than that of
DR 11, and the volatility is similar. WhefDR of PE pipe is 11, the maximum
difference off2 curves is about 3.5% between three pipes inriagy/sis section. That
is, compared with the fault direction, the pipeatefation is smaller in the vertical
direction. However, the characteristicsfafcurves are quite different with different
pipe diameters. The smaller the diameter, the fatgeoscillation of thé2 curves is.
When the pipe diameters are 110mm and 75mmi2lalue increases from -1% to
2% from two sides to the fault plane, which indesathat pipe diameter gradually
increases from less than the original diameteraoenthan the original diameter in the
vertical fault direction. In the fault region, tdeameter has a great influence on pipe
deformation . Therefore, it also has a great imfieeon the loading capacity of the PE
gas pipe. In summary, the safety measures of signpes should be given to prevent
from the damage of the PE gas pipe network in servi
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5 Conclusions

This paper has examined the mechanical behavibuoéd PE gas pipe under
the strike-slip fault movement. Under the slip fauthe strength of buried
non-pressure and pressure PE pipe with a diamétetGmm was investigated, and
the judgment of pipe failure is made, and thenstifety evaluation suggestion is put
forward. The results show that:

(1) The buried PE pipes under no pressure and Cadivi?e studied. The study
indicates that the inner pressure has a littleceftm the strength of PE pipe under
strike-slip fault, but it has a less resistancéh® deformation of PE pipe. Therefore,
the appropriate inner pressure can play a certdénto hinder the deformation of PE
pipe in the fault zone.

(2) The overall flatness curve of buried PE gas pipdeurslip fault is
symmetrical about the fault plane and the deforomatate increases with the fault
dislocation increases. The flattening parametdauit direction is obviously higher
than that in vertical direction. As a result, thefatmation of the buried flexible pipe
is distorted due to horizontal displacement, whighalso affected by the vertical
direction of soil around the pipe. Therefore, itedremely important to predict the
earthquake fault zone and fault hazard series.

(3) The deformation of PE pipe under four kinds ofsa@il the slip fault area is
regular but the difference is obvious. The flatnelsanges greatly within 1m around
the fault plane. The change of flattening parametd?E pipe in cohesive soil is the

biggest, followed by sandy solil, then silty clapdathe last is loess. Because the
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different properties of the soil around the PE pip¢he slip area results in different
deformation of soil and the pipe section. Therefdriss necessary to do safety testing
of the deformation and destruction of PE pipe llrie the soil with special
properties.

(4) When the fault dislocation is 0.44m, the larger 8 of PE8O with the
inner pressure 0.4MPa, the higher the flattenimgipater of the pipe and the weaker
the resistance deformation of pipe with the sanzndier. With the pipe diameter
increases, the flattening parameter of the pipmeiar decreases, and it is strong for
the resistance to pipe deformation with the saraedter-thickness ratio. In contrast,
the diameter has a significant impacts on theeftatiy parameter of the pipe diameter.
Due to the flexible pipe under the tension appearsertain degree of necking
phenomenon, the pipe diameter changes unstablyefbine, PE pipe with a higher

DR and a smaller diameter for transporting gas shbelgroperly monitored.
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Table 1 Performance parameter of PE pipe

Density Yield
|
Relft;rr:r:;:e Elastic modulus Strengitre Poisson's Minimum
Material Reference source ratio required
found. (MPa) g
(kg/m3)
PESO 951 1512 26.9 0.45 8MPa




Table 2 Mechanical parameters of soil

density
Error! Fiction
Referen Elastic | Poisson's Cohesion angle Dilation
ce . Error!
Type source modulus ratio c Reference angle
E (MPa) u (KPa) a(°)
not sour ce not
found. found.(°)
(kg/m’)
cohesive| )55 18 0.35 22 34 0
soil
silty clay | 1960 10 0.35 22 25 0
sandy | g5 33 0.44 24.6 11.7 0
soils
loess 1400 20 0.35 5 15 0




Table 3 Pipe specification

SDR11 DR17.6
nominal Maximum working Maximum working
Number diameter pressure< 0.8 MPa pressures 0.482 MPa
Dn/mm Nominal thickness Nominal thickness
ty/ mm to/ mm
1 75 6.8 4.3
2 110 10 6.3
3 160 14.6 9.1
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Fig.9 Deformation of pipeline-soil system under strike-slip fault
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Highlights

Mechanical behaviors of PE pipes under strikefslit were investigated.

Effects of pressure, fault, soil and size on pipeéchanical behavior were studied.
Gas pressure has less effect on the mechanicalibelo& PE pipe.

Flatness curve of PE pipe is distributed symmdtyiegith respect to the fault plane.

Deformation rate of pipe increases with the inceeafdislocation amount.



