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Analytical and Numerical methodologies for the analysis

and design of pipelines crossing seismic faults

Gregory Sarvanis

University of Thessaly, Department of Mechanical Engineering

Supervisor: Prof. Spyros A. Karamanos

Abstract

Buried pipelines often cross geohazard areas such as seismic faults and liquefied
areas. In the present work analytical and numerical methodologies are investigated
and compared. Two analytical methodologies are analyzed, proposed by Kennedy et
al. (1977) and by Vazouras et al. (2012) while a new methodology for analyzing
buried pipelines which cross seismic faults is proposed and compared with results
from finite element analysis, commercial codes and methodologies from the literature.
Moreover the pipe-soil interaction is investigated through the numerical simulation of
several experimental tests, which have been conducted in the framework of a
European research program (GIPIPE). The experiments are concern pipes embedded
in soil, subjected to loading in the axial and the transverse direction as well as a
complex scenario of loading simulating the conditions during a severe lateral loading
of a pipeline due to strike-slip fault of a landslide. All these tests have been conducted

at CSM facilities in Sardinia.
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AvoATIKES Ko optOunTikég pédooor yia Ty avaivon Kot
TOV GYEOLUONO VITOYELQV YOAVPOIVOV ay®dY®OV 01 07T0ioL
OLEPYOVTUL AITO GELGUIKA PYNOTO.

ZapPavng ypnyopns
Movemoto Oeccariog, Tunpo Mnyovorldywv Mnyovikdv

Emprénwv: Kab. Zndpog A. Kapapdvog

Mepiinyn

Ot voyelol aymyoi cuyva SEpxovTal amd TEPLOYES AVENUEVOV CEIGHIKOV KIVOOVEOV
OM®G TO. GEIGUKE PYLOTE, Ol PEVGTOMOMGUIEG TEPLOYES KAODS Kol Ol TEPLOYEG
KatoAoOnoewv. v mapovoa epyocio e£eTacnKay dVO AvaALTIKES HEBOJOL Yo TNV
avédivon vmoyswwv oyoyov, mn  pebodoroyia tov Kennedy etal. (1977) xo
tov Vazouras et al. (2012), evod avantiydnke o véo amlomonpévn pebodoroyia yia
TNV AVAALGT VTTOYELOV YOAVPOIVOV 0y®Y®V Ol 0010l S10GTAVPDOVOVTAL OO GEICUIKA
pnypota. Emiong pelemOnke m aAiniemidopaom aywyov-£dd@ovg péca omd tnv
npocopoiwon  mewpapdtov  to.  omoia  mpaypotomomOnkov  oto  TAoiclo
ToV gpevvnTikov mpoypdupatog (GIPIPE). Ta mepdpota  agopodv  Boppévoug
ay®yoVg ot omoiot vVTofdAlovtal oe AEOVIKT Kot YKApoia eOpTIon Kabdg Kot 6g o
ouvOvOoUEVT POPTION 1 OToilo TPOCOUOIMVEL cLVONKeG KatoAioOnong. To cuvoro

TOV TEPALATOV TpaypotoromOnke otig eykatactdoelg tov CSM, otnv Zapdnvia.
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1. Introduction

1.1 Description of physical problem

An earthquake is characterized by ground shaking often caused by an abrupt shift of
rock along a fracture in the Earth, called a fault. The tectonic plates make up the slow-
moving outer shield of Earth and often stick due to friction. As pressure builds up
from trying to move, the stress increases. When the stress overcomes the friction at
the interface, i.e. the fault surface, an earthquake occurs; the plates quickly move
relatively and because the friction energy is released into the crust. The energy
released is transmitted through the ground and causes shaking associated with an
earthquake. Figure 1 demonstrates rupture expansion during a severe earthquake. The
images in Figure 1 depict the sequence of events along a fault plane as the rupture
expands and seismic waves are radiated when an earthquake occurs. The friction
across the surface of the fault holds the rocks together so that they tend to slip when
pushed. Eventually enough stress builds up and brittle failure caused the rocks to slip
suddenly, releasing energy in the form of seismic waves that propagate along the
entire length of the fault until the earthquake stops. The hypocenter, defined as the
point on the fault plane where the earthquake begins, is located usually at a certain
depth beneath the fault, while the epicenter is the point directly above the hypocenter,
on the fault surface. The "focus" in the Figure 1 is the hypocenter, the epicenter would
be the point directly about the "focus" but on the fault surface.

0 Seconds
Focus Rupture expands circularly on

% fault plane, sending out seismic
)f’ waves in all directions.

S
Fault cracks
at surface
5 Seconds

- Rupture continues to expand

(X as a crack along the fault plane.
Rocks at the surface begin to

/! \f
state.

rebound from their deformed

I Fault crack
extends

10 Seconds

The rupture front progresses
down the fault plane, reducing
the stress.

20 Seconds
| Rupture has progressed along
' the entire length of the fault.
The earthquake stops.

Figure 1. Fault rupture expansion during a large earthquake (www.scec.usc.edu).
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Based on the above, faults can be considered essentially as cracks in layers of rock,
along with the relative displacement of the fault. The relative displacement of the two
parts of the ground is called fault slip. After a fault has slipped, due to the release of
stress, it locks up again. The steady movement of the rocks on either side of the fault
causes the stresses to begin to rise again, and the cycle repeats. The length of a fault
can range anywhere from a few millimeters to thousands of kilometers. The fault
surface can be vertical, horizontal, or at some angle with respect to ground surface.
They can extend well into the Earth and may also extend to the surface. They can be
categorized into four different fault types: Normal, Reverse, Strike-Slip, and Oblique
as shown on Figure 2. Normal faults are characterized by the foot-wall moving up in
relation to the hanging-wall, as shown in Figure 2. Reverse faults have an “opposite”
configuration of normal faults. They occur when the hanging-wall move up in relation
to the foot-wall. Sometimes, reverse faults are also referred to as “Thrust faults”.
Strike-slip faults can be divided in two categories the left-lateral strike-slips faults and
the right-lateral strike slips faults. Left-lateral strike-slip faults occur when the two
side move parallel to one another. There is no vertical displacement, only horizontal.
In order to identify whether a fault is left-lateral, when standing on one side and
looking to the fault, the other side of the fault has apparent displacement to the left.
Right-lateral strike-slip faults have the same motion as left-lateral, however, if
standing on one side of the fault and looking to the fault, the other side appears to
have moved to the right. The most famous fault in California, the San Andreas fault,

is a right-lateral strike-slip fault.

(@) (b)

Fault plane

Figure 2. Different fault types, (a) Normal fault, (b) Reverse fault, (c) Oblique fault, (d)

Strike-slip fault (www.scec.usc.edu).
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Buried pipelines often cross tectonically active areas such as Greece, North Turkey,
Nepal or California and may cross active faults capable of producing large
earthquakes and large ground deformations. Avoiding crossing with seismic faults is
the safer design option but this is not always possible. In Figure 3 the faults density
along a buffer zone of width 2 kilometers in the area of Evros, North-East Greece, is
shown. If a pipeline alignment falls within this buffer zone, then it will cross most of
these faults. In such a case the pipeline must be designed, taking into account the
extra stress and deformation induced by the pipe due to fault movement. In Figure 4
the pipeline deformation due to the movement of different types of seismic faults is
shown. In the case of a normal fault, the pipeline is under tension and bending while
in the case of a reverse fault the pipeline is under compression and bending which is
most critical for local buckling failure. The crossing angle in the case of a strike-slip
fault dictates whether the pipeline is under tension or compression. Therefore the
choice of the crossing angle is a design parameter to be considered.

In the present work analytical and numerical methodologies are investigated and
compared. In particular two analytical methodologies are analyzed in chapter 2,
proposed by Kennedy et al. (1977) and by Vazouras et al. (2012). Also a new
methodology for analyzing buried pipelines which cross seismic faults is proposed
and compared with results from finite element analysis, commercial codes and
methodologies from the literature. Moreover the pipe-soil interaction is investigated
through the numerical simulation of several experimental tests, which have been
conducted in the framework of a European research program (GIPIPE). The
experiments are concern pipes embedded in soil, subjected to loading in the axial and
the transverse direction as well as a complex scenario of loading simulating the
conditions during a severe lateral loading of a pipeline due to strike-slip fault of a

landslide. All these tests have been conducted at CSM facilities in Sardinia.
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Figure 3. Fault density along a buffer zone of 2 kilometers width, around a pipeline in the

area of Evros.
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Figure 4. Pipeline deformation due to the movement of different types of seismic faults

(GIPIPE).

1.2 Pipeline accidents due to earthquake action

There are various examples of earthquakes that have caused severe damage to buried
pipelines, such as the earthquakes of San Fernando 1971, Managua 1972, Haicheng
1975, Tang-shan 1976, Miyagiken-Oki 1978, Northridge 1994, Kobe 1995, Chi-Chi
1999, Kocaeli 1999 and more recently Chile 2010, Christchurch 2010-2011, and

4
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Japan 2011. Table 1 shows a list of various North American earthquakes for which

pipeline damage have been documented by O’ Rourk and McCaffrey. In most

instances, pipeline damage has been attributed to permanent ground movements.

Table 1. Summary of North American earthquakes with significant reported pipeline damage.

with max strike slip disp.
of 0.4 m. Landslides
along steep natural slopes.

Earthquake Magnitude Permanent Ground | Damages
Movement
1906 San Francisco 8.3 Strike-slip faulting with | Water pipelines rapture at
max disp. 64 m, | 9 locations along San
extensive slope stability | Andreas fault, extensive
problems, lateral spread | damage to water and gas
and flow failures pipelines due to
liquefaction- induced
movements
1931 Managua Not reported One main zone of | Principal water main for
faulting, landslides along | Managua ruptured at
steep natural slopes fault.  Steel  pipeline
ruptured by landslide
1933 Long Beach 6.3 Ground  cracks  with | Over 500 pipelines
seeping water, sand boils | breaks, greatest
and local subsidence concentration of pipelines
failure near bays, rivers
and flood control
channels.
1952 Kern Country 7.7 Reverse oblique surface | Oil  pipelines  rupture
faulting. Many landslides. | along western extension
of surface faulting, gas
transmission line
deformed but no rupture
at fault crossing
1964 Alaska 8.4 Two reverse faults. | Over 200 breaks in gas
Extensive landslides and | and 100 breaks in water
submarine slope failures. | pipelines in Anchorage.
Lateral spreads and flow
failures
1971 San Fernando 6.4 Reverse oblique surface | Over 2400 breaks in
faulting.  Over 1000 | water, gas and sewage
landslides and lateral | pipelines. Majority
spreads. failures at faults and
lateral spreads.
1972 Managua 5.6 Four main surface fault | Extensive damage to

water distribution system.
Many pipelines rupture at
fault crossing
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1.3 Literature review

The publication of Newmark and Hall (1975) has been pioneering in this area
introducing an analytical model for assessing the integrity of a buried pipeline
crossing a ruptured fault. Their model was based on the assumption of a single fault
plane by considering soil masses on both fault sides as rigid bodies. They introduced
the concept of “anchor point” situated at a certain distance from the fault, beyond
which the pipeline and the surrounding soil have relative displacement equal to zero.
Continuing the work of Newmark and Hall (1975), Kennedy et al. (1977) developed
an analytical model, considering a non-uniform friction interface between the pipe
and the soil, which was assumed to be cohesionless. This methodology is analyzed in
detail in chapter 2.4 and compared with other methodologies. Wang and Yeh (1985)
improved this methodology accounting for pipeline bending stiffness. This
methodology considers a division of the pipe into four segments, as shown in Figure
5. The two pipe segments at the two ends behave as beams on elastic foundation,

whereas the two inner segments have a constant curvature.

Beam on Elastic Transition Beam on Elastic
Foundation Zone Foundation

C Initial Pipe Position

Fault_7\ Z E
.
Displaced Pipe

Anti-symmetrical Configuration

Figure 5. Model proposed by Wang and Yeh (1985).

Wang and Wang (1995) studied the problem considering the pipe as a beam on elastic
foundation, whereas Takada et al. (2001) presented a new simplified method for
evaluating the critical strain of the fault crossing steel pipes using relation between

pipe longitudinal deformation and cross-sectional deformation. Karamitros et al.

6
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improved analytical methodologies for strike-slip and normal faults by combining the
theory of beam-on-elastic-foundation and the elastic-beam theory to calculate the
bending moments. Trifonov et al. (2010 and 2012) improved the pipeline stress
analysis using a semi-analytical approach. Vazouras et al. (2010 and 2012) studied the
problem throw a rigorous numerical model which employ four-node reduced
integration shell elements (type S4R) for the modeling of cylindrical pipeline segment
and eight-node reduced-integration “brick” elements (C3D8R) for the simulation of
the surrounding soil. The mechanical behavior of soil material is described through
the Mohr-Coulomb model. In Figure 6 the mesh and the dimensions of the model are
illustrated for a case of a 36-in-diameter pipe (diameter equal to 914.4 mm) for the
case where, the pipeline is perpendicular to the fault plane. Vazouras et al. (2012) also
proposed an analytical model for strike-slip faults, this methodology is analyzed in

chapter 2.5.

(a)

Figure 6. Finite element model as developed by Vazouras et al.

As far as pipe-soil interaction there are limited experimental tests in the literature. The
work of Trautmann and O’Rourke (1985) has been pioneering in this type of
experimental testing. In that paper the effects of pipe depth, soil density, pipe
diameter and pipe roughness on the lateral force-displacement response of buried
pipelines has been examined. Other experiments related to this subject were

performed by Paulin et al. (1998) and Anderson et al. (2004). More lately, Karimian
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(2006) reported the performance of experimental testing for axial and transverse
response of buried pipelines. Very recently, in the framework of the GIPIPE project, a
series of tests had been performed by CSM with the aim at examining experimentally
soil-pipeline interaction under ground-induced actions. In particular, three pull-out
and three transversal tests conducted in order to identify pipe-soil interaction in the
axial and the transversal direction, respectively. Those tests have been performed
mainly with the purpose of calibrating numerical finite element models. Moreover
four large-scale landslide/fault tests have been performed in order to investigate the
complex pipe soil interaction in a more realistic scenario. In Table 1, details on the
experimental testing parameters are presented for the axial, transversal and landslide
tests. In all cases, the diameter of pipe specimens is equal to 219.6 mm (8-inch-
diameter pipes), the wall thickness is equal to 5.56 mm and the steel grade is APISL
X65.

Table 2. Information about experimental testing conducted by CSM.

Test Compaction Mass Water | Coating Internal
Level D, (%) density | conten pressure
(Kg/m?) | t(%) (MPa)
Axial 1 40 1629 5.7 Bare 0
Axial 2 20 1602 7.8 Bare 0
Axial 3 40 1613 5.8 Coated 0
Transversal 1 20 1601 7.6 Bare 0
Transversal 2 40 1640 6.1 Bare 0
Transversal 3 40 1645 7.3 Coated 0
Landslide 1 40 1600 8.0 Bare 0
Landslide 2 40 1688 - Bare 11.4
Landslide 3 20 1600 - Bare 0
Landslide 4 20 1600 - Bare 11.4
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2. Simplified Models and Analytical Methodologies

2.1 Introduction

Simplified analytical equations and methodologies are presented for describing buried
pipeline deformation under severe permanent ground-induced actions. Some
methodologies have been proposed elsewhere, whereas an analytical methodology for
strike-slip fault crossing has been developed in the course of GIPIPE. Those
methodologies have been the only tool for the analysing buried pipelined under
permanent ground-induced actions in the 70’s and 80’s, but they are also used
presently in a more enhanced form. In their original form they are based on elastic
beam or cable theory and are capable at estimating the stresses and strains that
develop in the pipeline as well as the deformation state of the pipeline.

The design approach that uses analytical equations/methodologies is basically
employed for a preliminary design stage. With this approach, a first understanding of
various parameters can be obtained. In any case, a more rigorous approach with Finite
Elements (either with beam-type element and soil springs, or in very specific cases,
with three dimensional shell and solid elements) should be adopted for the detailed

stress analysis and design of the pipeline.

2.2 Commercial design standards and recommendations for buried

pipelines

The following standards and publications are relevant to the response of buried
pipelines in permanent ground-induced actions such as seismic faults and

landslides due to liquefaction or slope instability.

EN 1594: Gas supply sytems-Pipelines for maximum operating pressure over 16 bar
EN1998-4 (Eurocode 8): Design of structures for Earthquake resistance - Part 4:
Silos, Tanks and Pipelines

EN 14161: Petroleum and natural gas industries- Pipeline transportation systems
ALA (2001): American Lifelines Alliance: Guidelines for the design of buried steel
pipe, 2001.
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ALA (2005): American Lifelines Alliance: Seismic Guidelines for Water Pipelines,
2005.

NEN 3650-1: Requirements for Pipeline systems, part 1

NEN 3650-2: Requirements for Pipeline systems, part 2

ASME B31.4: Pipeline transportation systems for liquid Hydrocarbons & other
liquids

ASME B 31.8: Gas transmission and distribution piping systems

The methodologies and formulae for the response of buried pipelines according
to ALA (2001) are presented for all types of permanent soil displacement. The
response of a buried pipe to longitudinal and transversal permanent ground
displacement as well as the pipe response in the case of a fault crossing are

analyzed below.

Liquefaction or Landslides

» Buried Pipe Response to Longitudinal PGD

There are cases where the PGD, caused by a liquefaction or landslide, occurs in the
longitudinal direction of the pipeline as shown in Figure 7. In those cases, a soil mass
of length Ls is moving and applies axial force to the pipe as it moves in the

longitudinal direction.

ommmmm———— Final Soil
Positon

=4

PGD F‘—>l

Pipeline
Initial Soil Positon/zl‘—u\_ _

(a) Plan View
PGD

Soil Block PGD Distributon

N ——

Positon Along Pipe

(b) PGD Distribution

Figure 7. Schematic representation of ground action and pipe loading due to longitudinal
PGD (ALA 2001).
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For continuous buried pipes subjected to longitudinal permanent ground deformation,
the axial forces F; and F, should be computed, representing upper-bound estimates of
the axial force transmitted in the pipe by the moving soil. In particular F; is the force
computed assuming that the pipe is elastic and fully compliant with the soil and F; is
the ultimate force that the soil can transfer to the pipe due to the strength of the

soil/pipe frictional interface.

F, =./AEt 0 Eq. 1
t L

E == Eq.2

2 ) q

In the above expression, t, is the maximum soil resistance to the pipe axial direction
per unit length of pipe and d is the expected value of the PGD under consideration.
The force for designing the buried pipe should be taken as the smaller of forces F; and

Fs.
» Buried Pipe Response to Transverse PGD
Permanent ground deformation due to landslide or liquefaction can also occur in the

transverse (horizontal) direction of the pipeline. In this case, a soil mass of length W

moves in the transverse direction of the pipeline as shown in Figure 8.

(a) Plan View

PGD
Soil PGD Distributon

Positon Along Pipe

N

(b) PGD Distribution

Figure 8. Schematic representation of ground action and pipe loading due to to transverse

PGD (ALA 2001)
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Estimates of the ground-induced bending strains in the case of a buried pipeline
subjected to transverse PGD (due to landslide or lateral spreading) can be obtained
using a formulation similar to the one employed for the strike-slip faults, to be
discussed in paragraph 2.6, with the value of crossing angle B equal to zero. This
methodology is valid for the case where the size of moving soil mass W, illustrated in
Figure 8, is large enough so that it exceeds the length L calculated from equation (#).
In the case where the size W of the moving soil mass is comparable to the value of

length L, an estimate of bending strain can be obtained with Eq. 3.

g, =1

We Eq. 3

» Analysis for Fault Crossing

A continuous pipe will experience plastic deformations in most actual fault crossing
situations. Therefore, the pipe must be ductile and resilient and the joints capable of
developing the required ground-induced deformation without loss of containment.
The average pipe strain may be estimated (in a non-rigorous manner) as follows if the

fault offset results in net tension in the pipe:

where, f is the acute angle between the pipe run and line of ground rupture, and L is

the effective unanchored pipe length, defined as the distance between the fault trace

and an anchor point, as shown in Figure 9.

Figure 9. Plan View of Pipeline

12
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In the absence of bends, tie-ins or other constraints near the fault, the axial resistance
is provided by the soil-pipe friction and the effective unanchored pipe length can be

estimated as follows.

L, = Eq.5

where, P is actual tensile force in the pipe at the fault crossing and t, is the maximum
soil resistance to the pipe axial direction per unit length of pipe. The value of P is not

well-defined a priori and its calculation requires an iteration procedure.

2.3 Beam type model for simulation of buried pipelines

As a more rigorous alternative to design analytical equations, it is possible to employ
the finite element method to model the effects of ground-induced actions on a buried
pipeline. This analysis requires some computational effort and expertise, but offers an
advanced tool for determining stresses and strains within the pipeline wall with
significantly increased accuracy with respect to the analytical formulae described
above. There exist two levels of finite element modeling. The first level is adequate
for regular design purposes, whereas the second level, which employs a 3D
continuum approach, is used only in special cases, where increased accuracy is

necessary. In the following, a short description of the first level approach is offered.

k pipeline

Figure 10. Simplified finite element model; pipe (beam-type) finite elements and soil springs

attached to pipeline nodes in the three principal directions.
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» Finite element analysis using beam-type elements

In this type of analysis, the pipe is modelled with beam-type one-dimensional finite
elements. Both transient and permanent actions on a buried pipeline can be modelled
through finite element analysis. Nevertheless, this numerical methodology has been
mainly employed for simulating permanent ground-induced actions on pipelines, such
as faults, landslides and lateral spreading. The finite element mesh near
discontinuities (e.g. fault plane) should be fine enough, so that gradients of stress and

strains are accurately simulated.

Type of finite elements: The use of regular beam elements for the pipeline model is
not recommended, given the fact that they cannot account for pressure loading.
Instead, “pipe elements” are preferable, which account for the presence of hoop stress
and strain due to pressure. Furthermore, the use of “pipe elements” with the capability
of describing cross-sectional ovalization, sometimes referred to as “elbow elements”,
can further improve the accuracy of the finite element model, especially at pipe bends.
Instead, if the pipe elements assume a circular cross-section throughout the analysis,
ovalization effects at pipe bends can be taken into account through appropriate

flexibility factors, and stress intensity factors.

Pipe and soil modelling: The finite element model should take into account both
material and geometric nonlinearities. The pipe material should be modelled as
elastic-plastic, considering also strain hardening effects. Furthermore, the ground
surrounding the pipeline should be modelled by appropriate springs (Figure 9),
attached on the pipe nodes and directed in the transverse directions (denoted as k, and
kn for the vertical and lateral direction respectively) and the axial direction (k,x). The
nonlinear “law” of the soil springs in all directions should represent the nonlinear
load-deformation of the soil, including possible slip of the pipe through the soil.
Thus, the load-deflection curves of the soil spring should be nonlinear. Expressions
for the axial and the transverse springs are offered in ALA (2001) Guidelines, based
on the type of soil. Alternative equations for those springs are offered in NEN 3650
standard. In any case, the design engineer may modify the proposed equations for the
springs, if more detailed information on the actual field conditions is available, either

from test data, or his engineering judgment.
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Analysis procedure and output: To conduct pipeline analysis subjected to permanent
ground deformation, appropriate displacements should be applied to the ends of the
soil springs. The analysis should be conducted in three consecutive steps: (a) gravity
loading, (b) operational loading (pressure and temperature) and (c) application of
PGD. The analysis output consists of stress resultants in pipeline cross-sections, as
well as the stresses and strains in the longitudinal direction. The user should be
cautioned that if the finite elements are not capable of describing accurately cross-
sectional distortion these stresses and strains may be quite different than the real
stresses and strains in the pipeline wall. These differences are very significant when
the pipe wall begins to wrinkle due to local buckling. Consideration of local stresses
due to pipe wall wrinkling locations requires a more detailed analysis, with the use of

shell elements for modelling the pipe.
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2.4 Kennedy et al. (1977) method for fault crossing analysis

An analytical method for estimating stresses and strains in a buried pipeline crossing a
fault and subjected to large fault displacements has been proposed by Kennedy et. al.
(1977). This analytical methodology enhances the methodology proposed by
Newmark and Hall (1975) and is based on the consideration of the pipeline as a cable,
ignoring pipeline bending stiffness. Figure 1 shows the pipeline crossing a right
lateral fault at an angle B with respect to the direction of movement. The pipe is
assumed to be anchored at distance L; and L, on two far ends. This method is limited
to crossing angles that result in pipe elongation a common case in pipeline

applications. The steps of this analytical methodology are stated below.

Anchor point

Figure 11. Schematic diagram of Shallow buried pipe movement resulting from horizontal

fault displacement.

(a) Estimate maximum axial stress oy and force axial Fy in the pipe at fault.

(b) Approximate the lateral and vertical radii of curvature from Eq 6 below,
substituting Fy; for Fy and p,and q, for Pix and Py respectively. The value of p,is the
maximum soil resistance per unit pipe length in the transverse (horizontal) direction,
while q, is the maximum soil resistance per unit pipe length in the vertical downward

direction.

= Eq. 6
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(¢) Determine the value of lengths L., L., over which lateral and vertical
displacement occurs due to curvature ky=1/R.r. and k,=1/R.y, respectively from Eq. 7

and the total pipe elongation AL cquired from Eq. 8.
L,=+R,0,sinf8 ., L, =42R.6, Eq.7

(5, sinﬁ)2 N 265;
3L 3L

cL cv

=0, cos B+ Eq. 8

required

(d) Determine the total elongation AL,yaiabie Of the pipeline as the sum of the
elongations in the straight and curved zones from Eq. 9.

AL, ... =AL +AL,+2AL, Eq.9

available

where the values of ALy, AL, AL, are calculated from Eq. 10 to Eq. 12 written

below.
B,+B C
AL =¢ L, | 21— |+ B, )" —(B)™" Eq. 10
: { ( ; j LB BT ] B
B, +B C
AL, =e L 1| 22— |+ B)Y"™ —(B,,)" Eq. 11
s1 y{ cL ( 2 j hs(r+2)|:( s) ( Ll) ] q
B, _,+B C )
AL, =€ L L2 7S |4 B)Y"™ —(B,,)" |+ Eq.12
52 y{ CLZ( 2 j hs(r+2)|:( s) ( LZ) ] q
where
LCLI_LI_LCL ’ LCL2:L2_LCL Eq 13
B,=2M  B=B,-hL, Eq. 14
o,
BleBs_hsLsLl ’ BLZZBs_hsLsL2 Eq 15
and
h, = Je . h, = A Eq. 16
A0, A0,

In the above equations, fs and f. are the longitudinal friction at straight and curved
sections, respectively, fs is the maximum soil resistance in axial direction per unit
length of pipe, while the ratio of curved pipe zone to straight pipe zone friction factors
raging from 2.4 for H/D equal to 1, to 3.3 for H¢/D equal to 3. Finally A, is the cross
sectional area, oy the yield stress of the pipe material whereas and L; and L, are the

estimated unanchored lengths on each side of the fault.
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(e) If the value of AL cquired 1S not equal to ALayailable then the initial estimates of axial
stress op and force Fy is revised and steps (a)-(d) are repeated until the values of

AL equired and ALgyaitable become equal.

(f) Upon convergence of the method, as described above, the axial strain & are

determained from the stress-strain curve of Eq. 17 (Ramberg—Osgood curve).

G r
g =2 1+(ij o] Eq. 17
E r+1 o,

In the above expressions parameters a, r are the Ramberg-Osgood coefficients for

steel pipe material, oy is the yield stress of the material, 8, and o, are the fault
displacements in the parallel and vertical direction with respect to fault axis,
respectively. Due to its complexity and its repetitive form, the application of the

above methodology requires a computer programming.

18

Institutional Repository - Library & Information Centre - University of Thessaly
18/05/2024 05:16:52 EEST - 3.145.155.214



2.5 Vazouras et al. (2012) method for strike-slip faults

A fault dsin
Y deformed plane ﬂ PR
pipeline \“\
axis  \
BI
A } 777777
A Id cos B \ %
e G AR
c Bl |x
d
; L ‘
LT

< >
< P

Figure 10. Schematical representation of fault-induced deformation of pipeline axis.

A simplified analytical formulation has been proposed in a series of publications by
Vazouras et al. (2010, 2012 and 2015) for describing pipeline deformation under
strike-slip fault action, using an assumed-shape function for the deformed shape of the
pipeline. The methodology is based on an assumed shape for the transverse pipeline
deformation in an S-shaped “shearing type” configuration, within a segment of length
L, as shown in Figure 10 the pipeline outside this segment of length L is assumed to
be under pure tension only. A shape function for the transverse displacement u(x) of

the pipeline is considered in the following form:
d X
=—cosf| I-cos— Eq. 18
u(x) 5 os B ( 0 7 j q

where x=0 and x=L are the two ends of the S-shape pipe segment. In addition, the
axial displacement v(x) of the pipeline within this segment due to longitudinal
stretching is assumed to be linearly distributed along the pipeline:

dsin 3
L

v(x)= X Eq. 19

In Eq. 18 and Eq. 19 the d is the fault displacement, B and L is the crossing angle and
the length of S-shape as shown in Figure 10, respectively. Having estimated the
maximum bending curvature, k, due to the imposed deformation d and neglecting

cross-sectional distortion, the corresponding bending stain g is
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£ —k—D—”—Z(—dCOSﬁ)(g) Eq. 20
T2 4L L &

while the axial membrane strain &, can be computed from Eq. 21 equation reference
goes here, where the first term is due to axial stretching due to bending and the second
term is due to elongation due to the fault displacement component in the direction of

pipeline axis.

2.2 2 .
Em:(dﬂ cos ﬁ+dsmﬁj( ® ) Eq.21

161° L w+1

where the parameters ®, A and K; are given from Eq. 22, Eq. 23 and Eq. 24,

respectively.
= KL Eq. 22
2E A
A= TPk Eq. 23
EA
K,=AE A Eq. 24

In the above equations, Es is the Young’s modulus of steel pipe material and A is the
cross sectional area of the pipe. Furthermore, parameter k; is given from Eq. 25 where

the t, is the maximum soil resistance per pipe unit length in the pipe axial direction.

k =—* Eq. 25

An important parameter for this methodology is the length L of the S-shape of the
pipeline. A formulation for the prediction of this length is presented in the following
paragraph 2.6, while a comparison of this method with finite elements is presented in

paragraph 2.7.
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2.6 New methodology for analyzing fault crossing cases

As descripted in the previous paragraph Vazouras et. al (2010, 2012 and 2015)
proposed a simplified method for analyzing pipelines which crosses strike-slip
faults. An important missing parameter of this methodology is the length L of the
deformed S-shape of the pipeline as shown in Figure 10. In Figure 11 an
equivalent static model for the calculation of the length L of deformed S-shape of
the pipeline is shown. The moment diagram (a) is the result of the support
movement while the moment diagram (b) is the result of the distributed loading.
The fault movement induces a moment in the length L, which can be described

by the moment diagram (c) of Figure 11.

Figure 11. Equivalent static model for the calculation of the length L of the deformed S-

shape of the pipeline in a case of a strike-slipe fault.

The elastic beam theory is employed in order to calculate the length L of the
deformed shape of pipeline. In particular, the two loading conditions of Figure 11, are
combined in order to simulate the loading conditions of the pipe due to fault
movement. The support movement is employed in order to take account the fault
displacement while the distributed loading in order to take account of the soil
resistance p, (maximum soil resistance to the pipe transverse direction per unit length

of the pipe). The length L results by solving the system of Eq. 26 and Eq. 27. The
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solution of the system of Eq. 26 and Eq. 27 gives the length L at which the
combination of loadings of Figure 11 gives zero moment in the supports and yield
moment of the pipe cross section intermediate of the deformed length of the pipe.
According to this procedure the length L is given by Eq. 28 where the My is the yield
moment of the pipe cross section and p, is the maximum soil resistance to the pipe
transverse direction per unit length of the pipe.

M,+M, =0=003125L'p,—6dEJ =0  Eq.26

4 2 _
0.01562L'p, - M [’ +3EJd =0 Eq. 27
M
L= 2 % Eq. 28
5\ p,

In the above equations the E is the Young’s Modulus, ] the inertia moment of the
pipe cross section while d is the fault displacement. The length L of the deformed
S-shape of the pipe from Eq. 28 can be used directly in Vazouras et. al
methodology which is described in the previous paragraph.

This methodology is applicable only for strike-slip faults, otherwise in a case of
normal or oblique faults some alterations must be done. The maximum soil
resistance in the vertical direction is different for the downwards and the
upwards direction. This difference is taken into account through some alteration

in the equivalent static model as shown in Figure 12.

L L.

Figure 12. Equivalent static model for the calculation of lengths L; and L, of the deformed S-

shape of the pipeline in a case of normal or oblique fault.
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The reaction moments of diagram (b) of Figure 12 can be computed from Eq. 29 to
Eq. 31 and the vertical reaction of support (A) V4 can be computed by Eq. 32. The
reaction moment of diagram (a) can be computed by Eq. 33. The solution of the
system of Eq. 34 and Eq. 35 gives the lengths L, and L, at which the combination of
loadings of Figure 12 gives zero moment in the supports for different values of d. A
simplified way to solve this problem is to use the Eq. 36 which is the difference
between Eq. 34 and Eq. 35.

L, L

= = Eq. 29
7 L+L, 7 L+L, q
1 ) 1 2
L= _gqu1L17/1(1_0-7571) = _§Qu2L272(1_0'7SY2) Eq. 30
’ 1 ’ 1
MAZE[’E"'lz_zll_zrz] MB:§[5+11—212—21’1] Eq. 31
1 ’ ’ Lf L2
VA:L1+L2 MA_MB_‘]L¢17+%2L2 Ll+7 Eq. 32
E. E
= 6Ja'2 M, = 6Ja'2 Eq. 33
(L,+L,) (L, +L,)
M, +M,=0=

278Llq, +111LL,q, + L L3 (-167q,, +333q,,)+111L,L}q,, +27.8L}q,, = 6000dEJ
Eq. 34

M, +M;=0=
278Llq, +111LL,q, + L L (-167q,, + 333q,,)+111L,L}q,, +27.8L}q,, = —6000dEJ

Eq. 35
=L | 24Ed Eq. 36
L2 (qul _qu2)
2
M},:M;+&+ 2M, (L‘JFLZ—L] Eq. 37
qul Ll +L2 2 qul

The desired set of Ly, L2 and d is the one that verifies the Eq. 37 which concerns
the maximum moment of diagram (c) of Figure 12. The steps of this analytical
methodology are stated below.

(a) Calculation of L1 using Eq. 34 and Eq. 36 for different values of d.

23

Institutional Repository - Library & Information Centre - University of Thessaly
18/05/2024 05:16:52 EEST - 3.145.155.214



(b) Calculation of L2 using Eq. 35 for different values of d.

(c) Check which set of L1, Lz and d verifies the Eq. 37.
In order to calculate the strains in a case of normal or oblique faults the
methodology of Vazouras et. al can be used on the condition of a slight change of
the initial assumed shape of the deformed pipe. The axial displacement v(x) of the
pipeline within this segment due to longitudinal stretching, which is assumed to be
linearly distributed along the pipeline, remains the same, while the shape function for
the transverse displacement u(x) of the pipeline is considered only for the part with
the larger soil resistance q,. This assumption is based on the fact that the maximum
moment occurs within the segment with the larger soil resistance. The shape function
and therefore the maximum bending strain will be computed for a segment with
length equal to 2L, where 1 is the part with the larger soil resistance.

u(x):gcosﬁ[l—cosﬂ],OﬁxSLi Eq. 38
2 2L,

dsin 3
L+L,

v(x)= X Eq. 39

According to the above alterations the Eq. 20, Eq. 21 and Eq. 22 are changed to
Eq. 40, Eq. 41 and Eq.42, respectively.

2
g, =T |desh N D Eq. 40
4\ 2L o

2.2 2 .
. dﬂcosﬁ2+dsmﬁ (co ) Eq. 41
16(L,+L,) L+L, \w+l
QZM Eq. 42
2EA

2.7 Comparison between simplified finite element model and analytical

methodologies

Two case studies have been analyzed in the coarse of the present work in order to
compare the above methodologies. Case study (a) compares the design equations
according ALA (2001) for longitudinal soil displacement due to liquefaction with the
simplified finite element model while the case study (b) compares the analytical

methodology for strike-slip faults with the simplified finite element model.
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A 42-inch-diameter, X60 steel pipeline with 0.562-inch thickness is considered in a
geohazard area, with cohesionless soil conditions. A comparison between design
equations and finite element analysis with beam-type pipe elements is offered in the
present paragraph. Soil properties of the cohesionless (sand) soil, geometric
parameters and the material of the pipe are presented in Table 1. The loading patterns
under consideration are (a) longitudinal PGD due to liquefaction and (b) strike-slip

fault crossing.

Table 3. Soil parameters and geometric/mechanical properties.

0 349
Ko 0.5
¥ (kg/m’) 1760
H, (m) 0.9
D (in) 42
t (in) 0.562
Material X60

(a) Longitudinal PGD due to liquefaction

In this case, the length of liquefied zone Lg (Figure 7) is assumed 100 m (from
geotechnical investigation) and the displacement of moving soil mass 6 is taken equal
to 3 m. For the finite element analysis, pipe elements are adopted and the
corresponding results indicate a value for the maximum axial stress equal to 24.7
MPa. The distribution of axial stresses along the pipeline axis is presented in Figure
13. The computed maximum stress based on the analytical design Eq. 1 and Eq. 2 is
24.1 MPa. The results obtained from the finite element analysis and the analytical

design equations are in very good agreement.

30
25

-15
-20
-25
-30

Axial Stress (MPa)

Pipeline Axis (m)

Figure 13. Axial stresses with respect to pipeline axis.
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(b) Fault crossing analysis

In this case a strike-slip fault has been considered with two different fault crossing

angles 3, namely 0° and 10° degrees. The analysis is performed for fault displacement

equal to 1, 2 and 3 meters for each angle B. The results from the finite element

analysis and the results from the analytical design equations of the methodology

presented by Vazouras et al. (2015) are presented in Tables 2 and 3 for the two values

of crossing angle B, 0° and 10° degrees, respectively. The length L of the curved pipe

segment is computed from Eq. 28 equal to 28.42 m and the comparison with the

deformed shape of the pipe from FE analysis is depicted to Figure 14. The

comparison of maximum axial strains and length L between FE analysis and design

equations indicates a fairly good agreement.

3,50

3,00

2,50

2,00

1,50

1,00

0,50

Pipe Displacement (m)

0,00

L=28.42 m

/

= FEM solution

/

-20

0]

0o 40

-0,50

Distance from the fault (m)

Figure 14. Comparison between length L from equation 1 with the deformed shape of

pipeline from FE analysis with pipe elements.

Table 4. Comparison between Design Equation and FEM results for angle B equal to 0°.

Max tensile strain % Max compressive strain %
0 (m) Design Eq. FEM Design Eq. FEM
1 0.35 0.34 0.31 0.26
2 0.73 0.94 0.59 0.67
3 1.15 1.24 0.83 0.73

Table 5. Comparison between Design Equation and FEM results for angle  equal to 10°.

Max tensile strain % Max compressive strain %
0 (m) Design Eq. FEM Design Eq. FEM
1 0.48 0.44 0.16 0.18
2 1.00 1.01 0.29 0.26
3 1.56 1.31 0.39 0.24
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3. Pipe-Soil Interaction

3.1 Introduction

In the framework of a European Research project, the GIPIPE project, a series of tests
had been performed by CSM, in Sardinia, with the aim at examining experimentally
soil-pipeline interaction under ground-induced actions. In particular, three pull-out
and three transversal tests conducted in order to verify the pipe soil interaction in the
axial and the transversal direction, respectively. Moreover four full-scale
landslide/fault tests have been performed in order to investigate the complex pipe soil
interaction in a realistic scenario. In Table 6, the details on the experimental testing
parameters are illustrated for axial, transversal and landslide tests. In all cases, the
diameter of pipe specimens is equal to 219.6 mm, the wall thickness is equal to 5.56

mm and the steel grade is APISL X65.

Table 6. Information about experimental testing conducted by CSM.

Test Compaction Mass Water | Coating Internal
Level D, (%) density | conten pressure
(Kg/m?) | t(%) (MPa)
Axial 1 40 1629 5.7 Bare 0
Axial 2 20 1602 7.8 Bare 0
Axial 3 40 1613 5.8 Coated 0
Transversal 1 20 1601 7.6 Bare 0
Transversal 2 40 1640 6.1 Bare 0
Transversal 3 40 1645 7.3 Coated 0
Landslide 1 40 1600 8.0 Bare 0
Landslide 2 40 1688 - Bare 11.4
Landslide 3 20 1600 - Bare 0
Landslide 4 20 1600 - Bare 11.4

In order to define the material parameters for the soil surrounding the pipeline, NTUA
performed direct shear tests in samples of sand provided by CSM. In Figures 15 and

16 the variation of internal angle of friction of sand with respect to horizontal
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displacement is illustrated for compaction level equal to 20 and 40 %, respectively as
obtained by the above tests.

60

a5

E 2 4 S

15

0

0 11 28 3

5x (mm)
Figure 15. Variation of internal friction angle with respect to horizontal displacement for a
sand with D, = 40 %, based on results from direct shear test conducted by NTUA for vertical
applied stress equal to 6,=17 kPa.

60

0 14 2 33 4
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Figure 16. Variation of internal friction angle with respect to horizontal displacement for a
sand with D, = 20 %, based on results from direct shear test conducted by NTUA for vertical

applied stress equal to 6,=17 kPa.

A finite element model has also been developed in order to simulate the experimental
testing conducted by CSM. In this model four-node reduced integration shell elements
(type S4R) are employed for modeling the cylindrical pipeline segment and eight-
node reduced-integration “brick” elements (C3D8R) are employed to simulate the
surrounding soil. The mechanical behavior of soil material is described through a
modified Mohr-Coulomb model (Anastasopoulos et. al. 2007) in order to account for

the softening behavior of the sand.
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3.2 Transverse Pipe-Soil Interaction

Pipe-soil interaction in the transverse direction of a buried pipeline is a significant
parameter for the deformation of the pipe in the case of permanent ground
deformations. Several transverse tests have been performed e.g. (O’Rourke et. al.
(1985) and Karimian (2006)) in order to understand and quantify the transverse pipe-
soil interaction mechanism. Three new transverse tests have been conducted by CSM
in the course of the GIPIPE project. The experimental setup is illustrated in Figures

17 and 18. In those tests the pipe has been restricted in the vertical direction.

750mm

«' =
_ )
«%

Transversal pulling

400mm

3000 mm

2200mm
1

—

Figure 18. Deformed shape of the soil free surface at the end of the test.
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The results of the three tests are shown in Figure 19 in terms of the load displacement
diagram. The value of force is calculated from the measurements of the contact
pressure sensor wrapper around the pipe, the contact pressure sensor is shown in
Figure 20. In general, it is observed that all three tests indicate a similar response,
especially for displacement values larger than 400 mm. The small difference of the
compaction level between test 1 (Dr = 22%) and tests 2 and 3 (Dr =35%)) is reflected

to a small difference in the contact pressure for displacements lower than 200 mm.

70
— = Contact pressure Sensor, Test 1
-l
60 |- - Contact pressure Sensor, Test 2 Ve ‘\r “
1 U
1, \
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50 - _— ~ !
e RN \"aq oo ) N
hranten, o “\ ’ l'l Jt )’L"’J‘\—\ Chlel III
= e s AR, N
£40 /"/ N, /';‘,ﬂ‘ ) X% P K M "
] i ,'*“‘\;,*"‘::-r"" .’ A :"‘::/ * "
5 I ad | "
® 30 I 1 Ll
S 0ot i "
: ; :
W \
20 7l L] i
"
" j y !
i H 4
10 ﬁ
' J
(
0
0 200 400 600 800 1000 1200 1400
Stroke [mm]

Figure 19. Pressure-sensor force versus stroke for the three transverse tests conducted by

CSM.

Figure 20. Pressure-sensor wrapper around the pipe.

A finite element model has been developed, which simulates the transverse tests. The
model is shown in Figure 21 and 22. In order to reduce the computational effort only
a slice of width 0.1m is modeled; this width corresponds to 1 element. The analysis
proceeds moving the pipeline in the direction of x axis, as shown in Figure 22, while
the displacements in direction of z axis are restricted. A comparison between
experimental results and the finite element model described above as shown in
Figures 23, 24 for transverse tests 1, 2 and 3, respectively. The predictions of pipe-

soil interaction obtained from the finite element model seems to be quite satisfactory.
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Figure 21. General configuration (solid model) of the CSM transverse test simulation.
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Figure 22. Deformed shape of the finite element model of transverse test corresponding to a

value of pipe displacement equal to 250 mm (1.14 pipe diameters).
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Figure 23. Comparison between Transverse Test 1 results and the results of finite element

model.
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Figure 24. Comparison between Transverse Test 2 and 3 results and the results of the finite

element model.

3.3 Axial Pipe-Soil interaction

The pipe-soil interaction in the axial direction may be important for the deformation
of the pipe in the case of permanent ground deformations, as well as in the case of
seismic wave loading. Several pull out tests have been performed elsewhere, and
reported in the previous publications (Scarpelli et. al. (2003), Karimian (2006)) during
the last years, in order to determine the axial pipe-soil interaction mechanism. Three
new pull out tests have been conducted by CSM in the course of the GIPIPE project.
The experimental setup is illustrated in Figure 25 and 26. The results of the three tests
are presented briefly in the following Figure 27. The three tests show similarities with
the results of a direct shear tests performed on sand samples by NTUA to evaluate the
soil friction angle. In both cases, a peak shear resistance is observed, followed by a

decay of resistance value towards an asymptotic residual value.
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Figure 25. Experimental setup of axial tests conducted by CSM.

Figure 26. Setup of the pull-out tests before at the beginning of testing.
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Figure 27. Pull-out load versus stroke for the three axial tests conducted by CSM.
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The maximum soil resistance t, against pipe movement in the axial direction (t, is
force per unit pipe length) according to ASCE guidelines (1984) and ALA guidelines
(2001) can be calculated from Eq. 43:

u

t :nD(GV;Gh]tan&p Eq. 43

where the o, and oy, the vertical and the lateral pressure in pipe depth, respectively, ¢
is the internal friction angle of sand and o is the pipe-soil interface coefficient. Eq. 43
describes a classical Coulomb friction law. The friction coefficient p is constant and
equal to tan §¢ while the normal force to the interface is equal to the perimeter of the
pipe, multiplied by the average of vertical and lateral earth pressure as shown in

following Figure 28.

surface

Figure 28. Vertical and lateral earth pressure in the pipe cross section.

In the case of a soil without dilatancy, Eq.43 can describe pipe-soil interaction in the
axial direction with very good accuracy. On the other hand, in the case of a soil with
dilatancy, Eq. 43 cannot describe satisfactory the pipe-soil interaction. These two

cases are analyzed below.

»  Soil without dilatancy

Karimian et. al. (2006) performed several pull out tests, one test was with sand
without dilatancy. The experimental setup is illustrated in Figure 29. The outer
diameter of the steel pipe was equal to 457 mm while pipe thickness was 12.7 mm.
This test was performed with the embedment of loose sand with a compaction level

(D) of approximately 20% and an average density equal to 1450 kg/m’. The depth to
34
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diameter H/D ratio for this test was equal to 2.7, and the length of the soil box equal
to 3.8 m. The comparison between experiment, the provisions of ASCE guidelines
(1984) and the finite element analysis is presented in Figure 31. In that figure, the
axial soil resistance is shown in terms of pipe displacement. The F', is the normalized
value of axial force, with respect to the vertical effective stress from soil overburden
at the centerline of the pipe as calculated from Eq. 44. The model simulates the axial
test (pull out test) conducted by UBC (Karimian, 2006) is shown in Figure 30. The
pipeline is pulled outwards at the near end, whereas the far end of the pipe remains
free. The prediction of axial soil resistance for both ASCE guidelines (Eq. 43) and
the finite element analysis is very satisfactory.

F

’

. — Eq. 44
A= Y'HzDL a

Figure 29. Experimental setup of axial test performed by Karimian (2006).
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Figure 30. Finite Element Model used for simulating the pull-out test of CSM and the one
conducted by Karimian (2006).
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Figure 31. Comparison between the experimental data, the ASCE guidelines (1984) and the

results from the finite element analysis.

> Soil with dilatancy

In the case of a sand with dilatancy, Eq. 43 cannot predict satisfactory the pipe-soil
interaction in axial direction. It is obvious from Figure 32 and from other experiments
available in the literature as reported by Scarpelli et. al (2003) and by Karimian
(2006)) that the friction in the interface of pipe and sand cannot be descripted
adequately by a Coulomb friction. In Figure 32 a comparison between Axial Test 1
conducted by CSM and the provision of ASCE (1984) is depicted for sand with
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dilatancy. The prediction of ASCE guidelines is significantly lower than experimental
results. This difference is attributed to the fact that the Eq. 43 does not take into

account the dilatancy of the sand.

35.0
30.0 [\\\M
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®
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100
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50 ¢
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Figure 32. Comparison of axial soil resistance between the experimental results of Axial Test

1 conducted by CSM and the provision of ASCE guidelines (1984).

A schematic representation of shear zone around the pipe caused by axial differential
movement between the pipe and the soil is presented in Figure 33. As plastic shear
deformation develops in the sand around the pipe, an extra stress Ac also develops at
the pipe-soil interface. This stress Ac is caused by the fact that the sand under

confined shear conditions cannot expand freely.

Shear Zone

4 I

dL

Figure 33. Schematic representation of shear zone around the pipe caused by axial

differential movement between pipe and soil (vertical section).
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Equations (3) describe a modified law for pipe-soil interaction in the axial direction.
An exponential decay law has been introduced to describe the friction coefficient as
decreasing function of the relative displacement d between the soil and the pipe p(d),

as well as the extra stress due to sand dilatancy Ac(d).

¢'peak
¢!’ES

Internal Friction angle ¢

Q
Vertical displacement &y

6xy 6xpeak X5

Horizontal displacement 6x
Figure 34. Typical variation of internal friction angle ¢ and vertical displacement 8y with

respect to horizontal displacement 6x in a direct shear test.

o,+0 ,
ﬂD{VTh + Aapeak}tan(&opmk),d =0

t,(d)= Eq. 45

wrv Jz’ah + Aa(d’)} wdyd' >d. .

In Eq. 45 Ac(d) and p(d) are given by Eq.46 and Eq.47, where d is the maximum
displacement at which maximum soil resistance occurs. According to ALA guidelines
(2001) derit is equal to 0.1 — 0.2 inch for dense to loose sand and d’ is the difference
between d and deir, (d' = d — drit)-

Ac(d)=(Ao,,— (A0, —AC e Eq. 46

u(d’) = (tanég,,, — (tan 8¢, — tandp,,, e “* Eq. 47

In Eq. 47, @peak and @y are the peak and constant volume internal angle of friction of
the sand, respectively (Figure 34) and constant a is given by the empirical Eq. 48. The
value of a controls the decay law of the friction coefficient.

1 .
o= -2~ e Eq. 48
f(6x - axpeuk) (ppeak - (pres
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In Eq. 48, ¢ is a random value of internal friction between @peax and @res and 6x the
corresponding horizontal displacement. Eq. 48 describes the rate of decay of internal
friction with respect to the horizontal displacement at the direct shear test divided by a
factor f, due to the difference of the shear zone width between the direct shear test and
the actual problem. Factor f is taken equal to 100 or more for a small diameter pipe
while can be equal to 1 for very large diameters, a methodology for the calculation of

the factor f is still under investigation.

ox

-—

(©)
Figure 35. Idealized simple shear conditions: (a) finite-element computed shear strain; (b)

shear strain along the shear band (Anastasopoulos et al. (2007))

The extra stress Acpeak and Acys can be easily computed by one-element test analysis.

Anastasopoulos et al. (2007) proposed such a methodology for calibrating the Mohr-

Coulomb model, using a direct shear stress (Figure 35). According to this method, the

plastic shear strain ypea corresponds to @peak and the vy corresponds to @res can be

computed by Eq. 49 and Eq. 50 respectively.
—0x,

_ 6‘xpeak
’J/peak - D

6'xres - 6xpeak Eq 50
dFE

Eq. 49

,J/rex = Ypeak +

In Eq. 49 and Eq. 50, D is the initial depth of the soil sample and drg the height of
one-element test as shown in Figure 35a. A correction of peak angle of friction must
be considered because of plane strain conditions as suggested by Jewell (1989)
according to equation (9).

tan((p peak )
cos(y)+sin(y) tan(@,,, )

sin(@,,) = Eq. 51

S

where the (P;F;eak is peak friction angle under the plane-strain conditions and v is the

dilation angle, which is equal to Qpeak — Pres.
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-

Figure 36. Schematic representation of one element model with restrict of the vertical

deformation (8,=0) in order to compute the extra stress Ac due to dilatancy of the sand.

In order to compute the extra stress Ao, a restriction in the vertical movement of the
one element model must be applied, as shown in Figure 36. From this procedure, the
value of Acpeax and the value of Aoy can be obtained. This methodology was applied
for axial tests conducted by CSM. The values of Acyea and Acyes have been calculated
equal to 12.5 kPa and 8.12 kPa for axial test 1 and 4.5 kPa and 0 kPa for axial test 2,
respectively. A comparison between experimental results and the value of maximum
soil resistance in the axial direction from Eq. 45 is illustrated in Figure 37 and Figure
38 for axial test 1 and axial test 2, respectively. The prediction of pipe-soil interaction

using Eq. 45 provides very satisfactory results.
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Figure 37. Comparison between Axial Test 1 conducted by CSM and the value of t, by

equation (3).
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Figure 38. Comparison between Axial Test 2 conducted by CSM and the value of t, by
equation (3).

The finite element model that simulates the axial test (pull-out test) conducted by
CSM is shown in Figure 39. The pipeline is pulled outwards at the near end, whereas
the far end remains free. A contact algorithm has been developed in order to describe
the pipe soil interaction using the user subroutine FRIC. The friction law described by
equation (3) has been implemented in the FRIC subroutine in order to account for

dilatancy of the sand.

z

L,

Figure 39. Finite Element model of pull out test contacted by CSM.

A comparison between experimental results and those from the finite element model
described above is shown in Figure 40 and Figure 41 for axial test 1 and 2,

respectively. The prediction of pipe-soil interaction as obtained from the finite
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element model is very good. The conditions for axial test 3 are quite similar to those
for test 1 except for the coating of the pipe. Figure 27 shows that the decay law from
axial test 3 is different than the one in test 1 but the peak and residual values are quite
similar. According to the above methodology the peak and the residual value can be

predicted for axial test 3 with good accuracy but the decay rate cannot be predicted

accurately.
40
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Figure 40. Comparison between the results of axial test 1 and the finite element predictions.

25
~——Experiment
20 —FEM
15
— aa T L
4
=
®
8 10
-
5
. r
0.0 50.0 100.0 150.0 200.0 250.0 300.0 350.0

Stroke [mm]

Figure 41. Comparison between the results of axial test 2 and the finite element predictions.
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3.4 Simulation of landslide/fault test

Landslide tests have been performed by CSM in order to investigate the complex

behavior of pipe-soil interaction in a special “landslide/fault” device. The

experimental setup is shown in Figure 42 to Figure 45. The setup is composed by two

fixed concrete boxes and one sliding box in-between as shown in Figure 42. The two

ends of the pipe are free to move in the longitudinal direction during the test. The

longitudinal strains measured by strain gauges for various displacement values of the

middle box. A schematic representation of the deformed shape of the pipeline is

shown in Figure 46.

Initial configuration

fixed boxes Concrete
blocks
(adjustable
configuration)

\ .:jﬁ.r'¢:1,.5m

= Soil backfill

835

> Hydraulic actuators
NZ © +400 tonnes each
L +5.2m strok

8357

sliding box

Pipeline

*OD 219.2mm x WT 5.6mm, API X65 (GIPIPE
tests)

*buried length: 24.7m
*burial depth: 685mm

*without internal pressure

initial configuration

Figure 42. Schematic representation of experimental setup of tests in a landslide/fault device

conducted by CSM.

Figure 43. Experimental setup of “landslide/fault” tests conducted by CSM.
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Figure 44. Internal box dimensions — lateral view.

Figure 45. Internal box dimensions — plan view.
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Figure 46. Sliding box and pipe-end displacements.
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A finite element model has been developed, which simulates the “landslide/fault”

tests. The model is shown in Figure 47. The middle box slides along the x axis as

shown in Figure 47 while the two far boxes remain foxed. In Figure 48 and Figure 49

the deformed shape of pipe specimen from the first “landslide/fault” test is illustrated

for box displacement equal to 229 mm (1.04 pipe diameters). The comparison

between the experimental results and the finite element analysis results is shown in

Figure 50, Figure 51 and Figure 52 for box displacement equal to 200, 400 and 600

mm, which is equal to 0.91, 1.82 and 2.74 pipe diameters, respectively. In Figure 50,

Figure 51 and Figure 52 the longitudinal strains at the extrados with respect to the

Institutional Repository - Library & Information Centre - University of Thessaly
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pipe axis are shown along the half specimen. A difference in the position of the
maximum strain was observed between numerical and experimental results. This
difference is probably to the coarse mesh, which employed in order to reduce the
computational effort. In any case more simulation will follow with a denser mesh not

only for the landslide test 1, but also for the tests 2, 3 and 4 according to Table 6.

v
Step: PULL
x Increment  750: Step Time = 4.6875E-02
z

Symbol Var: U
Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 47. General configuration (solid model) of the simulation of CSM landslide/fault test.

U, Magnitude
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+1.525e-01
+1.335e-01
+1.144e-01
+9.533e-02
+7.626e-02
+5.720e-02
+3.813e-02
+1.907e-02
+0.000e+00

¥

Step: PULL
XIncrement  750: Step Time =  4.6875E-02

Primary \ar: U, Magnitude
Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 48. Deformed shape of the finite element model simulating “landslide/fault” test 1

corresponding to a value of box displacement equal to 229 mm (equal to1.05 pipe diameters).
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Figure 49. Deformed shape of the finite element model for the simulation of “landslide/fault”

test 1 corresponding to a value of box displacement equal to 229 mm (equal to 1.05 pipe

diameters).
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Figure 50. Comparison between landslide/fault test 1 results and finite element analysis in

terms of the longitudinal strains along the pipe axis, for box displacement equal to 200 mm

(equal to 0.91 pipe diameters).
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Figure 51. Comparison between landslide\fault test 1 results and finite element analysis in

terms of the longitudinal strains along the pipe axis, for box displacement equal to 400 mm

(equal to 1.82 pipe diameters).

Longitudinal strain(%)

0,60%
0,50%
0,40%
0,30%
0,20%
0,10%
0,00%
-0,10%
-0,20%
-0,30%
-0,40%

——Experiment 1 - d=600 mm
-=-FEM
i
2 4 6 8 10

Longitudinal position (m)

12

Figure 52. Comparison between landslide\fault test 1 results and finite element analysis in

terms of the longitudinal strains along the pipe axis, for box displacement equal to 600 mm

(equal to 2.74 pipe diameters).
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4. Conclusions

Analytical and numerical methodologies for analyzing buried steel pipelines
subjected to permanent seismic fault movement have been investigated. More
specifically two analytical methodologies from the literature have been
investigated while a new methodology for the calculation of the length of the
deformed S-shape of the pipe has been developed and compared with finite
element analysis. Moreover the pipe-soil interaction was investigated through

the simulation of experimental tests, which conducted by CSM, in Sardinia.

The main conclusions derived from this study can be summarized as follows:

» A new analytical methodology for the calculation of the Length of the
deformed S-shape of the pipeline for all types of faults was developed and
compared to finite elements analysis. The results of the comparison were quite
satisfactory.

» The calculation of the deformed Length of the pipeline was used in Vazouras
et. al method in order to compute the strains of the pipeline in a case of a
strike-slip fault. The results were compared with finite element analysis and
the comparison was quite satisfactory.

» The Vazouras et. al method can be extended also for normal and oblique faults
by using the methodology for the prediction of the Length of the deformed S-
shape of the pipeline.

» The axial pipe-soil interaction was investigated:

e In the case of a soil without dilatancy both the finite element model
and the formula from the codes are in good agreement with the
experimental results.

e In the case of a soil with dilatancy the extra stress Ac due to dilatancy
must be taken into account.

» A new axial spring was developed which takes into consideration the dilatancy
and the softening of the soil.

» A contact algorithm was developed, using the subroutine FRIC of software
Abaqus for 3D finite elements models, in order to take account of the extra

stress Ac due to dilatancy of the soil.
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» The transversal pipe-soil interaction was also investigated, the results from the
finite element analysis are in good agreement with the experimental results.
» The pipe-soil interaction was investigated in a complex loading condition

through the landslide test.
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