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-AN ABSTRACT OF THE THESS OF

Lama Taysir Thebian for Master of Engineering
Major: Civil Engineering

Title: Numerical Investigation of Diglip fault Propagation Effects on Offshore Seabed for
Pipeline Applications

The present thesis addresses the behavior of seabed sands subjected to undeslipng dip
fault movement. This problem is of interest in reference to subsea oil/gas pipelines
connecting offshore platforms to the shoreline, crossing known existirgligijults in

the eastern Mediterranean. The propagation of the faulting offset in seabed sediments
explored using B finite element modeling. Abagtiss used as a numerical platform which
allowed the modeling of this complex problem, accounting for neatimaterial behavior

with strain softening. Different dip angles and vertical fault displacements up to 10% of the
soil layer thickness were consider@the results presented in thigesisinclude the effect

of the relative density of the seabed sandtherextent and magnitude of ground surface
deformations. The required bedrock displacement/offset for the rupture to reach the surface
and the length and location of the distorted zone are reported. The effects of the overlying
soil layer thickness andéhwidth of the faulting breccia zone are also investigated. The
results show that loose sand caselangkr faultbrecciazone widthsand larger soil layer
thicknessesesult in larger distorted zones and higher bedrock displacements for the fault
base rupture to propagate to the surface. At larger relative densities and shallower dip
angles, the formation of ba¢krust conditions are observéat normal fault case ahpop

up structures are observed for reverse fault aasertain bedrock displacements. Based on
the parametric analyses and results presented in this paper, observations related to the
potential magnitudes and extents of surface deformations for vanadgions of seabed
densities and thicknesses are provided. These would be of critical need/use in determining
likely effects of distortion/loading on pipelines crossing the fault zone.
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CHAPTER 1

INTRODUCTION

1.1Introduction

Historically, earthquakes have caused significant damage to structures, infrastructures,
human lives, antheenvironment. Such damag&asobserved in the San Fernando
Earthquake (1971), Kobe earthquake (1995);CHiiearthquake (1999), Kocaeli
earthquak (1999), and the Miflligata earthquake (2004). An earthquake consists of two
parts: the seismic waves and the permanent ground deformation. The seismic waves
impose threats to structuresarea that lie in the vicinity qf as well as areas that are
distant from the faultas these waves travel long distances. The permanent ground
deformation poses danger to overlying structypasicularly forcases wherethe fault
deformationgropagate to the grodrsurface.

With the increasing demand on oil andggelectricity, and other resources,
exploration of new offshoresources of oil and gasis generateengineering
developmentand posed a number of challenges particulat toetmatonment. As these
structures expand over large areas, treylikely b cross througkeismic zones. This
subjects them to several seismic geohazards like liquefaction, landslides, seismic waves,
andpermanent ground deformatiofypically, offshore structures aesigned to be
located avay fromzones that are susceptibbegeoahazard. However, in some cases,
whereas exploration and expoitation platforms may be located /designed with such
geohazards in minghe route of offshore pipeline®nnecting them to the shore and/or

other facilties maycross fault zonesThis will require special design consideration with



regards to possible fatihiduced surface deformations that could affect the structural
integrity and stability of the pipelise

A realistic assessment of the risk imposed by fault rupture to offshore pipelines
requires an investigation of the phenomenon of fault propragation through overlying soil
deposits under different fault and soil conditions. A thourough literature reviéw tha
involves experimental, theoretical, and numerical studies on fault propagation (see Chapter
2) indicates that that the fault proprgation mechanism is affected by the type of the fault
(strike-slip, normal, or reverse), fault angle, magnitude of faultenwent (relative to the
thickness of overlying soil), @nsoil properties (type, dengitconstitutive model, etc.).

Interestingly, the review of the literature indicates that the majoritlyesftudies
targetedhe behavior of the pipelines under strig fault conditions with very limited
studies that were focused on the cases involvargcal movements produced hgrmal
and reverse faultdloreover, the majority of the studies related to the response of pipelines
to fault displacements or permangnbund deformations considered onshapelineswith
very limited cases involvingffshore pipelinesUnlike the case involving onshore
pipelines fault propagation in the offshore environment involves soils that are fully
saturated with reduced effeaistress conditions that are governed by the submerged unit
weight of the soil.Cole et al. (1984) demonstrated that the fault rupture propagation angle
is a function of the dilation angte the soil Lin et al. (2006) and Bray et al. (1994b)
provedthatthe stiffness and dilation angh the soilare critical parameters for fault
propagation as welln the presence of water, the effective stresses are reduced to half
compared to drgoil conditions As a result, the friction angle, the dilation angid ¢he

sand stiffnesswvhich are highly dependent on the effective stressegxpected to be



reducedn comparison to the onshore case, possibly leading to differences in the fault

propagation mechanism the overlyingsoil.

1.2 Thesis Objectiveand Scopeof Work
Given thesignificantinfluence of fault propagation on the economic,
environmental, and human losses during an earthquake event, the rese&rpresented
hereinaimed at investigatinghe mechanisnof fault propagatiorior the specificcase of
dip slip faults (normaland reves¥in the offshore environementhe objectivavas to add
to the available literature on the physics of fault propagaiicen attempto aid the design
of offshore pipelines and structuresareas that are sustile to surface deformations due
to fault propagationin thestudy,the offshordault propagatiorproblemwasrealistically
investigatedhrough a numerical finite element analysis that accurately eect
geometry, boundary conditions, and soderties, while ensuring that the propeeetive
stressstate wasproperly considered through the incorporatiopofe streselements
Unlike other published studies that are generally restricted in their scope to one
relative densityJohansoret al.2007)or limited fault displacement&@ukidis et al.2009),
the analyses in this study targefault propagation irsaturated offshore saéposits with
different relative densitie@ense, medium dense, and loose sathitferentdip-slip faults
and dip angle§ 3 0 e , ) 4obbpthcaseoénormalnd reversiaulting), and a wide
range of fault displacement$%to 10%of the overlyingsand layer thicknessHowever,
the main contribution of the studyasin studying the effects of (1pe orerlying sand
layer thickness (H=20m, 40m, and 8Camd (2) the width of the fault zone fawult breccia

thicknessawhich was taken as=1m, 3m, and 10mTrhese were considered as twe major



factors that could affect the mechanism of fault propagatitimetgurface andhich have
been not adequately investigated by previous researchers.

The presence of fault zones or breccia zones with variable widths or thickesses is a
result ofcrushing that generally accompanies excessive stresses acting walkhef the
fault planechanging the soil intact rock at the fault planafme rock pastehat is
generally refered to dault gougeor a ourse grained rock material denotesfault
breccia. Thevidth of the fault breccia ranges from 0.1m to 10&rossthe fault plane
(Waltham 1994). Fault gouge ahrkcciazones were observed in several case histories like
theMattinata fault(Brankman et al. 2004andthe Pirgaki and Helike faulia Gulf of
Corinth, Greece (Micarelli et al. 200Bxevious investigagonson fault propagation
considered the fault taupturewithin a grainsized width which we considered as-un
real i st i c .lathedworRk présenied in thiggthiesis we airaeextendng
published work tanclude the effect of thevidth of the vecciatedault zoneon theoverall

fault propagationmechanism

1.3 Significanceof the Proposed Research

With thecontinued and expandirexploitation ofexistinghew offshoreoil and gas
reservesit is inevitable that such activity will bassociated with additional hydrocarbon
storage and transport/devliery systems including enxtensive offshore pipeline networks
Given the risk associated with pipeline failures and the resulting environmental and
economic lossest is imperative that thesgystems be safely designed for all possible
loading mechanisms, including thoses associated with faulting which may generate

significant movement across/along the deforming crustal boundaries. These movements



maybe be vertical as in the cases exploretisithesis or lateral for strik&ip faulting In
previous earthquakes, pipelines have shown vulnerability to seismic faultscalseseof
severe damadeave been recorde8ome of the examples include the case of the San
Fernando earthquake (1971), @i (1999), Izmit (1999), Northidge (1994), Hyogoken
Nanbu (1995), and Chile (2010) earthquak®ng others

The objective of this thesis is to supplement the few studies that were published in
the literature on offshore pipelines under permanent grdafamation. The research
work presentedimedatinvestigating the design parameters that alterébponse of
offshore pipelines under seismic faudtsd the parameters that effect thsultingground
deformations The results of the research studyy be considered as contributing to
enhance the current understandifighe effect of the different soil conditions on the fault

propagatiormechanismand aid in the design offshore pipelines

1.4Thesis Organization

Thethesis is divided into Bhapters including this iraduction. Chapter 2 represents
the literature review for experimental and numerical research related to fault propagation
as well as analytical, experimental, and numerical work related to investigapgreline
behavior when subjected to permanent ground deform&iweppter Jllustrates the finite
element model and the methodology of the thesis work. The chapter includes the
corresponding dimensions, boundary conditons, mesh elements, and titetoensiodel
considered as well as the materizded Chapter 4 includes the results of the numerical
analyss accompanied witla thorough interpretation and discussion of the findings

Conclusionsand recommendations based on the thesis a@rlpreserd in Chater 5



CHAPTER 2

LITERATURE REVIEW

2.1Fault Propagation Literature Review
2.1.1Experimental Work

There are everal studies the literature that present case historiefaol rupture
propagation(Bray et al. (1989), Faccioli et al.(2008), Kelsetral. (2001), Lade et al.

(1984), Lin et al(2006),Bray et al. (1994a), Anastasopou(@907b)), Dong et al. (2003)).

From an experimental standpoisgveral studieBave investigated fault
propagatiorsince the 19508sing g small scale testas well as centrifuge tesSanford
et al. (1959), Belousov et al. (1961), Emmons et al. (1969), Horsfield(&0al), and
Bray et al. (1993) conducted 1g small scale experiments to study the development of the
fault movemenin overlyingsoils. Coleet al. (1984) conducted a small scale fault test box
experiment to study the fault propagation mechanism orddnse and loossand under
different dipslip anglesand at low confining pressures. They presented a simple
theoretical model to predict tlape and location tiie soil rupture surface due to fault
movement as a function of soil depth, soil dilation angle, and faulirtjpe. Lade et al.
(1984) extended the work of Cole et al. (1984) to predict the location and shape of the
additional failre surfaces due to dglip faults. Roth el al(1981) conducted a centrifuge
experiment to study fault propagation in alluvial soil. Recently, Bransby et al. (2008a,

2008b) conducted several centrifuge experiments to investigate free field normal and



reverse fault propagation casend comparethemwith the case of a strip footing

overlying the soil subjeetl to normal and reverse fault.

Johansson et al. (2004) studied the effect of deformation buildup duedipdip
faults for dry and saturated sangexmentally. The experiment allowed the modeling of a
round fault in 2D plain strain conditions. The experiments showed that deformations and
loads change substantially with the presence of water. The authors concluded that the force
to cause rupture imuch higher for wet sand than dry sand. Deformations localize at a later

stage in the case of wet sand. The deformations were also found to be more inclined.

2.1.2Numerical Work

Several numerical studies targeted fault propagation as well. Duncal&7a)
studied the effect of fault propagation on structures in dry sand. Scott et al. (1974)
simulated vertical fault propagation through 800m deep alluvium cohesionless dry soil.
Roth et al. (1982) performed a finite difference numerical analysis tg 8tagropagation
of anormal fault in dry sand and compared the results with centrifuge test r&suitiset
al. (1987), White et al. (1994), Nakai et al. (1995), Loukidis €18P9), and Erickson et
al. (2001) modeled fault propagation using firdiference methosl Walters et al(1982)
simulatedareverse fault in cohesionless soil usaigumerical analysis and proved that
strain softening and neassociated flow are essential for modeling fault propagation.

Bray et al. (1994b) conducted a nemcal analysis to study dip slip (normal,
reverse, and vertical) fault propagation thronghmally consolidatedlay at typical depths

of 24m and 91m. He compared the results with clay box experimah&nahor pullout



experimentsTaniyamaet al. (2000) performed a sandbox test and a plain strain FEM to
investigate reverse fault riype propagation through sandn et al. (2006) presented a

small scale FE model using Abaqus and conducted a small scale sandbox experiment to
validate it. Thg conducted a large scale finite element model. They concluded that the

most effective parameters are tofthesofll ow dil a

Anastasopoulos et al. (2007) conducted alimaar finite element analysis to
model dipslip faut propagation in sand. They verified it with 4 centrifuge experiments (on
dense and loose sand), and then conducted a parametric study for normal and reverse faults
under dip angles of 45¢e¢ tlelodtond faultoulctomoy, pr es e
ground surface deformatioandthe minimum fault bedrock displacement the

deformationto reach the surface.

Johansson et al. (2007) presented a numerical code incorporating the hypoplastic
constitutive model to study the fault propagation in drg wet sandThe study showed
that thesoil compressibility should be taken into account in design. They concluded that the
shear zones are wider for wet soil especially for the reverse fault case where the
incompressibility of the pore water pressure prés the horizontal compression and

results in increased shear strains.

Loukidis et al. (2009) performed a numerical study on the propagation-ehglifault
through uniform soil using the finite difference code FLAC. For the soil material, they
consideed dense sand, loose sand, NC clay, and OC clay under different fault dip angles
and soil thicknesss Quasistatic simulations were applied to model the fault under

different dipangles and soil thicknesses. Results for ground surface deformations,



inclinations, the lengths of distorted zone, bedrock displacement required for the fault

rupture plane to reach the surface and the location of shear bands were addressed.

2.2 Literature Review for Unburied Pipelines Subjected tdSeismic Faults

Kershenbaum «il. (2000) studied analytically the behavior of unburied snaked marine
pipelines under seismic faults (strikel i p, nor mal and reverse (an
and obliqueps shown irFigure2-1. They studied the effect of operating temperature. They
concluded that snaking doesn't magnify the longitudinal stress compared to straight pipeline
and thatheincrease in ground displacemeloesn't affect the longitudinal and bending
stresses of as laid pipelssignificantly. Theyrecommended considering alaid

pipelines as snaked.

s_.
0 - ]

Initial Lay Without Imperfection

i

F

Pipeline at Operation
P (Snaking

/ Plan View

Figure2-1 Pipeline Lateral Snaking Deflectigkershenbaunet al. (2000))



2.3 Literature Review for Buried Pipelines Subjected toSeismic Faults
2.3.1Analytical Work

The earliest analytical studies were done by Newmark and Hall (1975). Newmark
represented an analytical method to analyze the pipeline respatesestrikeslip fault
considering that the pipeline is subjected to tension dilgy considered the pipeline ends
to be fixed by anchors at the 2 sides of the fault. According to NewHwthknethod the

pipeline deforms as a straight line AEiqure20-2).

. Fault
Kennedy Method

-
Straight Line

AN

Arc Line

. Fault
Newmark=Hall Method N

Figure20-2 Newmark Modelank e nnedy 6s met hod
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Kennedy et al. (1977) extended the NewrAddtl method to include the effects of
large fault displacement (large deformation theory) and considered the effect of lateral earth
pressure. They considered pipal interaction in the longitudinal and transseedirection.
They assumed the pipeline is a flexible cable deformed into a single constant curvature
curve approaching asymptotically to the undeformed portion of the pipeline. They assumed
that the high curvature zone of the pipe has undergone yiefshiogmng the bending
stiffness of the pipeline. Wang et al. (1985) extended the Kennedy m&&dil taking
into account the bending stiffness of the pipeline and allowed analyzing the pipeline
subjected to direct tension and direct compression. It wsedl@n the assumption of
uniaxial bending of the pipeline and it was only applicable to strike slip and reverse strike

slip fault motion(figure 23).

Beam on Elastic Transition Beam on Elastic
& o ———— > —— o .
Foundation Zone Foundation
W\
PR g
. "\ — Initial Pipe Position

" l)l‘\‘ “‘ "\\ 3 \ l:cl”h - 4" l‘\\ ‘:' l') ] .. , '- = l':
f . Fes
r* \ / & Displaced Pipe

Anti-symmetncal Configuration

Figure2-3 Pipe Analysis Model proposed by Wang and Yeh (1985
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Ariman et al. (1991) used shell mode to investigate analytically the tensile and
bending behavior of pipeline under fault crossifilge tensions of the fault motion plus an
additional extension due to geometric distortion resulting from transverse corhpbfaert
motion were investigated. A nonlinear shell theory considering soil effects and a simple flow
theory of plasticity was introduced. They concluded that bending strains do not vary at small
intersection angles. They conducted a parametric stutlg@mcluded that increase in pipe
fault intersection angle, burial depth, soil shearing resistance, and diameter increases bending
strains.

Takada et al. (2001) proposed a new analytical method to get the maximum critical
strains for a digslip fault crosing steel buried pipe including the sectional deformation of
the pipeline(Figure 2-4). They related the longitudinal deformation computed from the
Kennedy model to the sectional deformation of the pipeline via severahshélies. They
used a hybrigshell model built in Abaqus that considered shell elements for the pipe in the
region umergoing flexure and beam elements for the pipe in the region undergoing axial

elongation.

Static loading of
Fixed fault displacement

Bending point . :
&P Compression Tension

(B) \ >
—

I
Beam model Shell model

300m J0m

ful..:‘!_

DNNNNNNNNN

Figure2-4 Proposed method by Takadgal. (2001)
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Figure2-5 Shell model with equivalertoundary conditiorfLiu et al. (2004))

Liu et al. (2004) introduced an equivalent boundary method for the shell analysis of
buried pipeline under large fault movement. In this method only the pipeline segment in the
vicinity of the fault was modeled Ipfastic shell elements to study local buckling and large
section deformation of the pipe. Considering the pipe material is elastic elsewhere, non
linear spring elements at equivalent boundaries were applied to the shelEsonds (
eference source not found. The equivalent boundary condition is representdijure 2
6. They presented an equation for friction force as a function of elongatiomvpitising
conditions on the yield displacemeng)(urhese equations are applied at the ends of the
shell pipelines as inelastic springs.

Karamitros et al. (2007) introduced a new improved simplified method based on
well existing methodologies (Kennedy et (1977) and Wang and Yeh (1985)) for a
buried pipeline under strikglip fault. The method proceeds to locate the most unfavorable
combination of axial and bending strains on the curved part and considered the actual stress

distribution on the pipelinerosssection to study the effect of curvature on axial strains and

13



get the maximum design strain. The method applies for pipkliaeu | t cr ossi ng
resulting in pipeline elongation and doesn't account for effects of local buckling and section

deformation. This method is limited to allowable strains only.

_';E Elongation/m
,,,,,,,,,,,,,,, .
z iy E \'Li
e b +
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i x T I, !
“ o0k Ax) ;{, . ; By
- T -
: | 5 L2 ;
Static Friction Shding Friction

Figure2-6 Equivalent boundary condition for buriggeline Liu et al. (2004))

Karamitros et al. (2011) extended the analytical methodology presented by
Karamitros et al. (2007) which was limited to strikkp faults to apply it to normal faults
and removed the symmetry. The modifications to the model were explored by a thorough
examination of typical results from advanced 3D nonlinear finite eleamay®s and
were then expressed by an easy to apply solution algorithm. By combining the results of
this analysis with that for strikglip fault by Karamitros et a(2007) the response of
pipeline under different pipeliriault crossing angles can be predictéd the previous
method, this method doesn't extend beyond strain limits and it applies to fault

displacements up to 1.25D. This method applies for the cases where tension and bending

14
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are the prevailing modes of deformation, and the pipeline is consisteagght and
slippage is notestraired alongthe pipeline unanchored length.

Trifonov et al. (2010) introduced a sewmalytical method for nehinear stress
strain analysis of buried steel pipelines under strikefalit and normal slip faults
introducing a number of refinements to existing methodologies extending to direct
incorporatia in design guidelines particuladyalyzing fault crossings taking material
nonlinearity, large displacement nonlinearity and gp# interaction nonlinearity into
account. They introduced the contribution of transverse displacements to the axial
elongation.

Trifonov et al. (2012) extended the method presented by Trifonov(€04D) to
account for service loads. The paper introduced an analytical model forstteass
analysis of buried steel pipelines due to fault displacement taking into aact@unal
pressure and temperature variation. They included the effect of hoop and axial stresses
resulting from temperature and pressure to the combined bending and tension strains due to
fault movement.

Duan et al. (2011) represented a new seismiigesethod for subsea pipelines
against seismic faults by modifying the Newmark and Hall method (18@6je 27)
considering elastiplastic model for pip&oil interaction(figure 2-8), and the bending
stresses which caused the shape of the pipelin®e e straight at the transaction section
atthevicinity of the fault. They included the real constraininghefsubsea soil othe
pipeline, the real elastiglastic interaction process of subsea soil with pipeline, the plastic
slippage of soilandthe elastieplastic properties of the pipeline materials. The method

predicts the length of the transition section of the pipe AB and its total elongation
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Figure2-7 Existing NewmarkHall Model (Duan et al. (2011))
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Figure2-8 Elastic Plastic Interactiof{Duan et al. (2011))

16



2.3.2Experimental Work:

OO0 Rour k e aradethad first atethiit @ bise centrifuge testing for modeling
sand buried pipeline response under fault displaneri@ey conducted 2 centrifuge tests
considering different pipeline diameters and compared the results of axial and bending
strains along the pipe with the corresponding finite element analysis models and they
agreed at small offset where the pipeline wabheelastic range.

Bransbyet al. (2007) conducted 3 centrifuge tests to study the response of buried
pipeline (in Fontainebleau sand) subjected
represented the results of the maximum hogging and sagging bending strains vs. fault
offset. Trey conducted a parametric study to investigate the effects of cover depth, pipe
diameter, and pipe stiffness on the pipeline response due to reverse fault. They concluded
that relative pipesoil rigidity affects the deformation pattern. Pipelines thatlaxtble
relative to the soil are subjected to localized deformation and larger curvatures or bending
strains than rigid ones. Shallow pipelines are less susceptible to fault damage than deeper
pipelines.

Ha et al. (2008a) conducted centrifuge testsvestigate buried HDPE pipeline
behavior subjected to stridgdip fault movement under different pibault crossing angles
((63.-8%¢) . The pi pe sluvialevellgradedisand aith watan cogtdnta ¢ i 0
4-5%. They concluded that the pipe d&tains are highly influenced by crossing angle
whereas bending strains are less influenced. They produced force displacement
relationships of pipe solil interaction for fault offsets less than and greater than 1.5m. The
results show that the yprelatiorships are stiffer near the fault and softer at points far from

the fault. The centrifuge results were compared with the results given by the Kennedy

17



model and showed good agreement. So the results of the centrifuge were extrapolated to be
appliedto longerunanchored lengths.

Ha et al. (2008b) conducted 2 centrifuge tests to investigate the response of HDPE
pipelines to normal and strikgdip fault. They used the same soil conditions (backfill sand)
as Ha et al. (2008a). The results showed symmetric lehaivpipeline under strike slip
fault and asymmetric behavior under normal fault for axial strains and pressure distribution
at pipesoil interface. Force displacement relationships (peak force vs. relative
displacement) were obtained for both normal stnitke slip considering pipsoil interface
friction u=0.4 and compared with ASCE guidelines where stligefault py curves
showed good agreement whereas experimerngatyrve for normal fault showed much
softer than ASCE guidelines.

Abdoun et al. (209) conducted 10 centrifuge tegfigure 29) to investigate the
factors that influence the behavior of HDPE pipelines subjected to-shjkiaulting under

pipef ault crossing angle (U=63.5¢) .

Figure2-9 Posttest surhce condition for moist and dry sand tests (teStahd F11) (Abdoun et al.
(2009)
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The parameters considered are the soil water content (0 and 4%), the fault offset
rate, the relative burial depth (H/@ndpipe diameter (D). They considered the same sand
properties as Ha et al. (2008a, 2008b). They represented the axial and bending strains, the
peak axial and bending strains vs. fault offaatithe pipe lateral force vs. distance for
p1=0.4 under each of &#se parameters. They concluded that the fault offset rate and soill
moisturecontentdo not have significant effect on magnitudes and locations of peak
strains and peak lateral forcestbepipe. The pipe burial depth H/D significanlty affects
the magriudes and locations of peak strains and the pipeline diameter to thickness ratio is
an important parameter aftewg soilpipeline interaction.

Moradi at al. (2013) conducted 3 centrifuge tests to investigate the behavior of
buried steel pipelines undermenal f aul ting (dip anglPlke=60¢) .
sand (RD=85%) with moisture content4%6%). They studied the effects of fault offset,
burial depth, and pipeline diameter on axial and bending strains, on ground soil failure,
pipeline deformation @iterns. Tensile rupture due to fault movement is investigated.

Rojhani et al. (2012) conducted 4 centrifuge tests to study the behavior of buried
continuous pipelines under reverse-19laul ti ng
sand (RD=85%) with moisture content-f45%). They investigated the effects of the
following parameters fault offset, burial depth (H), pipe diameter (D) on axial strain and
bending straingcenter, footwall, hanging side), ground soil failure, and pipeline
deformation pattern. The initial strain at the wrinkling point is compared with theoretical

values and showed good agreement.
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2.3.3Finite ElementAnalyses

Takada et al. (1998) studied the shell model response of buried steel pipetise
normal (45 degree) and reverse (45 degree) féidtge 210 and2-11). They modeled the
pipe (diameter D=0.762m, thickness=0.019m, L=30D) using 4 node thin shell elements and
considering elastoplastic material behavior.

They modeled the surrouindj soilasnonlinear springs and concluded that the
plastic strains predominate the total strains implying the importance of ductility. They
deduced that in the normal fault case, axial tension strains govetineandximum strain
is at fault position \Wwereas ithereverse fault casexial compressive strains (equal to
pipeline hardening strain 5%) govehe pipe behavior and the maximum strain is at
buckling position. They concluded that pipelines are more vulnerable to reverse movements
than normal.By comparing the allowable fault displacement of the shell model with those
predicted by analytical models, different results were givethfareverse fault case. They
recommended conducting shell mode analysis because beam models can't captuge bucklin

They also concluded a parametric study on the soil stiffness, fault type (normal or reverse),

fault slip angle (30e, 45¢, 60e, 90e), and

20



Figure2-10 Discretization opipeline (Takada et al(1998))

Results indicated that the soil stiffness is very important. As the soil stiffness
increasestheallowable fault displacement decreases and the buckling position for the case
of reverse fault moves towards the fault plane.tRefault slip andge, inthenormal fault
caseasmall angle is better fahe pipe and 6@legreess the most dangerous; whereas for
thereverse fault45 degreess the most favorable and @@greess the most serious. As
the D/t ratio increasetheallowable fault diplacement decreases, so thegammended

thicker pipelines.
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Figure2-11 The model (Takada et al. (1998))

Guoet al. (2004) applied nelnear finite element analysis to study steel pipeline
rupture under which has been damaged near Qijhpang border by the strike slip with
reverse dip under earthquake of magnitude Ms€8&levi se sent.ghexceé not
constructed a 3D finite element model using ANSYS software. They modeled the pipeline
as a 3D shell and the surrounding soil by spring elements. They conducted this analysis to
find the main features of damage of the pipeline. They represented the istrédtibns
(Figure2-13) on the deformed shape thike pipeline and the buckling shape. AFape was
observedfigure 212) and the buckling positiowas in agreement with thpostearthquake

investigation.
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The authors also conducted a parametric study on the pipe material property (initial
elasticity modulus), soll stiffness (initial modulusedésticityof thesoil), pipe diameter,
and fault dip agle ofthenormal and reverse faglon the maximum pipe strains. They
recommended using larger diameter pipelines with thicker walls, burying pipelines in softer
fill, using pipelines with higher strength, and adjusting the pipeline direction to #neoid

compressive state.

Figure2-12 Z- shape buckling (Guo et al. (2004

Figure2-13 Strain distribution of deformed pipe (Guo et al. (2004))
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Figure2-14 Schematic drawing of finite element modkiu et al. (2008))

Liu et al. (2008) investigated the axial tensile and compressive strains of buried
pipelines under oblique faulerossing by a 3D FEM using Abaqus and the factors affecting
the strainThey modeled theipe with shell elements near the fault crossing and beam

elements elsewhere using true mategsrabperties fijgure2-14).
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Figure2-15St ress strain curve of grade X80 steel
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The pipe solil interaction was modeled with spling elements based on the ALA

ASCE Guidelines (2001). They considered that coating can alter the materiabstagss

response and related the maximum strain to thefpigéintersection angle. Hy

investigated the effects of

mat er i(ffgdrespr oper

2-15, 216, and 217) and wall thickness (22mm and 26mm), and internal pressure (P=0,

12Mpa) on maximum axial tensile and compressive strains vs. intersaagjien a
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The authors concluded that fault movement creates localized strains at early stages

of loading and the location of the strain localizations depends on the loading mode. They

also concluded that tensile strains are formed at low intersection angles at the region of the

fault. As the intersection angle increases the loading module changasliodand the

localization of the strain moves away from the fault. For a 3D fault movetheng exists

a crossing angle where maximum tensile axial strain is minimum. The maximum
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compressive strain is at 90 degrees intersection angle and pipe iptessire increases
the compressive strain and it increases or decreases tensile strain gdcopgefault

crossing angle.
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Figure2-16 Effect of intersection angle on axial strain for pressurized and non pressupeédep{Liu et al
(2008))

Joshi et al. (2011) proposed a simple 3D Hlyure 218Error! Reference
ource not found) to analyze buried pipeline behavior under reverse fault usiddp@am
elements for pipe and nonlinear soil springs for the soil. They considered nonlinear material
for the pipe associateditiv a bilinear stresstrain curve and pipe soil interaction by
associating soil springs to each pipe node and soil materidineamity was modeled by
elastieperfectly plastic force deformation curves for each spring.

Complex 3D reverse fault motionaw applied to the fault by applying fault offset to

the free ends of soil springs at half length of the pipeline in a-gta&tgt mode using

26



Abaqus explicit solver. Nonlinear geometry was considered and buckling positions were
predicted on regions of mamum compressive strain while beam buckling was captured in

the simulation. Pipsoil interaction was modeled by connecting each pipe node to 3

mutually nonlinear springs.

Transwverse spring \

Axial spring —_—

-

Fault crossing
point

570 m

Figure2-17 Geometry of the proposed model by Jaathal. (2011)

A parametric study was conducted to investigate the affdault offset, pipeline
crossing angle, fault dipngle, native and backfill soil type, burial depth, pipe diameter and

thickness, pipe material, and pipe surface charactergstitise maximum compressive

strains. The internal pressure was ignored in this study.
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The authors found that for pipelines subjected to reverse faults, the compressive
strains are more critical than tensile strains. They stressed the necessity of aising ne
parallel orientation opipeline to the fault, choosing loose backfill, smooth or hard coating,

and shallow burial. Pipelines are expected to fail in beam buckling at normal orientations

o6m

- Rock mass
10m (b)

Figure2-18 Finite Element Modl by Zhang et al. (2014)

Zhang et al. (2014) studied the buckling behavior of buried gas pressurized and
unpressurized pipelisainder strikeslip fault by 3D FEM using Abaqus for buried steel
pipelines buried in rock mass layer and soil mass Idfigure 219) . The pipeline is
modeled with (S4R) shell elements and the soil with (C3D8R) brick elements. For steel
pipelines, thelargestrain elasticity model with isotropic hardening is considered. For the
soil, theelastieperfectly plastic MoCoulomb model is considered. A contact algorithm

is considered taking interface friction (u=0.5) into account and allowing separation between
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thepipeline andhesoil. Theystudied the effects of internal pressure, diameténickness

ratio, and fault displacement on buckling response (buckling position, buckling shape,

buckling mode (wrinkling, local collapse, squishing..) and axial strain of the buried pipe.
Odina et al. (2009) discussed the application of continuumadetistead of

Winkler soil springs for modeling coupled pipeliseabed (clay) interaction under fault

movement which turned to be very conservative. They compared 2 nibedisst using

beam elements with winkler springs and the other using continlameets(figure 2-20).

Figure2-19 Deformed Pipeline axial strain contours by continuum model (Odina et al. (2009

They constructed 2 models using AbadTse first model uses Winkler methodology and
the other uses continuum approach under s#iigefault movement and compared their
corresponding results of axial strain and found that Winkler models predict strain values

less than those predicted by dootum models. The authors recommended using the
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Winkler models in preliminary design stages and rerouting only and then discussed the
advantages and disadvantages of each model and concluded that Winkler springs need to be

updated.

Figure2-20 Finite Element Model by Kokavessis et al. (2006)

Kokavessis et al. (2006) reviewed the analytical stress methods of buried steel
pipelines subjected to seismic loads and proposed the use of contact elements to model
pipe-soil interaction.Theyintroduced a 3D FEM using ANSYS software on a pressurized
pipeline and used linear elastic material for the pipeline and th@igares 2-21 and 2
22). His model results agreed with analytical methods in the literature. They recommended
the use of contact elements betw#wpipe and soil because it allows the imposed loads to
follow the pipe as the pipe deforms which is not a feature of using spring elements. They
explained that this method allows transmittal of forces ftio@soil tothe outside diameter

of thepipeline
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Figure2-22 Deformed Pipeline axial strain contours by continuum model by Kokavessis et al. (:

Zhao et al. (2010) conducted a 3D finite elementinmar model in ANSYS
software(figure 2-23) using contat elements to investigate the influence of the rupture
mode (dip angle), the thickness (B=23,33m), and rigidity of overlying soil (represented by
youngods modulus or shear wave velocity) on
steel, L=200m, D=1m, 6:001m). The pipe was modeled by shell elements, the soil by
continuum elements, and the pigpail interaction was assumed to have-tiorar behavior.
The boundary of the pipe in the moving block is constrained by equivalent spring according
to Liu(2002).

Fault displacement is applied slowly by Psedgoamic method. The soil (sand
and clay) constitutive relation is represented by a hyperbola function and the failure value
of soil corresponds to 0.03m deformation. The Ramberg Osgood model is useddo defin

the constitutive relation for steel pipeline.
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Figure 221 Finite Element Model (Plan View) by Zhao et al.(2010)

The authors concluded that the soil rupture mode or dip angle determines the
location of the large plastic deformation of the pipeline and the extreme section of the pipe
occurs follows the trace of the rupture and the large plastic deformation of rapture
overlying soil. For a fault dip angle of 90, the rupture trace is like letter "y" and 2 sections
of plastic deformation appear at the intersection of the pipe and rupture trace "y" of soil.
For a dip angle of 45, the rupture trace is an inclined Ineosme section of plastic
deformation appears.

For a thicker soil layer, the plastic deformation section length is bigger and the
maximum strains are lower. When the deformation appears in the soil, it also appears in the
pipe and its strain value is dat@ned by the strain value of soil. For higher rigidity of soil
represented by shear wave velocity, the rupture angle is larger and therefore the rupture
area is narrower and visersa. The positions of extreme strains are at the intersection of
soil rupure trace and pipeline. The plastic deformation area in rigid soil is shorter and its

maximum strains are higher.
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Vazouras et al. (2010) incorporated a 3D finite element model using continuum
elementgfigure 224) to study the mechanical response ofiddisteel pipelines under
strike-slip fault perpendicular to the pipeline direction in cohesive (soft and stiff clay) and

non-cohesive soils (loose and dense sand).
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£ Stress, MPa
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Figure2-22 Finite Element Model by Vazouras et al. (2010)

Using Abaqus, they usedrtbde reduced integration brick elements (C3D8R) to
model the soil and-Aiode reduced integration shell elements (S4R) to model the pipeline.
Gravity loading is applied first and then fault movement is applied by displacement
controlled loading. Elastiplastic material behavior is considered for the steel pipeline with
isotropic hardening calibrated by uniaxial streBgin curve. An elastic perfectly plastic
Mohr Coulomb model is employed for the soil. They considered sutfeserface contact
at pipelinesoil interface with a friction coefficient of u=0.3 allowing separation between
pipeline and soil. They noted that varying the friction coefficient between 0.2 and 0.4, the

friction coefficient had a small effect on numerioadults.
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The authors also conducted an extensive parametric study on different soil and
pipeline properties with particular emphasis on identifying the pipeline wall failure
(wrinkling/local buckling or rupture). The soil factors considered are thelsedr strength,
soil stiffness, horizontal fault displacement (20 to 100cm), width of fault slip @88m
to 1m)(minor effect). The pipe property factors considered are the D/t ratio (40 to 140) and
the steel material (APISL grades X65 (with and without hardenmgffect) and X80
(UOE and seamless)). They studied the effect of internal pressured(@8pPmax,
0.56pmax) as well.

For each case of soil conditions the shape of deformed pipeline is obtained showing
the wall failure as wrinkling (local buckling) or rupture. Then numerical results are
represented by graphs of axial strains (at both compresgle and tension side) vs.
distance under different combinations of parameters. Most of the cases showed the
formation of local buckling due to excessive compressive strains as the governing mode of
failure.

The results indicated that loose sand asfti@ay result in large deformation
capacity of pipeline associated with lower critical fault displacement value than dense and
stiff clay. The fault width has no significant effect on pipeline response. Internal pressures
result in small decreases in dehation capacity due to early yielding of steel material.
Diagrams for critical fault displacement and corresponding critical strains vs. D/t ratios
under different parameter combinations are represented to be used for design purposes. The
numerical reslis of critical strains are compared with provisions of ASCE MOP 119 AND

EN-19984.
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The authors concluded that X80 grade steel has greater deformation capacity than
X65 grade steel. Cold UOE X80 pipelines exhibit better behavior against buckling than
seantess X80 pipelines due to strain hardening. Tiieiled pipelines do not exhibit
buckling; failure may be due to wall fracture as a result of high tensile strains. An analytical
met hod i s pr esentbeudc ktloi niglol ubsethraavtieort.hi s fAno
Chaudhary etla(2013) investigated numerically using 3D modéiigure 225) the
performance of buried pipeline subjected fault motion using MATLAB by implementing
displacement controlled atength technique to solve ndinear behavior. They compared
his model witha 3D ANSY'S finite element modélheyconsidered both nonlinear
geometry and nonlinear material behavior for the pipe and the soil. The hyperbolic model
was employed for the soil (sand wlasth E=50 Mp
material was emplyed for the pipe (APl 5L X65, diameter =900mm). 0.5m long meshes
were used at the vicinity of the fault, whereas 1m long meshes were used elsewhere. Near
the pipe, a fine mesh was applied to the soil. The authors concluded that compression

failure crucialy depends on wall thickness.
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They conducted a parametric study on the effect of fault offset, pipeline fault
intersection angle, wall thickness to diameter ratio, effect of burial depth on total strain
along the pipeline for the case of strlg fault. They concluded that compressfailure
is catastrophic and leads to sudden buckling which depends on pipeline thickness. The
effect of direct and bending strains is significant in case of ssliggault.

Rahman et al. (2015) simulated the dynamic behavior of buried pipeline
(D=150mm, D/t=30) under strikslip and reverse fault motion using a DEM and FEM

analysis(figure 226) using a numerical code written in C language.

Figure2-24 Model after application of strikelip fault and reverséult (Rahman et al. (2015))

The soil was modeled by DEM considering 1.8 million spherical particles (each of
D=1.1cm) whereas the pipe was modeled as a hollow cylinder using 3D beam elements and
was considered elastic. The pipe is buried at shallow depth and the dynamic response of the
pipeline (acceleration, velocity, and displacement) to the fault movement is analyzed by

FEM.
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The deformation response of the pipeline, the force response behegape and
the soil, and forcelisplacement relations at different points on the pipe under different fault
displacements were presented. It is shown that particles near the fault yield earlier than
particles far from fault. The force response incregsagually with distance from rupture
point, confirming critical points near the fault. Thd €urve shows the force increases with
displacement and then enters a residual state after yielding of particles.

A parametric study is conducted to get the maxmaxial strain, the pipe
deformation, and thed relationships for different pipe materials (Steel, PVC, HDPE, and
concrete) under same pipe dimensiditeeyconcluded that increasing elasticity enhances
the pipeline resistance to deformation. The fdidplacement relationships are similat bu
have different yield points.

Jiao et al. (2009) studied the response of pipelines under-slipkiault using
finite element shell modgigure 227) and considering depth, backfill soil compactness,
and nonlnear pipelinesoil interaction. They considered extended Drucker Prager model in
this analysisTheyconsidered an equivalent boundary condition which was described by
Liu et al. (2004)Theyrepresented the variation of the Von Mises stress along the path of
point A along the pipeline length and the Mises stress distribution at cross section of
pipeline considering inner and outer diameter. They concluded that the pipeline fault
crossing angl is an important parameter that determines pipeline rupture mode, and that

the backfill properties (compactness) and ellipticity couldn't be ignored in design.
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Figure 2-25 Mises stress distribution and stress change witp@ and B (Jiao et al. (2009))

Figure2-26 Finite element model suggested by Vasileiadis et al. (2012)

Vasileiadiset al. (2012) built a hybrid finite element model to study the behavior of
buried pipeline in dense sand under normal and reverse fault using Abgqgres2
28Error! Reference source not found). The authors considered nonlinear geometry,
nelastic behavior of pipeline and soil, and contact and friction atsoipénterface. Based
on examining different approaches for modeling pipeline bounddisies pipe ends, free
pipe ends, hybrid model, spring edge model), they developed a hybrid model considering
shell elements for pipe and continuum elements for soil at a length of 60D (60*diameter)
and beam elements with soil springs in the regions wtherpipeline undergoes expansion
only. They generated graphs for critical fault displacement vs. D/t ratio under different
performance criteria. They conducted a parametric study on the soil layer depth, the

pipeline steel hardening properties, and thelpip internal pressure.
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CHAPTER 3
MODEL AND METHOD OF ANALYSIS

3.1Finite Element Model

The response dfffshoresaturatedand under fault displacement is examined
numerically using the general purpose grelement software Abaqus \18. The
following model simulates the behavior of the sand using effective stress analysis by
considering 8 node plain strain quadrilateral, biquadratic displacement, bilinear pore

elements (CPHES) assuming drained conditions.

3.2Model Geometry,M esh and Boundary Conditions

A 2D plain strain model is depicted to simulate the fault propagation mechanism in the
offshore saturated sand. This model is showiigure 31 representing the overlying soll
of thickness H=20m seeptible to fault displacemeand the corresponding finite element
mesh. Bray (1994b) noted that a length of 4H is sufficient to adequately model the fault
propagation. A short parametric study by the author demonstrated that a length of
140m=7H is adecte to remove the end effectstbé boundary conditions. 0.5mx0.5m
guadratic elements were employed in the region at the vicinity of the fault where the failure
plane and maximum deformations are, and the mesh becomes coarser as we move away
from the faul.

The following 2 steps have &e adapted in the simulation: (1) application of the self

weight, (2) application of fault displacement. The-satight is applied first to establish the
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initial stresses in the soil. Subsequently, the externalsholdne moving part are subjected
to displacement controlled loading in the direction of agetermined digslip angle at the
bottom side and in the horizontal direction only at the vertical siddi¢gee 31). The

fault displacemernis increased gradually using a ramp function and thengtcurface
deformation and the corresponding plastic strains are recorded at each step. Free field
conditions and rough bedroskil interface are assumed for the fixed part of the model.
The bottom nodes of the right part are constrained in the veatidahorizontal directions

whereas the vertical side nodes are constrained in the horizontal direction only.

(1m x0.5m) (0.5m x0.5m) (0.5m x0.5m) (1m x0.5m)

P 30m C 40m C 40m L 30m -~
b R
:: H=20rr <R
<«

DIl |’
UK KK KKK K KKK AN AN AN AN AN AN

Figure3-1 The 2D fault propagation model

The numerical analysis was performeddgr anglesof 3¢ 4hdé D e f otheeach ¢
normal and reverse fault cader fault widths of 1m, 3m, and 10m with vertical bedrock
displacement up to 10%f the overlying soil thickness. Additional runs were performed as

well for overlying soil thickesses of 40m and 80m subjected to reverse and normal faults.

3.3 Soil Constitutive Model
Elastoplastic material behavitirat is based on a modified Me@oulomb model that is

capable of modeling straon softeniisgconsidered to model thersd The soil softening
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behaviorhas been found by previous researcher tarbessential factor ideterminingthe
fault rupture propagation and the associated deform&mrexampleCole and Lade (1984)
generated formulas to predict the fault rupture sertaging into account the soil dilation
angle, the fault dip angle, and the solil thicknekade et al. (1984) extended the work of
Cole and Lade (1984) to determine the secondary fault rupture surface considering post peak
soil behavior too. Scott et gl1974) simulated numerically a vertical fault in deep alluvium
using the Mohr-Coulomb elastigerfectly plastic constitutive model but the results didn't
match the experiments and reality.

Walters and Thomas (1982) simulated sandbox tests where seqdenédpment
of failure surfaces due to local uplift from a vertically rigid moving block was studied. They
pointed to the importance of employing a constitutive model that incorporates strain
softening and no@associated flow to model to model the located development and
propagationof localized failure surfaces in granular material. Using such a mibeisi
succeeded in predicting thehavior inthesandbox accuratelAnastasopoulos et al. (2007)
modeled the dislip fault propagation using Mot@oulomb constitutive model with strain
softening in Abaqus. The numerical investigations modeled centrifuge experiments
adequately. Bray et al. (1994b) conducted a numerical analysis to study thrust fault
propagation through NC to slightly overconsolidasaturated clay with considering a
hyperbolic constitutive model and undrained total stress analysey showed that FEM
could model the experiment al r e s-lingat seresgyu al it
strain relation is modeled adequately.

Severalotherstudies considered finite difference methadth Mohr coulomb strain

softening and captured the normal and reverse fault propagation adequately (Roth et al.
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(1982), White et al. (1994), Nakai et al. (1995), Loukidis (1999), Erickson etCfl1)2
Loukidis (2009)).The Mohr coulomb model that incorporates strain softenaggalso been
proven to besuccessful in modeling fault propagation under earth dams and delayed collapse
of cut slopes in stiff clay (Potts et al. (1990, 1997)).

In the propsed study, the Mohr Coulomb model with strain softening and non

associated flow is considered. The Mohr coulomb model requires linear isotropic elasticity.

Elastic Behavior:

The elasticity incorporated in the proposed model is linear isotropic defyed b
Y oung'smodulus andPoisson'sratio.

Stress Invariants:

” ” ” ” 3'1
” T ( )
q q

. ct (3-2)

0 (xg&— —
£ 3 0) (3-3)
Pressure stresg: -0 ©,0Q (3-4)
35
Mises stressg= - "gY (3-5)
(3-6)

Third invariant,i -"B8YY
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Mohr Coulomb Model in Abagus:

The Mohr coulomb model is intended for simple granular materials like soil under
monotonic loading. It does not consider rate dependence since linear elastic response is
followed by nonrecoverable perfectly plastic response. The yield behavior depetds on
hydrostatic pressursincethe material becomes stronger as the confining pressure
increases and the yield behavior may be influenced by the intermediate principal stress. The
model includes isotropic hardening or softening. The inelastic behaadocasnpanied by
volume change; the flow rule may include inelastic dilation as well as inelastic shearing.

The plastic flow is smooth and nonassociated. The material properties can be temperature

dependent and tension erff can be used to limit tensilerehgth.

Mohr Coulomb Description:

I

(GW 1 ’rm)

Mahr-Coulomb

Figure3-2 a)Mohr Coulomb circle in 2D and b) in deviatoric plgAdaqus documentation)

The Mohr coulomb vyield function is given by:

O Y R ROGEG T (3-7)
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Where

'Y R —h is a measure of the shape of the yield surfatieddeviatoric plane
(S11,522,S33Yigure 32).

v P el — PAi e — 0Al (3-8)
Now € | o) o)

o
Where 0 i s t heCosldmbpiad sarface in ti® QM q siress plane,
which is commonly referred to as the friction angle of the material, WT O

C is the cohesion of the material

U is the deviator:ic polar angle defined

o 39
AI@—:,]— (3-9)

The Mohr coulombmodeldefines hardening in terms of coheswith the hardenindpeing

isotropic.

— Nechr-Coulombd
(@ = 207)

_— Tresca
@ = 0%

~- Rankine
(@ = 907
©~2na" So-4x3

' T Drucker-Prager
3 (Mises)

Figure3-3 Yield surface in meridional plane (a) and deviatoric planéAbagus documentation)
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Plastic Flow:
The flow potential G is chosen asigperbolic function in the meridional plane
(figure 34) and the smooth elliptic function proposed by Menetry and William (1995) in

the deviatoric stress plane:

O T@OMEl Y i NOMET (3-10)
Whereds is the initial cohesion ofthematerigl{ m , d: the dil ation a
material f: the meridional eccentricity contsathe shape of G in the meridional planeg(p

plane).

i

—= EC | |"-_ P

Figure3-4 Mohr Coulomb in Meridionaplane(Abaqus documentation)

'Y —Kh controls the shape of G in the deviatoric plane

v Tp Q WéEi —cQ p 'Y
Cp Qwéi €Q p tp Q GEI —UQ TQ O

(3-11)

h
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The deviatoric eccentricity describes the “otitoundedness” of the deviatoric section in

terms ofther at i o bet ween the shear stress along t
stress along the compression meridian (d=4Y/
The default value of théeviatoric eccentricity is

o i Q¢ (3-12)
o [ Q¢

Q
e allows the Abaqus MofZoulomb model to match the behaviottio¢ classic
Mohr-coulomb model in triaxial tension and compressidme plasticity flow in the Mohr
coulomb model is always neassociatedAn unsymmetric solver is always requiredtime
Mohr coulomb model.
The Abaqus Mohr coulomimodeluses smooth plastic flow potential and doesn't
provide the same plastic behavior like classical (associated) Mohr Coulomb which has
faceted flow potential. With the value of deviatoric eccentricity, Abaqus matches the

classical Mohr coulomb model (associated) with triaxial compression or extension.

Strain Softening

The dasticplastic Mohr coulomb constitutive material behavior with strain
softening is chosen to model the soil behaB@sed on the literature of fault propagation
(Anastasopoulos (2007), Loukidis (2009))e use othe depicted constitutive modehs
proventhat it is capable otaptuing thefault rupture propagation behavior adequately.
Strain softening behavior is incorporated by a subroutine file encoded to the finite element

software Abaqus v. 6.13.

46



1.0
Peak
B Shear band

Tl |- p—formation -3
084 Softening £
b:.. completed :
D - Y D S S, | T/a, D 1o
= o [ ' residual b=
08— §: ' =
0 -2 @
5 Q
Y 15
% 8

m —
© 04 2
= =
0.2 g
=

o I [ | 1 0
o 9x, 2 d4x, 4 § 9% g 10

Horizontal displacement &x {(mm)

Figure3-5 Typical variation of stress ratio and volume change with repsect to horizontal displacm
direct shear test for dense Toyoura sand (Shibuya et al. 1997)

The strain softening is introduced by the linear reduction of the inedbifriction
angle ( 9 and the mobilized dilation angle ( ), as a function of deviatoric plastic
shear strain’( ) until critical state conditions are reached at a certain value of deviatoric

plastic shear straini () (Anastasopoulos et al. (2007)igUre 3-6)

— r QET T [ (3-13)
QET | r (3-14)

[ o~
: rp T Qei m 7 I (3-15)
[ QET T r (3-16)

Where:
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ultimate mobilized friction angle
residual (for critical state) friction angle
[ d ultimate dilation angle

[ d, plastic octahedralear strain at which softening is completed

, mob, —+
A mob

vp

sNB&arons

AD N

0 : ;
0 ¥s Vo

|
Figure3-6 Reduction of peak friction angle and peak dilation angle with plastic deviatoric strain

3.4 Soil Properties

Sands at three relative densiteeconsideredn thenumerical analysisThe
relative densities reflectense (D), medium dense (MD), and loose (L) saturated sand. The
constitutive model parameters for the following soil types are characterized by the soil

cohesion cYoung'smodulus EPoisson'sr a t i meak(rigtipn, angle , peak dilation

anglef , residual friction angle , and the residual deviatoric plastic shear strain
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(¢ ) and are presented in thablel andFigure3-7. The sand characteristics were

estimated based on EPRI design manual.

Tablel Saturated Sand Properties
D MD L
5 ( KN/ m3) 11.6 11 10.5
E (KPa) 1120%14 7300714 506310
C 0 0 0
Ores( €) 30 30 30
) 0.1 0.1 -
0 peak (s 0 y peak (g 0
25 30 35 40 45 0 5 10 15
0 —|—|—|—|—|—|—|—,—|—|—H—|—|—| 0 -_|_|_|_|_|_|_|_|_|7.|_|_|_|_|_,'
I | / /
I ] / ;
5 / ! 5 { / !
— ! —~ / /
E /o E (
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o | H o !
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Figure3-7 Peak Friction Angle and b) dilation angle variation with depth

The values represented in the graphs are assigned to input parameters of the

are assumed

constitutivemodel. The young's modulus (E), peak friction angle ( ), peak dilation
to

angle (

), andPoisson'sr at i o0

(9)
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pressure increases. The young's modulus of the sand is assumed to be a linear function of
the square root of the confining pressune_eand therefore a linear function it
(Loukidis et al. (2009))
Dense sand has a modulus of elasticity of E=1200a (Tablel). The dense

sand considered is characterized by a peak frictionangle ) o f 42e, a dil a
( ) of Pdissogsy aai o (g) of 0.36 that decrease
the above graphs to val uef@gueB7)at2009e, 1le, a

Medium Dense sand has a modulus of elasticity having the following equation
E=730Ma kPa (Table 1).The peak friction angle (), the peak dilation angle (),
andthePoisson's ratio (g) are 38e¢e, 10e, and 0.3

depth to valwues of 34e, (figbee37). and 0. 24 respec
The loose santdas a friction angle and dilation angle equal to the residual values of
30e and Oe. The modul us of MokPaast i cit
and aPoisson'sratio of 0.18 Tablel).
The friction and dilation angle of dense and medium dense sand are reduced with
increasing deviatoric plastic strain to a residual values o= 3 0 € [ a n dt at critical

statereached gt ). The model fotoose sand doesn't incorporate any softening

behavior and the friction and dilation angle of loose saaequal to the residual values.
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CHAPTER 4

NUMERICAL RESULTS AND DISCUSSION

4.1 Introduction:

FE analyss weregerformed or dense, medium dense, and loose sand under reverse
and normal faultbavingdip anglef3 0 e, 4 5 e, usiagdiffererit fagt widthsof
1m, 3m, and 10m. The height of the overlying s@kvaried as welfrom the base case of
H = 20mto values of H=40m and 80m and the influence of each paramasexamined.
Fault dsplacements up to 10% of thaldayer thicknessvereenforced Figure 41 depicts
a schematic representation of the model &egparameters investigated in the thesis.

In SectionError! Reference source not found, a soil model of height 20m, length
40m, and a fault width of 1m mnalyzedor different sand relative den®s (Dense,
Medium Dense, and lase sandand dip angles for both normal andeese fault caseIn
SectionO, thefault breccia zone thickness varied to values dfm, 3m, and 10m and the
corresponding response is compared for both normal and reverse fault cases. Finally in
Section0, models of varying overipg soil layer thickness (n, 40m, 80m) are

investigated.

4.2 Effect of Relative Density

4.2.1Ground Surface Deformation Profile
Ground Surface Deformation Profile figures 42 to 44 depict thevariation of the

verticalnormalized ground surface deformatig¥H) and plastic strainfor dense, medium
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dense, and |l oose sand under nor mal and reve

subjected to vertical bedrock displacements ranging from 2% tcot@% soil hyer

thickness (H)The graphs are centered with respect to the midpoint O of the fault
displacement zone and are normalized with respect to the overlying soil layer thickness (H).
The curves plotted ifigures 42 to 44 provide essential input foritigating the fault

rupture geohazanghich requires accounting fdault-inducedground surface deformation

(Kelson at al. (2001)).

i

L: Length of distorted zonethe distorted zone is located by two points' horizontal distance from the center fafuit(O). The first poinis located by the
first point starting from the left side towards the x'x direction where the ground surface inclination is greater tham0.02%econd point is determined
by the same way but starting from the left side arttiénbackward direction.
C: center of the distortion zone determined by the midpoint of the two located points indicated above.
W: width within which fault displacement occurs
d: inclined distance of the bedrock displacement
0: di p angl e angepmthette danizomtad in thigddiredbicn

Figure4-1 Schematic presentation of the fault rupture procedure and the parameters studied in the following

thesis

Normal Fault Case:

For the case of a normal fawltth asoil thickness of 20m and a fault width of
1.0m the curves ofigure4-2 indicateground surface deformatiotizat are dependent on
the dip angle of the normal fault and the density of the dargbbservedhat the

steepness of the ground surface dettion profile in the shearing zone is greater for the
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case of dense sand than medium dense sand and loose sactil/edg&imilar results
have beemeported inLoukidis et al. (2009)The higher inclination angles for dense sands
could be attributed tthe hgher soil stiffness For dense sandsheaing occurs over a

narrower zonand propagates to the surface atdoledrock displacement values.

U2=2%

oo 1U222% 5

i

i/

34 =69 S

-6% — o -6% CLZmiAL j,’
H 4

20 1U222%

U2=6%

-6% G
uzzg&k

U2=10%

Figure4-2 Ground surface deformation profiles fosrmalfault case.

A generaklnalysis of the distribution and concentration of plastic shear strains in
figure 43 indicates thathe plast strainsfor normal faultsare distributediround a wider
zonefor the case of loose sand than dense sand. This agreessuiliis fromprevious
research by Loukidis et al. (2009) and Etral. (2006). Shearing zones are wider for loose
sand than medin dense and dense sand respectively (Loukidis et al.(2009) and
Anastasopoulos et al. (2007)he shear bandshift from linear to spiral as the relative
density of the sand decreasesitheir shapesnd locationsgree with previous case
studies (Bray et a{1994a)), and experiments (Cole et al. (1984), Lade at al. (1984),

Loukidis et al.(2009), Anastasopoulos et(a007), Bransby et al. (2008a)).
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A more detailed analysis of tlggound surface deformation fhites and plastic

strains for the case ofrrmal fault leads to the following conclusions:

1. The shallower the dip angllhe more likely is the formation afgrabenA graben
is formed when aecondary failure plarfermsin the opposite direction of the
major failureplane The formation ofgrabenin the case of normal faultgas
observé in previous case historiendexperimental studies (Kelson et g001)),
Bray et al. (1994a), Cole et al. (1984), Lade et al. (1 98dasatasopoulos et al.
(2007)),and numerical investigations (Anasatasopoulos et al. (2007), Loukidis et al.
(2009), and Bransby et al. (2008d&jpr the case of the shallower dip angl&0g
the graben formsat small bedrock digacemergin the order of abold.5%H. As
the dip angle becomes steeper @59, a higher bedrock displacement (greater than
2.0%H) is required before the graben forfst steeper dip angles @@nly a
primary failure planéorms.

2. Thewidth of thegraben ibserved to blarger for the case of loose sar@K for
dip angle of3 Oapd~1.8H foradip angle of4 5 ¢ ) fortmedaum dense sand
(~1.7H for dipangles of3 0 e a n dnd deBse $and respectivehl GH for dip
angle of3 0 e aln5H for dipangle of45 e As shearing occurs over wider zones in
loose sand, the correspondingtdited zones are wider as well.

3. The location of theurfacefault outcropwhen measured from the center of the fault
is observed to b&artherfrom the centefor loose sanddistance of 0.9H for dip

anglesofd 0 ¢ a artl0.8H foedjpangleof6 0 e) t han @@@8Hfoum den s
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dip angle of3 Q @75H for dipangle of4 5 gnd0.7H for dipangle of6 O gnyl
dense sand (0.7H for dgngles of3 0 ¢ 4 & @dl0.6H for dipangle of6 0 ¢ ) .
The height of the scarp is larger shallowd i p a n @i U2=s10%3{0.@%H(
for dense, 0.6%H for medium dense and loose sandythap dip angle$ 5 gt (
U2=10%H 2%H for dense and medium dense, and 1.5%H for loose #&nd).
shallower dip anglesonsidering aertan vertical bedrock displacemethie

inclined bedrock displacement distariséarger tharfor steeper dip angles.

Reverse Fault Case:

For thebasecase(H = 20m, and w = 1mjf areverse fault(figures 44 and4-5)), an

analysis of the surface ground deformations and the distribution and concentration of

plastic shear strains indicates that

1) At shallow dip angledhigh relative densitiesandlargebedrock displacementa

2)

backthrustforms leading to éipop-ups t r u ¢hatischaracterized by a central
uplifted zone that exhibits upward displacements exngede applied bedrock
displacementThe deformation mechanism is characterized by an initial formation
of aprimary failure planet relatively lav bedrock deformations followed by a
secondary failure planghat forms inthe opposite direction and propagmto the
surface A backthrustwas formed in Taiwan city Chelungpu thrust Fault during the
1999 Chichi earthquake (Kelson (2001)).

Unlike the case adinormal fault, thescarp height of thpop-up structureis smaller

for the case of loose santl oH for dip angle 0f30° at fault displacement of
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3)

4)

10%H), than medium dese sandnd dense sar(@%H for dip angle of3(°). This is
explaired by the fact that in loose sand the shear band requires a higher bedrock
displacement to migrate to the surface inducing a smadieup height than

medium dense and dense sand.

Thewidth of thepop-up zoneis larger for the case of dense s&dH for dipangle

of 30° at fault displacement of 10%}Hhan medium dense sarifH for dip angle

of 30°) and loose san® (4H for dip angle 0f30°) since the locations of the shear
bands are farther for dense sand

For the casginvolvingdense sarg] asingle primary shear band is formatdsmall
bedrock displacements, irrespective of the dip angle of the fault. This single shear
bandpropagates to the surfaas the bedrock displacement increates cases
involving medium dense sands, the fautigagation mechanism is observed to be
sensitive to the dip angle of the fault and is a function of the magnitude of the fault
displacementparticularly for the cases involving the steeper dip anglds®fe a n d
6 0 ¢ wnalple gecondarghear bansiform on the side of the fixed wall

resulting in anoreor-less2 step ground displacement profile.these cases, the

first primaryshear bandthe one to the leffieaches the surfae relatively small
displacemerst At higherfault movemerg (around 3%H)secondary shear basmd

form to the right of th@rimaryshear band-or the case of loose sand, multiple
shear bands are observed for all dip angles resulting in a relatively wide shear zone
that originates from the bedrock and reaches the surface over a reletinghuous

and widearea.
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5) The formation oimultiple sheabands in medium dense sand and loose aartde
bedrock displacement increasgshe direct result of the mobilization of excessive
shear straing the soil.In dense sanaven at vertical bedrock displacements as
high as 106H, theresultingshear sains werenot sufficient to cause failure and
shearing in &econdaryirection.For medium dense santietformation of
secondary failure plarsas illustrated in the form of a 2 step displacement on the
ground surface deformation profile. The secondagas band is at a farther
location from the center than the primary shear peartlering the location of the
fault outcrop farthefrom the centerlin the case of loose sgradcontinuous band of
sheamplanes form and propagate to the surface resultiagmore continuous
surface deformation profile in comparison to the-step profile witnessed in
medium dense sand. However, the formation of multipléimoous shear surfaces
in loosesands seems to have formed closer to the primary shear band retitering
right boundary of the shear band closer to the center compared to the medium dense

case with the -3tep deformation mechanism.

12%

12% 12%
1U2=10% 1U2=10%

8% 8%

8% &
U2=6% ' \ U2=6% WAL,

54%

|
‘- 4%
T Juz=2% ‘\; 5 {U2=2% .
7 W 1 1
G

0%

Figure4-4 Ground surface deformation profiles for reverse fault case.
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Figure4-5 Plastic shear strains for reverse fault above cases
4.2.2Extent andLocation ofthe Shear Surface/Band

To facilitate the analysis of the FE results presentdidumes 42 to 45, the
distance from the center of the fault zone to the primary shear sbeadevas defined as
AS0 and calculated for all the cases anal yz
soi |l thicknes sfiguieH6 fobotkl nonmhal and teeese fauhing
conditions. The results ak6a correspond to the normalizéstations of theorimaryshear
surfaceddands at vertical bedrock displacement275%H while the results ofigure 4
6b correspond to a normalizelisplacementf 10%H. These values of fault displacement
were chosen to representermediate and large displacements, respectively and to allow

for comparison with other published data frpnevious experimental and numerical
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investigationsin figure 4-6b, data represented by dotted symbetreadded to the figure

to reflect the normalized location of the righbst secondary failure surface/band, if

present
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Figure4-6 Location of shear bands at a)U2=2.75%H &b) 10%H
By comparing thehe results irfFigure4-6 a) and b it is concludedhat as the

bedock displacemerihcreass, the locations of the initigdrimaryshear bands do not vary
At large bedrock displacements, additional secondary shear bands fieneverse fault
case resulting in a tep displacemermtr a continuous displacement at the surfate
location of the right boundaried these secondary shear bandsfarther from the center

in the case of eeverse fault.

When comparing the cases of normal faults with different sand denisitses,
observed that thiocations of therimaryshear bands are farther for loose sand than

medium dense sand and dense seegpectivelyThe normalized locations vary from 0.6H
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to 0.8H for the case of a shallow fault angle df®@h the range decreasing t&b6l to

0.7H for the steepest dip angle of60

On the other hand, the normalized locations of the primary shear bands for the case
of reverse faults seem to be more sensitive to the sand density and the dip angle of the
reverse fault. In fact, the normalized locations of the shear bands from theoteheer
fault tend to be the highest for dense sands, with differences between the loose and dense
cases being the highest for the steeper dip angles of 45 and 60 degrees. For &4dnyle,
observed to vary from 0.3H to 0.6H (for dip angle otdé@reesand fromthe0.6H to 1.0H
(for dip angle of 45 degrees) as the soil density is increased from loose to dense. For the
shallowest dip angle of 30 degrees, the effect of relative density is minimal with S/H values
in the order of 1.1H, irrespective of relet dersity.

The locations of theecondary shear bantet were observed in the reverse fault
cases involving loose and medium dense sands are refledigaren4-6 b) using dotted
markers. Tie secondary shear bands form at high bedrock displaceamel@gpear in the
form of a 2 step displacememtt a continuous displacemeifithe locations of the secondary
shear bands are farthfeom the center for the case of mewh dense sand than loose sand.

It is worth noting that theormalized shear band logatsthat were determined in
this study for sands of different relative densities compare well with resultpfenous
numerical and experimental investigati@ssreported itoukidis et al. (2009) and
Anastasopoulos et al (2007) at a vertical beddisglacement of 2.75% of the overlying
soil layer thickness H as shownfigure 46. Multiple shear bands appeared as well for dip

angle 60 with Loukidis et al. (2009) for loose sand and Bray et al. (1989) for clay box
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experimentIn our model the straisoftening is defined by decreasing the friction angle and
dilation angle as a function of the deviatoric strain. A residual dilation angle of 0.1 degrees
instead of O degrees was input into the Abaqus model to avoid numerical errors and

convergence probhes.

The locations of the shear bands coincide with the locations of shear bands obtained
by the FE models by Anastasopoulos et al. (2007) and Loukidis et al. (2007) in case
softening was applied as a function of varying plastic strain in the globalicliregt
(denoted by PE12 in Abaqus ) approximately along the direction of the shear plane and by

applying a residual dilation angle of 2 dgrees instead of 0.1 degrees.

4.2.3Bedrock Displacemenikequiredfor Rupture to reach the Surface

Ground deformations soils overlying a faulare not considered dangerous unless
the rupture propagates to the ground surfaeed.: denotethe inclinedfault bedrock
displacementequiredfor the rupture to propagate to the surfdgife 41). Valuesof der
were calculated for all the cases analyzedthadhormalized critical distance:dH was
plotted onfigure 47 for dense, medium dense, and loose saseésinder different fault
dip angl es U c on s thidkeass oh2m and a faul veidthlofylmnTge s o i |
critical bedrock displacement is determined by the inclined distance of the bedrock

displacement for the shear band yield points to reach the top surface.
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Figure4-7 Critical bedrock displacement for the rupture to reach the surface

Results orfigure 4.7 indicate that ¢/H is larger for reverse fault than the normal
fault case. These findings are in line with results Byay et al. (1994b) and Loukidis et al.
(2009)who state that the deformation mechanismammal faultcases is analogous to that
governing the mobilization adctive earth pressws#hile the deformation mechanism in
reverse faultases is analougousttoe passive earth pressuwrase
For the case of normal faufgsults indicate thahe required bedrock displacement for the
rupture to reach the surfaisesmall, insensitive to the relative density and fault dip angle,
and falls in the narrow range 0f1%H for dense sands @2%H forloose sand@Figure4-

7). For the case of reverse fatlie normalized critical displacemsrdre larger and are
sentive to the density and the dip angle:. IBose sandd./H is 1.3% ata dip angle of 6§
1.7% at45¢ and 2.4% at30e These numbers decreaserfiedum dense sand (1.25at
60g 1.80atd5%e, and30@) 3 %amd dlSoratsle 1.5%aawsh ard1.85% at

309. The higher bedrock displacements that are required for the shear bands to reach the
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surface in loossand could be attributed to the fault propagatiom mechanism that is
characterized by the formation of wider multiple shear bands and to compressive volume
changes that would accompany the shearing mechanism necessitating larger fault
movenents at the source to push the failure mechanism to the surface.

The higher required bedrock displacements that were observed &bratb@ver dip
anglesin the reverséault casecould be related to the relatively largbstancehat the
shear band Isto traverse to reach the ground surféiceould also be related to the
presence of relativelgigher passive presssneesulting from the largerolume of soill

overlying the shear band.

4.2.4 Length and Center of Distorted Zone

The length of the distorted zone is essential to deterthenkateral extent of the
zone that would be affected by the fault displacement and to definack limitdhat
would ensure minimal interference with the fault propagation mechaiiisenlengthof the
distorted zonevas defined byLoukidis et al. (2009asthe length of the zone within which
the ground surface inclinatidslope)exceeds 0.2%n this zone, it could be argued that the
soil would have suffered fromistortion softening, strengh loss, etc., resulting in
reductions irbearing capacity and stiffness (Loukidis et al. (D07

The length of the distorted zone (L) was calculated and used to define the horizontal
distance from the fault origin to the midpoint of the distorted zofjeB@h L and C were
normalized by the height of soil H and themalized lengti{L/H) and location of the

center ofthedistorted zone (C/Hyere plotted as a function of the fault type ailangle
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on Figs. 43a and 43b, respectively for the caselew, medium dense and loose sand

All values are calculated for the case with a maximum fault movement of 10%H.

L/H at U=10%
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Figure4-8 NormalizedLength (L/H) and b) center (C/H) of distorted zone for saturated sand subjected to
normal fault (30, 45°, 60°) for dense, medium dense, and loose sand

Results orfigure 48 indicate that the normalized length of the distorted Zone

both normal and reverse fauissmore affected by the dip angle of the fdahdn it is

affected by the dwsty of the soil.The length of the distorted zone is largerdases with

shallower dip angleghich aregenerally associated with widshearand. For a normal

fault with adip angleof 3 0 lgH ranges from about 1.7 to about 2.0 for the dense and loose

cases, respectively. These numbers decrease as the dip angle of the normal fault increases,

reaching values as low as 0.9 to 1.3 for densd@wse sand cases with a high fault dip

angle of ® e .

For the case of reverse faultselength of the distorted zonenmichlargerwith an

L/H range of 4 to 4.65 for the case with a dip angle gf 3® to 2.96 for the case with a
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dip angle of 48 and 1.9 to 2.6 for the case with a dip angle & BBe L/H values are

generally larger for dense sands compared to loose sands.

It should be noted that the larger values of L/H that are associated with the
shallower dip angles for both normal and revéasits are directly related to the formation
of graben structures (for the case of a normal fault) aneupagtructures (for the case of
reverse faults). The formation of these structures at larger bedrock displacements magnify
the length of the distortezone by a factor of about 2.0 compared to the cases where these
structures do not form. The largest range of L/H occurs in reverse faults with a shallow dip
angle of 30 degrees where a relatively shallow Hhokst forms resulting in a significant

widenng of the distorted zone.

Thelocation of thecenter of thalistorted zone is directly related to the length of the
distortedzone and the formation of grav and pojup structures. For cases with no graben
formation or backhrust formation (generally tdts with the steegr dip andes), the center
of the distorted zones generally located to the right of the fault center (gpae 48). In
such cases, results figure 48b indicate that the location of tieenter of the distorted
zone is farthefrom the center of the faulbr reverse fault casgC/H ranges from 0.35 to
0.57) compared to the normal fault counterp@i$i ranges from 0.06 to 0.25)his is

clearlyexhibitedfor thesteep dip anglef 60°.

At shallower dip angles, the loaan of the center of the distorted zotends to the
center Oof the fault sincesecondary shear basthat are obpposite directiono the

primary shear band propagate to the surfecthese casegraben opop-up structure
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generally form These resultgenerallyagree with previous research (Loukidis et al.

(2009)).

The analysis presented in the previous section with regards to the length and center
of the distorted zone pertain to a very large fault movements that are in the order of 10% of
the overlyng height of soil. The conclusions resulting from these analyses could differ with
the magnitude of the applied fault displacement, given the sensitivity of the fault
prepagation mechanism (single versus multiple shear bands, formation of grabens and
backthrusts among others) to the magnitude of the fault displacement. For this purpose,
the length of the distorted zone and the location of the distorted zone were calculated at
different levels of bedrock fault displacement. The variation of L/H and C/ktha fault
displacement is presentedfigure 49 and 410 for the normal and reverse fault cases,

respectively.
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Figure4-9 Normalized Length (L/H) and center (C/H) of distorted zone for saturated sand subjected to
normal fault for denseanedium dense, and loose sand vs. vertical bedrock displacement

The results offigure 49 for thenormal fault case lead to the following main
observations in relation to the role that the imposed vertical bedrock displacement play in

regards to the fault propagation mechanism:

1. Forthe case with a dip angle 8f0 e ,fault propagation initiates with a
moreor-lessimmediate formation of primary and secondary shear$and
resulting in a graben structure evetieatlt displacemesstthat are less than
0.5%H At a fault displacement of 1.0%H, the normalized length of the

distorted zone ranges from 1.33 to 1.68 delpenon the relative aesty of
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the sandand the center of the distorted zone conincides with the center of
the fault as indicated by the C/H of zero. As the fault displacement increases
beyond 1%, the length of the distorted zone increases linearlyheiflault
displacement but at a realtively small rate while the center of the distorted
zone drifts slightly and consistently to the left of the center of the fault.

. Forthe case with dip angleof 4 5 e ,printatyshear band reaches the

surface atrelatively small displacement 6t1%Hand the length of the
distorted zone increases with further displacements. After a threshold fault
displacement that is a function of relative denstseached1%H for

medium dense and dense sands and H.&%%loosesands), a smndary

shear banformsresulting in a graberOnce the graben forms, the length of
the distorted zone increases abruptly (L/H increases from 0.38 to 1.28 for
dense sand and from 0.68 to 1.66 for loose sdndddition, the normalized
location of the center of thdistorted zon€/H decreases abruptly from 0.5

to around zeroOnce the graben formthe relationship between L/H and

C/H with additionalfault displacement becomeslatively stable andimilar

to that of the 30fault.

. Finally, for the normal fault cases with the steepest dip angle of 60, since no
secondary shear band or graben is formed, the center is located to the side of
the fixed wall and the length of the distorted zone is smaller compared to

shallower dip angles.
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Reverse Fault Case:

i _ 6 .
Dip30-w1-R ——L Dip45w1-R
51 - MD
o~ BIBTETE G
© . .
) D/I://A/&/ﬁ A—A 4
o B I3
oo 5
A 2
—a— L
rrrrrr g MD 1
o D T
0 —————+—+—+—+—+ 0 #———+——+—+—+—+—+— 0 #———+—————+—+—
0% 2% 4% 6% 8% 10% 0% 2% 4% 6% 8% 10% 0% 2% 4% 6% 8% 10%
Vertical Bedrock Displacement Vertical Bedrock Displacemen: Vertical Bedrock Displacemen
Lo R-Dip-30 R-Dip 45-w1 1.0 R-Dip 60-w1
p- —a— L p —=—L p —a— L
08+ o MD e MD g ---2---MD
o D
[n]
0.6 +,° 0.6
I 1\ I
004+ 4 504
[ Q@
024 8. 0.2
8= —A,
0.0 o B-g-g-g 80 0.0
O og—0 o
-0.2 } } } } | -0.2 -0.2 } } } } |

0% 2% 4% 6% 8% 10% 0% 2% 4% 6% 8% 10% 0% 2% 4% 6% 8% 10%
Vertical Bedrock Displacement Vertical Bedrock Displacemen Vertical Bedrock Displacemen:

Figure4-10 Normalized Length (L/H) and center (C/ldf distorted zone for saturated sand subjected to
reverse fault for dense, medium dense, and loose sand vs. vertical bedrock displacement

For the case akverse faultsresults orfigure 410 reflect a higher degree of
sensitivity of the fault prepagation mechanism to the magnitude ohgesed vertical

bedrock displacemesntThe following observations pertain to the reverse faults:

1. Forreverse faults with dip ande of 30g the length of the distorted zomdially
increases i@ steep manner until the primary shear band reaches the top surface at
bedrockdisplacementsf about 2oH for dense and medium dense sand and #.5%
for loose sandAt these bedroclleformations, the normalized length of the failure

zone (L/H) is in the order of 1.7, irrespective of the solil relative dersitythe
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center of the distorted zone is at C/H equal to 0.6 to 0.8. With additional fault
deformations, the formation ofteckthrustinitiatesincreasing the length of the
distorted zongradually and bringing the center of the zone closer to the center of
the fault zone. The L/H keeps increasing and the C/H keeps decreasing until the
backthrust eaches the top surfacefatilt deformations 06%H for dense and
medium dense sand and B%or theloose sand cas®©nce the backthrust reaches
the surface, the fault propagation mechanism stab#éizenaximum L/H values that
are in the order of 4.0 to 4.Bhe locatios of the backthrust in the densand
medium dense sarghses aréarther than the cas# loose sangdresulting in darger
length ofdistorted zone fothedense sand case.
Forreverse faults witladip angle of45¢ the length of the distorted zone increases
with increasing bedrock displacememtil the first shear bangropagates to the
surface andtabilizes atvertical bedrock displacemeat U, 1%H and the center
of the distortion zone isn the sidef the first shear band@hen with the formation
of the second shear batite length of the distorted zone incregsintil it reaches the
top surfaceat U2 3%H after which it stabilizesThe length of the distorted zone
increaseslightly until U2=6% for loose sand and2=8%for dense and medium
dense sandfter which the distortiosuddenlyincreaseslue toshear strainthat
start to accumulate at the top of the sdanpving block)causing theenterto drift
towards the dirdon of the moving wall side.

3. Forreverse faults with dip angleof 6 Q #he length of the distorted zone increases
in a steep manner until the shear band reaches the top sutieckak

displacements in the order D¥%H after which it stabilizeat an L/H of about 1.5
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In the absence of any batkrusts, he normalizedcenter of the distorted zon€/H)
tendstowardsthe fixed wall sideand increases systematically from 0.15 (loose) and
0.28 (dense) at a normalized fault displacement of 1% to 0.43 (loose) and 0.67
(desne) at a normalized displacement of 8%. It is wortimgéhat this drifting of

the center of the distorted zone to the rightot associated with an increase in the

length of the distorted zone as the fault displacement ina@ease

4.3 Effect of Fault Breccia Thickness

4.3.1 Ground Surface Deformation Profile

The fault breccia zone widtinay vary froma grainsizescaleto several meters. In order to
investigate the effect of tHereccia zon®n the resultshe width of the breccia zorw the

reference modekas variel from the base case of limvalues of 3nand 10m

The effect of thdault width on thegroundsurfacedeformationprofilesis illustrated in
figure 411 for the case ofiormal fauls with dip angleof 30eand 4% for the specific case
of dense sand&esults of ground surface deformation pesffor other relative densities
are included in the Appendix. It should be noted thdhe finite element modehé¢ width
of the breccia zon@asmodelednumericallyby the width within which the fault

displacement occurs.
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Normal Fault Case:
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Figure 411 Ground surface deformation profile for dense sand layer subjected to normal fault under
different fault shearing widths

Results iffigure 411 indicate thathe ground surface deformation profiles are
realtivelysimilar for cases involving fautone widths of 1m and 3m except for some
minor differences in the steepness of the profilestbadateral extent of the ground
surface deformatiorHowever, the ground surface deformation profitesthe case with a
fault width of 10m exhibitegurfacedeformations that are uneven and rough, and were
accompanied with grabens that extetihterallyto a larger exterthan the cases with the
smaller fault widthsMoreover, at relatively larger bedrock displacements diggths of the
grabens were found to be relatively smaller for cases involving the wider fault zones (w =

3m and 10m) compared to the base case with the fault width of 1.0m.

The distribution and extent of plastic strains are showigune 412 for the
normal fault cases with dip angles of 30 degrees and 45 defoedargerfault widths,

results indicate thiermation of multiple shear banggich propagate to the surface
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causinguneven surface deformatiorfss in the cases involving a fault width aDin, it is
observed that the secondary shear bands that formed the graben for cases involving the
larger fault widths of 3m and 10m were more visible for the shallower fault dip angle of 30

degrees.

N-D-w1-30 N-D-w1-45

N-D-w3-45

N-D-w10-30 N-D-w10-45

Figure4-12 Plastic shear strains for normal fault case under differettviédths

Reverse Fault Case:

The ground surface deformation profiles for reverse faultsasisle different breccia zone
widthsare presented ifigure 413 for dense sand cases having different fault dip angles
Results orfigure 413 show a2-step displacement far faultwidth of 3manddip angles
of4 5 ¢ an @stdp digplacemAeriisoappears for the casdth a faultwidth of 10m
forfaut dipanglsof3 0 ¢ and -$tépalisptacechentaf@fault with adip angleof

60e.
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Figure4-13 Ground surface deformation profile for dense sand layer subjected to reverse fault under
different fault shearing widths.

R-D-W1-30 R-D-W1-45 R-D-W1-60

R-D-W3-30 R-D-W3-45 R-D-W3-60

R-D-W10-30 R-D-W10-45 R-D-W10-60

Figure4-14 Plastic shear strains for reverse fault case under differnet dip angles and widths

A comparison between the surface deformation profiles for the three fault widths in
figure 414 indicates that thdocations of the peaikclinations for the ground surfaéer
the case of a-in wide faultcoincideor differ slightlyfrom the locations othe @seswith

fault widths of3m and 10m. Thisould be related to the fact that tinéial primaryshear
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band forns ata moreor-lesssame location for differedawult widthwidth casesFor larger
widths, additional skar bands are formed and resnltnuti-step deformation profiles.

An analysis of theesults infigures 411to 4-14leads to thdollowing
observations when it comes to the effect of the fault width on the fault propagation
mechanism for normal and reverse faults:

1. Fora faultdip angé 3@ the ground surface deformation profilge almost
identical for cases with faultvidths of 1m and 3mOn the other handhé ground
surface deformation profili®r the case with a fawtidth of 10m exhibits a &tep
displacement and a fartheutcrop location (1.5m for width 10m vk.1m for w=1m
and w=3m). A pop up structure is formed floe tasesvith fault widthsof 1m and
3m unlike the case @ 10m-wide fault where #@ackthrust was noencountered.

2. Similarly, for dip angle®f 45¢and ®e¢ the outcrop location corresponding to width
of 3m and width of 10m are farthétranthe case of width 1m.

3. A compaisonbetweerthenormal and reverse fault casedicateghat multiple
shear bands are more likely to be formed for normal faulsthae reverse fault
casa. For normal fault caselower bedrock displacemesarerequired for the
shear bands to propagate to the surface by analogy to active easthrgres
conditions. Therefore mohear bands arerfoed for the normal fault case

4. Similarly for thecase of reverse faultBdure 411) theground surfacénclinations
are lower for w=10m and exhibit lower values. Tbatld beattributed to the wider
shearing zone that requires a higher displacement for the ruptugtmpte to the

ground surface.
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4.3.2Extent and Location of the Shear Surface/Band

The normalizedghear band locatior{§/H) as measured from the center of the fault
are plotted origure 4-15for the cases involvingeverse and normal faulgth varying
fault widthsof 1m, 3m, and 10m for dense, medium dense, and looss. &xeept for
backthrusts, the locations of both primary and secondary shear bands that propagated to
the surface are included in the figure.
Resultson figure 415 indicate thathe cases involving fault widths &m and 10nare
accompanied by a larger number of shear baswepared to the base case with a fault
width if 1.0m.The locations of the shear bandsfeult widths of 3m and 10m drift from
the locations otheshear band®r theg case with a faultidth of 1m by a range of 0.01H
to 0.7H.The shear bandsr the cases witlvidths of 10m are much more dispersed than

cases with fault widths dfm and 3m respectively.
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Figure4-15 Normalizedshear band locations for dense, medium dense, and loose sand for different fault
shearing widths vs. the fault dip angle.

76



4.3.3Bedrock Displacemenikequiredfor Rupture to reach the Surface

Figure 416 shows the normalized critical bedrock displacenfestH) requiredfor
theprimaryshear band to reach the surface for dense, medium dense, and lodse sand
cases withfault widths of 1m, 3m, and 10m.

For the case of dense sand, the/ld values for widths of 1m, 3m, and 10m are
almost the same (0.1% for thenormal faultcasesFor reverse fault caseas the shearing
occurs over a wider zone, a higher bedrock displaceimeaquiredor the rupture to
propagate to the surface. Considering a width of ¥@sults for the cases involving
medium dense and dense sands indieanhormalized critical bedrock displacensent
(~1.3%for dip angle 060e +1.7%for dip angle o#i5e , ~a@.4%for dip angle of 38 are
greater thathose observed for the cases inwodvof w=1mand3m (~1.1%for dip angle
of 60e v1.5%for dip angle o#5e , ~&%fdr dip angle of 36 ) .esedifferences
increaseslightly for the case of loose samdhere slightlyhigher values of g/H are
required (seéigure 416). These resultsan be explained by the fact tlzatthe fault width
increasesthefault displacement is applied over a shallower slope and in a more distributed
manner Therefore, shearing occurs over a wider region with lower values compared to

narrower regions requirg a higher displacement to reach the surface.
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Figure4-16 Critical bedrock displacement ftiie shear band to propagate to the surface for dense, medium
dense, and loose sand under different fualt widths and dip angles

4.3.4 Lengthand Centerof thedistorted zone

Figure 417 shows the normalized length of the distorted zone vdatiiedip angle
for differentfault widths and different sand typeResults indicate thahé length of the
distorted zone isbserved to be slightharger forfault widths of :0mcompared to cases
with smaller fault widths. This observation holds irrespective of the fault type (reverse vs
normal), dip angle, and sand relative density. The only exception are reverse fault cases
with a dip angle of 60 degrees where fhgt width did not affect the length of the
distorted zone. The slightly larger L/H for the caiseolvingw = 10mis related to the fact
thatshearingn such casesccurs over a wider length and displacement is applied in a more
distributed mannetAs a resultthe soil undergoes more distortion before the shear band

reaches the top surface and stabilizes.

A detailed analysis dhe data infigure 417 shows that theshgth of the distortion
zone varies slightly between the different widths for thesiasolving normal fauls. for

the caseinvolving reverse faul, the difference in the length of the distortion zone is larger
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for the case of dense sand with the formation of shear bafatshatr distances from the
center.

It can be observed thaebauseshearing occurs over a wider zdoethe case of a
normal fault with a width oL.0m, the rupture will distort over a larger length before it
propagates to the surface. Loukidis et al. (2009) related the critical bedrock displacement
derit to the langth of the distorted zone. Since a width of 10m requires a larger bedrock
displacement for the rupture to propagate to the surface and since the width simply occurs
overamuch wider zoneompared to thease of w=1m and w=3m, the length of the

distorted zone is larger for a width of 10m.
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Figure4-17 Normalized legth and center of distorted zone for dense, medium dense, and
loose sand for different fault shearing widths vs. dip deseltsshowing the variation of

the location of the center of the distorted zone with the fault width and the faahglg
(figure 417) indicate thathe normalized location of the center of the fault width (C/H) is
relatively insensitive to the width of thauit zone. Except for slight increases that were
observed in C/H as the fault width increases for the cases involving reverse faults with a dip
angle of 60 degrees and a dense sand profile, this conclusion could be obskexadido

for all other caseanalyzed

The effect of the width of the fault on thermalfault propagation mechanism is best
portrayedn figure 418, whichshows how the length and center of the distorted zone
change with the magnitude of the fault displacement at bedrock.

For the normal fault with the shallower dip angle of 30 degrees, results indicate that
the effect of the width of the fault is only reflected through slight increases in the lengths of
the distorted zone for the cases with the larger fault widths. For exahwlength of the
distorted zonéncreases by about 5% to 10% as the fault width increases from 1m to 3m
and by about 20 to 30% as the width is increased from 1m to 10m. Since graben structures
formed in all cases involving a normal fault with a dip am§l80 degrees, the normalized
location of the center of the distorted zone was around katavas slightly larger for the
cases involving a larger fault widtinse most of the distortiosin these cases are spread
on the hanging wall of the soil.

Fornormal faults with a steeper dip angled&fdegrees, results indicate meares
less similar distortion zones for the cases involving fault widths of 1.0m and 3.0m. In both

cases, the graben structure does not form until a bedrock displacement of abélisl.0%
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achieved. At this displacement, the center of the distorted zone (C/H) drops from 0.5 to O as

due to the formation of the graben. For the case involving the fault width of 10m, the

formation of multiple secondary shear banesults in sudden jumpségts in the length of

the distorted zone and in the location of the center afiiterted zone (se€igure4-18).

For normalized bedrock displacement exceeding 3%H, the length of the distorted zone for

the 10m wide fault is about 20% larger than that corresponding to cases with fault widths

of 1 and 3.
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Figure4-18 Normalized length and center of distorted zone for densdijum dense, and loose sand for
normal fault with different fault shearing widths vs. the vertical bedrock displacement
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In the reverse fault cases, resulisfigure 419 show thain the case where the dip angle
of the fault is 30 degrees, the width of the fault seems to have a relatively minor effect on
the variation of L/H with the bedrock displaceme®itice a pojup structure is formed for
the casewvith fault widths of 1mand 3m results indicate thahé center of the distorted
zone drifts towards the center of the fault. Since lai@dt widths requires a higher
bedrock displacement for the shear band to propagate to the surface, the ceater of th
distorted zon€C/H) for the case involving a fault width of 3.0m is observed to drift
towards O at a later stagethe deformation procesi the case involving a reverse fault
with awidth of 10m and a fauldip angleof 30 degreesthe center of th distorted zone
remains on the nemoving side of the fault, since the plastic strain plot does not show a
clear formation of a baethrust in the overlying soil.

For a dip angle of 450oneshear band is formed ftie case with a fault width of
1m. Forcases with faulvidths of 3m and 10m, 2 shear barmaisn to the direction of the
fixed wall side.With the formation of several secondary shear bands the length of the
distorted zone increases and then stabilizes and the center of the distorted zone shift
towards the direction of new shear baRdr the case of a fault dih of 10m, the first shear
bands reaches the surface at 1% after which the length of the distorted zone increases. Then
a secondary shear band is formed and it reaches the surface aft&%lhich the length
for the distorted zone stabilizasan L/H of about 3.#ora faultwidth of 3m, the first
shear band reaches the top surface at 1%H and the second,avdl@imaximum
normalized distortion length of about 3Fbr the base caswith a width of 1.0m, L/H was
about 1.6 up to a fault deformation of 8.0%. After this deformation level, an unexplained

sudden increase in L/H occurs reaching a value of 2.5 at a fault deformation of 10%. It
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should be noted that for the case involvingitfavidths of 3.0 and 10.0m, sudden reductions

are observed in the locations of the center of distorted zone (C/H) as the secondary shear

bands reached tlggound surfacefigure 419).

For the case involving reverse faults with a dip angle of 60 degrees, results indicate

that the lengths of the distorted zone was consistently higher (by about 50%) in the case of

the 10m wide faults compared to the Indwide fault. This observation isue over most

of the range of bedrock deformations. For tha Side fault, L/H was slightly higher (by

about 15%) that the corresponding L/H for a fault width of 1.0m.

Reverse Fault Case:

6

-5

c

©

g

@

0

@3

o

82

<

-1

0 —
0% 2% 4% 6% 8% 10%

Vertical Displacement

10 ¢  Dipl50D-R
1 —a— w=1m

o8+4 g w=3m

o
o

C/H for Dgnse Sand
~

0.2 OO0
0.0 g-8-8-a
—A—A—A A

-0.2 +—+—"4—+——+—+—+—+—+—+-
0% 2% 4% 6% 8% 10%

Vertical Bedrock Displacemen

6 Dipl35D-R
—a— w=1
51 g w=3m
E o w=10m
©
g
(] o S )
2 i
o3 G--g--0-0-8-0-0
(@]
—_ 6]
o2 o9 o //A
T AAAA—A
]
O
0% 2% 4% 6% 8% 10%
Vertical Displacement
1.0 + Dipl35D-R

o
S}

o
o

C/H for Dense Sand
o o
N IS

o
o

-0.2

—a— w=1m

et}

0% 2% 4% 6% 8% 10%

Vertical Bedorck Displacement

L/H for Dense Sand

C/H for Dense Sand

6 -

6]

i

w

N

0

=
} T

n
N o o =
EN o © o
) -
o

o
[N

o
o

-0.2

. Dipl20D-R
—a— W=1m
,,,,,, o w=3m

o—— w=10m

0% 2% 4% 6% 8% 10%

Vertical Displacement

Dip120D-R

? —a— w=1m
rrrrrr o w=3m
o w=10m
0% 2% 4% 6% 8% 10%
Vertical Bedrock Displacement

o9

Figure4-19 Normalized length and center of distorteshedor dense, medium dense, and loose sand for
reverse fault with different fault shearing widths vs. the vertical bedisgfacement
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4.4 Effect of Height of Overlying Soil Layer:

4.4.1Ground Surface Deformation Profile

In all the analyses that were conducted in the previous sections, the height of the
overlying soil was assumed to be 20m and the results were normalized with regards to this
soil height. The objective of this section is to investigate wheitigeresults bthe fault
propagation analyses are still valid for other soil overburden heights. In other words, it is
important to check whether the normalizedund surface deformation profilase similar
for the different soil heights.

The FE analyses that werenducted in Sections 4.2 and 4.3 with a soil height of
20m were repeated for cases involving soil heights H of 40m andR3&sults pertaining
to the cases of normal fautté dip angles 30 degrees and 45 degreetsate that the
normalized ground suate deformation pfiles are similar irrespective of the height of the

overlying soil(figure 420).

84



N-D-30 N-D-45

206 -

-6% #

-2%

6% -

5 10% - < 10% - : /
14% 1 / H=20m 4 H=20m
- - 0,
°] / 77777777 H=dom A T H=40m
] R H=80m T T T ] H=80m
-18% | | -18% ! |
0 - 0 o ) - o) 0 - ) o ) - 10
— ! (=) () — < ! o} o -
d/H d/H

Figure 420 Normalized ground surface deformation profiels for dense sand subjected to normal fault of dip
angles 30and 45

For the cases involving reverse fauttee normalizedground surface deformation
profiles for dense sand subjected to reverse fault under dip 80glds ¢ , 60awerk
determined and plotted figure 420. Results indicate that the normalizggundsurface
deformation profilezould be considered to be generallysimilaor a di p angl e
not forthe steeper dip angles dd &£  &0gn Tthese results could be explained by analyzing
the distribution of plastic shear strains for reverse faudcasdense sandigure 421).
Forcaeswittad i p a n g & mimaryfshe8r®and forms at the same location,
irrespective of the height of the overlying soil. However, for the steeper dip angles, cases
with the largesoil heights wereccompaniedypthe famation of multiple shear bandsor
example, inthe casesinvolvihg=8 Om and di p angl es 45e¢e and
in the same direction of the primary shear band is formed at a certain bedrock displacement
causing a 2 step deformatiorofile unlike the case of an overlying soil layer thickness of

height 20m that included a single shear b#&sda resultthe ground surface deformation
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profilesin these cases onhormalize at low bedrock displacemeriier larger soil layer

thicknessesghe shear band is more disperse high bedrock displacements.
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Figure 421 Normalized length and center of distorted zone for dense, medium dense, and loose sand for
normal fault with different fault shearing widths vs. the vertical beddigflacement
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Figure4-22 Plastic shear strains for reverse fault case of different dip angles and soil layer thickness

It couldthus be concluded that for the case of reverse fauitgrtund surface
deformation profiles for differergoil heights normalize except for the conditions where 2

shear bands formm the direction of the fixed wall sidét low vertical bedrock
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displacenents the ground surface deformation profiles norméahaesteep dip angless a
the vertical bedrock displacement increases, a secondary shear band in the same direction
of the primary shear band formsshould be noted thasahe depth increases, thail
strength propertie@nodulus of elasticity, dialation angle, etggnerallyincreasewith
depth As a result, it is expected that at differences in the fault propagation mechanism
could exist as a result of changes in the overlying soil thicknesgfing in some
descrepancies in the normalized ground response.
4.4.3Bedrock Displacemenikequiredfor Rupture to reach the Surface

Figure 424 showsthe normalized critical inclined bedrock displacement value for
each of the 3 sand typ&s cases ofands withdifferent heights. The critical bedrock
displacements fahenormal fault casgare relativelysmall 10 1@Oand are not
sensitive to the thickness of the overlying sasthe other handor thereverse fall
casss, it is observed thajreater soil thicknesses exhibit highex/tH values. This is
explained by the fact that seatlargerdepths exhibit higher stiffness and lower peak
friction and dilation angkesince the soils agre more confined and constrained. So a
higher bedrok displacement is required for the shear bands to reach the surface. The
difference between the critical bedrock distangabserved for different soil heightdarger
for loose sansiwhich require additional fault movements for the fault to reach ttiecgur
It could be concluded that for the cases involving reverse faults, the height of the overlying
soil plays a significant role in defining the bedrock displacements that are required for the
fault to physicall propagate to the surface. Normalizingeeired displacement by the
height of the overburden soil does not lead to a cons@tid the different cases

analyzed.
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Figure4-24 Critical bedrock displacement for shear band to reach the surface for different dip angles and soil
layer thicknesses
4.4.4 Lengthand Locationof Distorted Zone

Figure 425 showsthe different normalized lengths tbfe distorted zoneof heights of
20m, 40m, and 80m vs. the fault dip angtesults indicate that the normalizedgths of
the distorédzones are morer-less similar and independent of the soil height for cases
involving normal faults and reverse faults in loose sandg ®his is attributed to the fact
that the ground surface deformation profiles normalize for these, aasspective of the
soil height.

For the caseof dense and medium dense saide length of the distorted zone differs
between the different sdayer thicknesses. The ground surface deformation profiles do not
completelynormalize for these 2 casedthough the effect of the soil height could be
considered to be relatively insignificant.

In generalthe normalized length of the distorted zoneHe80m isfound to bdarger

than for H=40m and H=20pnespectivelyThis is attributed to the fact that for a height of
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80m, tre shear band requires malisplacement to propagate to the top surface. For reverse
faults with dip anglesf 45 and 6Glegreessince the ground surface deformation profiles

were different and didnodt n omasskghtly afected.t h e
It is worth noting that theormalized locations of the center of the distorted zone were also

relativelyinsensitive to the soil height.
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Figure4-25 Normalizedlength of distorted zones. dip angle for different overlying soil thickness

Thevariations of the normalizdéngthand center of thdistorted zonevith fault
displacement for the cases imwiag normal faults with different soil heights are presented
in figure 426. Irrespective of the applied bedrock displacement, resulfigmre 426
indicate that the length and location of the center of the distorted zone are not affected by
the heighof the soil above bedrock. For the case involving faults with dip angles of 60,
slight variations in L/H and C/H were observed the case of H = 80m, compared to the other

cases.
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For the caseinvolving reversdaults figure 427), thenormalizedength of the

distorted zonés found to be dependaoih the groud surface deformation profile. As a

result, minor differences in thbd lengtls of the distorted zorgeare observed for different

soil height cased.he difference in the ground surface deformation is largehéxiense
sandcases compared to caseshwidose sands and medium dense sands (see Appendix)
Results iffigure 425 indicate that variations of the normalized length and center of the
distorted zone with bedrock displacement are more or less independent of the soil height for
the cases involvimdip angles of 30 and 60 degrees. For the particular case of a dip angle of

45 degrees, the variation of L/H and C/H with bedrock displacement are very similar for the
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cases with H = 40m and 80m. However, the results for thecz@a show a completely
different patternThe is is attributed to the fact that he cases of H=40m and H=80include
the formation of a 2 step displacement due to the formation of 2 shear bands in the direction

of the fixed wall
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fault case
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CHAPTER 5
CONCLUSIONS AND FURTHER RESEARCH

5.1 Introduction

This chapter presents a review of the main conclusions and findings resulting from
thcomprehensive investigation thie finite element model of the fault propagation in offshore
saturated sand. The model consists of a saturated sand layer and includes thiasitasic
modified mohr coulomb constitutive model to capture the adequate behavior of the sand.
The cases considered included different configurations of the sand relative density, the fault
breccia zone, and the sand layer thickness. The following chapter highlightsttiesions
based on the assemsement of the results of 90 simulationsdiffénent configurations.

Finally, the following chapter includes recommendations and proposals for future research.

5.2 Conclusions
In view ofthe 90 simulations conductad model the mechanism of the taeilt
propagation on offshore saturated sand under different sand relative densities, the following
conclusions can be drawn:
5.2.1Dip Angle andRelativeDensity:
Grabens are more likely to be formed for shallow dip angles. Unlikely, for steep dip
anglesonly one failure plane is formed@he width of the graben is larger for cases

including loose sand and the height of the scarp of the graben is larger as well for these
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cases. Similarly, pop up structures are formed for reverse fault for cases inchaliog s

dip angles at certain bedrock displacements resulting from the formation of a backthrust.

The scarp height and width of the pop structure is smaller for the case of loose sand.

In reverse fault cases, only opgmary shear band is formed inseaof dense sand
independently of the dip anglAs the relative density decreases, multiple shear bands are
formedcausing the formation of agep displacement imedium dense sandnlikely, the

surface deformation for loose sand case is continuous.

The locations of the primary shear bands are farther for lower relative densities in

cases of normal falti and vice versa for reverse fault case.

For medium dense sand and at certain bedrock displacements a secondary shear
band on the same direction oétfixed wall is formeddr the case of reverse fault for steep

dip angles.

The normalized locations of the primary shear bands for the case of reverse faults
are more sensitive to the sand density and the dip angle of the reverse fault. In fact, the
normdized locations of the shear bands from the center of the fault tend to be the highest
for dense sands, with differences between the loose and dense cases being the highest for

the steeper dip angles of 45 and 60 degrees.

The locations of theecondary stee bandghat were observed in the reverse fault

cases involving loose and medium dense sands
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In the case of normal fault, the shear band reaches the top surface at small values of
bedrock displacement irrespective of the sand relative density adghbthegle. However,
results for theeverse fault case, indicéteat the required bedrock displacement for the
rupture to reach the surface is large compared to normal fault case and is larger for

shallower dip angles and lower relative densities.

The results of the comprehensive investigation of the fault propagation indicate that
the length of the distorted zone is more sensitive to dip angles than relative density. The
length of the distorted zone increases as the shear band propagates to therglifiace a
cases of formation of secondary shear bands, the length of the distorted zone increases
abruptly with the propagation of the secondary shear band to the surface, after which the
length stabilizes. Shallower dip angles are accompanied by larger térdighorted zone
and that is explained by the formation of graben or pop up structures at certain bedrock

displacements.

Thelocation of thecenter of thalistorted zone is directly related to the length of the

distorted zone and the formation of gralae popup structure.

The center of the distorted zone is in the region of the shear band and shift towards
the direction of the secondary shear band in cases of formation of secondary shear bands. In
case of formation of pepp structure or graben the ¢enof the distorted zone drifts

towards the center of the fault.
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5.2.2Fault Breccia Thickness

Largerfault widthsare accompanied with thiermation of multiple shear bands
which propagate to the surfacausinguneven surface deformations. These multiple shear
bands are more likely to be formed for the normal fault case than reverse fault case. The
deformation profiles of larger fault widths exhibit lower inclination values, farther outcrop
locations, and widegrabens. Results for reverse fault cases including large fault width
indicate the formation of multiple step displacement for larger fault widths and these steps
increase for steeper dip angles.

The locations of the primary shear bands for the diffewarit fvidths coincide with
minor differences for reverse fault case. However, secondary shear bands are forrmed for

larger widths at certain bedrock displacements.

The critical bedrock displacement is insensitive of the fault breccia width for the
normal failt caseFor reverse fault casdarger fault widths require larger bedrock
displacements for the shear bands to reach the surface and this difference is more

significant for lower relative densities.

Resuls indicate that the length of the distorthe varies slightly between the
different results for different fault widths for the normal fault case. However, for the
reverse fault cases, the difference in the length of the distorted zone for different fault
widths is more significant and larger faulidths are accompanied by larger lengths of

distorted zones.
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The location of the center of the distorted zone is relatively insensitive to the fault width.
The location of the center of the distorted zone is farther from the center for larger widths

in general.

5.2.3Soil Layer Thickness

The ground surface deformation profiles for different heights normalized for
vertical bedrock displacements up to 2% the soil layer thickness. The ground surface
deformation profiles normalized for vertical bedrock displacements up to 10% of the soil
layerthickness only for normal fault cases of dip angles 30° and 45° and for reverse fault

cases with loose sand.

The cases of larger soil layer thicknesses require larger vertical bedrock
dispalcements for the shear band to propagate to the surface deypth increases, the

confinement increases and the soil properties vary.

The length of the distorted one is larger for larger soil layer thicknesses for the cases
that normalized. For the other cases, the length of the distorted one depends highly on th

sheabr bands and on the corresponding ground surface deformation profile.

The shear band locations are farther from the center of the fault for larger soil layer
thicknesses for the cases that include normal fault. For the cases that include relterse fau

the locations of the primary shear bands are farther for smaller soil layer thicknesses.
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5.3. Further Research
Further to the conclusions noted above, the following researches are suggested for

future implementation:

The effect of excess pore wapgessure on the fault propagation mechanism in
offshore soil by applying a transient flow analydisxcess negative pore pressure can

increase the strength of the soil in case negative pore water pressures were generated..

Extending the following resech to apply it to offshore clay sediments noting the
the following thesis is limited to cases including offshore sand case. It is interesting to the

investigate the affect of soil layer thickness and fault breccia on offshore clay sediments.

Modeling thefault propagation dynamically usirexplicit analysisand the HS
small material to model the material behavior and stiffness degradation with the different
damping factors. The effect of the dynamic loading on the water could affect the response

as well.

The behavior obffshore pipeline subjected to dip slip fault and its resulting mode
of failure. This requires 3D modeliraj the pipeline and the soil and proper definition of

the pipelinesoil interaction.

The following thesis considers a horizontal surface for the ground. Of the saoill
subjected to the diplip fault. It would be interesting to asses the fault propagation
mechanism on a soil layer with an inclined ground surface and corresponding design

parmaeters.
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APPENDIX

Ground Surface Deformation Profiles
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