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SUMMARY:

This paper investigates the responses of burieelipgs under large fault movements using numerivadels
and small-scale experiments. The well-designedIssnale shear boxes experiments can induce theipaline
interaction under fault displacements. The numeéreadels built up by ABAQUS commercial software atde
to simulate the behavior of small-scale shear bexpgriments considering different types of sod aipelines.
A comprehensive and reliable numerical simulationhis problem requires experimental data to catérand
verify three dimension responses of pipelines sbfkto axial and flexural loadings. Finally, recoendations
and future works are proposed for the design oflssoale experiments and numerical models.
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1. INTRODUCTION

Earthquakes may induce serious damages to thdwsalinmtegrity of buried pipelines. The main
damage mechanisms of buried pipelines are gendratty permanent ground deformation or seismic
wave propagation. Disaster investigations have ogimed the majority damages to continuous
pipelines were caused by permanent ground defosmasiuch as fault movements, landslides, and
liquefaction-induced lateral spread, which is witthe relatively small geographic areas. On theroth
hand, seismic wave propagation can affect largeymggbic areas with relatively low damage ratio
that is represented by the number of leaks perlength of pipeline. Given the impact of pipeline
systems on human life and the irrecoverable eccddgiisaster that may result from leakage of
environmentally hazardous materials, the verifaratf seismic strength of buried pipelines at fault
crossings has obviously become the top prioritfegesign.

Newmark and Hall (1975) were one of the first ®velop simplified analysis methods for the
pipelines subjected to fault crossing problem. Toaysidered a model in which a pipeline intersacts
right-lateral strike-slip fault at an angle so ttiz pipe is primarily subjected to tensile str&itosed
form solutions to the pipe-soil interaction probldmased on the elastic foundation theory were
proposed by Kennedy et al. (1978) and Wang and(¥@85). The effects of lateral interaction at the
pipe-soil interface and the influence of large hsimains on the bending stiffness of the pipe were
taken into account. Karamitros et al. (2011) pregoan analytical methodology which can deal with
simple material nonlinearities and second-ordeeat$f for the stress-strain analysis of buried steel
pipelines crossing active normal faults. Analyticaéthods are suitable for grasping the nature of
problems; however they cannot be applied to thélpms considering large fault movements or
material nonlinearities. Ha et al. (2008) preserntexiresults from four centrifuge tests designed to
investigate the influence of pipe-fault orientatiom pipe behavior under earthquake faulting. Thke te
results show pipe axial strain is strongly influetidoy the pipe-fault orientation angle, whereas the
influence of pipe-fault orientation angle on pipentding is minor. The measured pipe strains were
shown to follow the trend predicted by the Kennadgdel. O’'Rourke et al. (2008) addressed
large-scale testing of pipeline response to eagkeninduced ground rupture and pipeline system
performance after earthquakes. The finite elemezthad (FEM), which can account consistently for
the nonlinear stress-strain response of the pipetire longitudinal and transverse soil resistaand,



second-order effects induced by large displacemdras been popularly applied to the pipeline
analyses. Vazouras et al. (2010) presented a ngoREM model to investigate the mechanical
behavior of buried steel pipelines under strikp-ghults. The interacting soil-pipeline system is
modeled by finite elements, which can accountdoge strains and displacements, nonlinear materials
and special contact on the soil and pipelines fater Due to high cost and time consuming of the
large-scale experiments conduction shown as Figth&, small-scale experiments are relatively
convenient to set up and conducted as pre-expeisman the large-scale experiments. The
experimental data might be affected by size andh@dary conditions of the shear boxes, which is
different from infinite boundary at real ground diion. However, through calibration between the
experimental data and the numerical results, tiieeince of size effect and boundary conditions can
be discussed in this work.

Figurel Large scale soil-pipeline test at Cornell Uniityrga) large-scale experiment; (b) hydraulic
structural actuators.

In this study, the small-scale experiments weradaoted in National Center for Research on
Earthquake Engineering (NCREE) laboratory. Onlykstslip fault movements are applied by the
shaking table. The selection of pipelines in theesdment has limits to material and size due to
small-scale experiments. The axial and bendingnstiat pipelines and fault movement displacements
can be measured during the experiments. The respoof buried pipelines subjected to large
oblique-slip fault movements are investigated bg finite element analysis (ABAQUS 2011).
Geometric and material nonlinearities are takea adcount in the simulation. Parametric studies are
carried out to investigate the effects of differbntied conditions and soil types on the respooses
buried ductile pipelines under large fault moversent

2. TEST SET-UP

The small scale soil-pipelines tests were setiulalzoratory at National Center for Research on
Earthquake Engineering (NCREE). Figures 2(a) andsliiows one of the shear boxes was put on a
small shaking table with a small hydraulic struatiactuator (maximum 15 kN forces allowed) which
can provide a one-way stroke displacement of 14 Amother shear box set up on a small
manufactured platform can be adjusted to the satghhas the shear box on a shacking table. Two
shear boxes contact well to prevent sand leakimplem and also can move freely under fault
displacements. The shear boxes were initially ofisellow for maximum soil pressure acting at the
pipelines. Two small plates welded at the endspélme were bolted on the walls at the shear boxes
shown as Figs. 2(c), and (d).

As shown as Fig.3 (a), the length, height, andiwaf each shear box are equal to 60 cm, 23 cm
and 32 cm, respectively, which is 1/20 of the lasgale test performed at Cornell University. The
triangle stiffeners were built up along the twoesicbf outside the shear boxes to increase thegitren
of shear boxes at the open ends. The wider retaipiates were designed to prevent sand leaking
problem when the shear box was moved. Eight slditéels (4 holes per row) were drilled at the close
end of shear boxes to connect to two small pldesrtally welded to the ends of pipes, shown as Fig.
3(b).



Figure2 Shear boxes set-up.
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Figure3 Thesize of shear boxes: (a) top view; (b) side view.

3. TEST METHODS

The purpose of the tests was to investigate thuetsral behavior of pipelines subjected to large
ground deformations. Several small-scale tests haea conducted on Aluminium 6065 pipelines (38
mm, 28mm, and 18 mm diameter with 1 mm thicknesspectively) subjected to 14 cm of strike-slip
displacement at a crossing angle of 90 degreealusisated in Fig. 4. All tests were conductedhwit
partial saturated silica sand imported from Vietndbaring production, a full test set-up can be
completed by following steps: 1) pipeline instadiatin the test basin, 2) structure adjustmenbaeb,

3) soil placement and compaction. Tests were paddrusing static monotonic loading method by
0.5mm/sec speed (slow). 20 data per second cardoeded. A long steel strip was settled on the

bottom of the shear boxes to prevent sand leakitgjde the boxes from fault movement place.
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Figure4 Plan view of small-scale pipeline test with key dimsions and geometry.



4. TEST RESULTSAND PLANS

The small-scale soil-pipeline interaction experitsemay bring a size effect issue, for instant: the
choice of the pipeline size, soil properties usethe small shear boxes, and boundary conditions at
the ends of the pipeline. All of these problemsdonheebe investigated in the tests. The pipeline siz
chosen in the current tests are 38 mm, 28mm, anurh8liameter with 1 mm thickness, which are
nominal pipe sizes provided in Taiwan. The first is set up for 28 mm diameter and 125 mm buried
depth under 14 cm of strike-slip displacement Isyrall shaking table. Both ends of the pipeline are
free, which means the small plates on the pipe anglsinbolted after sand was filled into the shear
boxes. The second test is 38 mm diameter and 175umied depth under the same fault displacement
with two fixed pipe ends which means the end platee bolted during fault displacement. Figures 5
and 6 show the experimental results revealing pipelhave rigid body motion with plastic hinges
occurring at the two ends and do not show obvisied and bending deformations at the same time. It
can be attributed to low soil pressure even witth mmpaction or high strength and stiffness of
pipelines. For these reasons, smaller diametetipg& 8 mm) was chosen for the following tests.

(@) b)

Figure5 Experimental results of small-scale test at B = @26 and D = 28 mm (test 1).

(b)
Figure6 Experimental results of small-scale test at B = dirb and D = 38 mm (test 2).

How to set up the boundary conditions at two erfdsigeline in the small-scale shear box tests
are crucial, which might strongly affect the pipelibehavior. The real boundary condition on the
endless pipeline surrounded by soil can be regaadefiked end boundary without taking axial and
bending forces. To prevent plastic hinges occuraintie two ends, the connection type was improved,
where the hollow pipe can be put into a short ropadwelded to the connection plate and allowed the
pipe to extend under fault displacements, showigs /a). Meanwhile, several heavy steel plates
were put on the free surface in order to providgnér soil strength, shown in Fig. 7(b). To underdta
the effect of soil pressure acting on the pipelinith smaller diameter (D = 18 mm), tests 3 and 4
were conducted. In the third test, higher soil cosapion was produced by putting heavy steel plates
on the top soil surface. In the fourth test, pipelivas connected to the shear boxes without cayerin
by any sand. Figures 8(a) and (b) show the bucKlishgpal) behavior of pipelines for two tests. For
tests 3 adn4, the local buckling behavior is n@yea occur at such small value of D/t (=18). The
relationship of axial strain and fault displacemfemttests 3 and 4 by measuring the axial straamfr
five strain gauges located on the top surface mélpies can be shown in Figs. 9(a) and (b). Please
the inset diagram in Fig. 9 (b) for strain gaugkeees at the pipelines. Compared with the axiairstr
at m2-r and m2-| places for two tests, axial stafinest 3 considering higher soil pressure is three
times larger than one of test 4 without considesog pressure. The small scale soil-pipelinesstest



are continually conducted at NCREE lab. More tesults will be presented in the near future. Any
improvement on experiments set-up will be considénehe future tests.

(a) (b)

Figure7 Experiment set up: (a) pipeline connection; (b) sompression.

(a) | (b)
Figure8 Experimental results of the small-scale tes® atl25 mm with D = 18 mm: (a) with soil
compression (test 3); (b) without soil (test 4).
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Figure9 The relationship of axial strain and fault displaeat: (a) test 3; (b) test 4 .

5.NUMERICAL MODELS

The response of pipeline under large fault movemémm the small scale experiments can be
examined by the numerical models. The commerciadtefielement package software ABAQUS is
adopted to numerically simulate the mechanical Weheof the buried pipe, the surrounding soll
medium and the soil-pipeline interaction in a riges manner, considering the nonlinear geometry of
the soil and the pipe. An elongated prismatic maslelonsidered in Fig. 10, which the pipelines is
embedded in the soil. The eight-node reduced-iategr brick elements (type C3D8R) are used to
simulate the surrounding soil, shown as Fig. 10(&e seismic fault plane divides the soil in two
equal parts and is considered perpendicular tdipgexis at the pipeline middle section. The gipel
shown in Fig. 10(b) is modelled by four-node redintegration shell elements (S4R) which easily
express the local buckling behavior on the pipslinEhe pipeline axis is assumed horizontal and
normal to the fault plane. A contact algorithm @nsidered in ABAQUS to simulate the interface
between the outer surface of the pipe and the woding soil. The algorithm considers interface



friction, which is assumed an appropriate frictcmefficient p (= 0.3) throughout the analysis. Besi

the interface allows separation of the pipe andstiveounding soil. The analysis is conducted into t
steps: gravity load is applied at the soil firstdahen fault movement is imposed. In the firspsthe
normal direction freedom of external surfaces ablehblock remains fixed during gravity load
applying. In the second step, a uniform displacdrdae to fault movement is imposed in the external
nodes in the horizontal y direction (including thed nodes of the pipeline). The analysis proceeds
using displacement control method, which increagesiually the faults displacement. At each
increment of the nonlinear analysis, axial strdipipe and fault displacement can be recordednA fi
mesh was employed for the central part of the pipelvhere maximum stress and strain are expected.

(@) (b) (©)

Figure10  Numerical model: (a) soil (brick elements); flipeline (shell elements); (c) gap opening at the
soil-pipe interface induced by fault movement.

Elastic-plastic material behavior is considered lhoth soil and pipeline. The elastic-perfectly
plastic Mohr-Coulomb is considered for the soil &éhrs, characterized by the elastic modiduthe
soil cohesiveness, the friction anglep, and poison ratiom. The dilation angley is assumed to be
equal to zero in this study. Moreover, the largaist plasticity model with isotropic hardening is
employed to describe the mechanical behavior opipe through a uniaxial stress and strain curve of
Aluminium 6065-T5. The material properties of Alumiim 6065 are as followed: Young's modukis
=1.2510" Pa, Poisson’s ration= 0.4, yielding stress, = 250 MPa.

6. NUMERICAL RESULTS

Using rigorous numerical simulation tools, the Hssaf buried pipelines under fault displacements
can be obtained at different soil properties ariteidint buried depths. The numerical model is built
up based on one-tenth size of the large-scale iepets at Cornell University. In all numerical case
presenting in this paper, the outer pipe diametgipe D is assumed equal to 39 mm, whereas the
pipe wall thickness t is assumed 1 mm that the evati D/t is 39. The seismic fault plane is
perpendicular to pipeline axis and located at tiddia cross-section of the pipeline. In the follogi
subsections, the structural behavior of pipelinéh Wluminium 6065 material is examined under
different soil conditions by using appropriate \edwf parameters ¢ and E. The influence of buried
depthB is discussed as well. The effects of the faulttvid has been examined by Vazouras et al.
(2010), which indicated differemt has a minor influence on the response of pipelitels, the fault
width w applied in this study is assumed as 10 mm.

6.1 Different soil conditions

In this section, two different material propertiet sand used to the numerical analysis are
investigated: loose sand and dense sand. The algiarameters can be shown as Table 1. Figure 11
depicts the shape of deformed pipeline at faulpldiement d = 8 cm in the area nearby the fault,
where a localized deformation at point A referreddcal buckling. Due to skew-symmetry of the



problem, a similar local deformation occurs at p&@non the hidden side of pipeline.

local buckling

B

V. e lOcal buckling

Figure11l local buckling at pipeline.

local buckling

Figure 12 shows the variation of longitudinal corg®ive strain along the outer pipe cylinder for
different values of fault displacement and for eaBraegment of the pipeline about the critical area
The results for different soil properties are shasrFigs. 12(a) and (b), respectively. For loosel sa
significant distortion of the cross-section occimsa value of fault displacement movement is great
than 4 cm due to the development of a localizecdhikding pattern (local buckling) on the pipe wall,
show as Fig. 12(a). The maximum compressive strqiral to -0.016 occurs at distance 13.6 cm from
central of pipe around fault displacement d = 6 ¥hen fault displacement is larger than 6 cm, the
compressive strain decreases with increasing thsflacement due to more extension acting on the
pipeline. Compared with the axial strain of loose @ense sand, it can be found the local buckling
place of dense sand is equal to 10.7 cm, whiclogec to the central part of pipeline than loosadsa
Besides, the larger axial strain is induced by desasxd compared to loose sand.
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Figure12 Pipeline axial strain for different soil condit®at various fault movements: (a) loose sand; (b )
dense sand.

Table1l Different material properties of sand

Young’s modulus Cohesion ¢ Density

Poisson’s ratim  Friction anglep

(KPa) (KPa) p (g/cn?)
Sand 1- loose sand 25,000 0.3 30 5 1932
Sand 2-dense sand 65,000 0.35 30 5 2000

6.2 Different buried depths

Two different buried depths B can be considere@:he&5 cm and 12.5 cm, respectively. The soil
material properties of Sand 1 are adopted in thimerical analysis. Fig. 13 shows compressive strain



at various fault displacements when buried deptagsal to 12.5 cm. The maximum compressive

strain is around -0.016 and the local buckling placcurs around 46.4 cm. Compared with the results
from B = 7.5 cm, shown in Fig. 12(a), there islditdifference about the deformed behavior of

pipelines between these two cases.
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Figure13 Pipeline axial strain for depth = 12.5 cm at Figure14 The relationship of axial strain and distance
various fault movements. for different conditions of sand

7. DISCUSSION

Figure 14 shows the results from three differesesaa) loose sand, B = 12.5 cm, b) loose sand, B
= 7.5 cm, c¢) dense sand, B = 7.5 cm when faultiaigment is equal to 5 cm. Compared with cases a
and b, the compressive strain of B = 12.5 cm fle llarger than one of B = 7.5 cm at local buckling
part. The local buckling places for cases a ancelabmost coincident, which occurs at distance 13.6
cm from central of pipe. According to ALA-ASCE 2Q0&e increase of the buried depth causes the
increase of the maximum soil pressure, which induitte deformation of pipeline. Currently, the
buried depths adopted in cases a and b didn’'t shlmvious differences to the axial strain. More
numerical simulation of pipeline behavior underfatiént buried depths will be investigated in the
future. For cases b and c, it can be seen densecsantributes higher soil pressure to induce larger
compressive strain on pipe and also causes thelockling place happening closer to the central pa
of pipeline.

8. CONCLUSION AND FUTURE WORKS

Conducting the small-scale pipeline-soil interactiests, the structural behavior of buried pipeline
crossing the strike-slip fault was investigated.widweer, the size effect is an important issue for
small-scale experiments, like the size of pipelirssl pressures, boundary conditions set up at the
two ends, which might affect the behavior of pipe&. In the current tests set up, there are some
problems need to be solved: 1) try to reduce thekrniess of pipelines, which might be helpful to
observe the local buckling behavior of pipelingdsa@d steel plates on the top soil surfaces toymed
enough soil pressure and design devises to medleraccurate soil pressure. 3) Redesign the
boundary conditions of two ends at pipeline whiah behave as the real situation of endless pigeline
Using advanced finite element simulation tools, nlienerical model including soil (solid elements)
and pipelines (shell elements) was built up by ABM)commercial software. Contact algorithm
between soil and pipeline was taken into accouhé pipeline is assumed horizontal and normal to
fault plane, which can be completed for the ingsdton of several soil and pipe parameters on
pipeline deformation and strength. Limited to tlwerent size of the shear boxes, numerical mode! is
relatively convenient method to investigate thes ®ffect, which will be part of future work of this
study. The realistic soil material properties afidaccurately measured from the shear boxes will be
applied into the numerical model as well. A paraioettudy of numerical model can be calibrated by
experimental data in the future.
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