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ABSTRACT

Subsea pipelines play a significant role in transporting hydrocarbon from offshore. For
both shallow and deep water, an effective means of hydrocarbon transportation is the
usage of pipeline. However, deep water pipelines are expensive to bury and an economic
way is to lay the pipelines on seabed. Due to pipe installation procedures (e.g. wave
action, pipelines self weight etc.), pipelines could penetrate into the seabed a fraction of
its diameter. Pipelines might experience thermal expansion (due to low ambient and high
internal temperature) during operation cycles which can cause pipelines to expand axially.
But due to restraining conditions from accumulated soil/pipe interaction and effective
longitudinal force along the pipeline, bending moments can develop in the pipelines,
which cause pipelines to buckle laterally. This lateral buckling is resisted mainly through
soil/pipe interaction. In addition, the berm formed around the pipe (during installation
period) plays a vital role in resisting the lateral pipe movements. Thus, accurate
prediction of soil/pipe interaction of an as-laid pipeline is very important for the
development of pipeline design guidelines. To address this critical phenomenon, the first
step is to capture the soil behaviour during pipe vertical penetration along with the berm
formulation mechanism. This is a large deformation problem. To solve the problem
numerically, a large deformation numerical tool is required. In this study, the Coupled
Eulerian Lagrangian (CEL) finite element method is used for analysis of partially
embedded pipelines. Analyses are performed using ABAQUS 6.10-EF1 software. In the
deep sea, the undrained shear strength of clay typically increases with depth. In addition,

the undrained shear strength is strain rate dependent. Moreover, strain softening




behaviour of clay is another critical phenomenon that should be considered. The standard

von Mises yield constitutive model available in ABAQUS cannot capture this clay
behaviour. Therefore, in this study an advanced soil constitutive model that considered
these phenomena is implemented in ABAQUS using user subroutines programmed in
FORTRAN. Results from the analysis are compared with centrifuge test results and
other available solutions in the literature. It is shown that the Coupled Eulerian
Lagrangian (CEL) approach together with the advanced soil constitutive model is a very
effective tool for modelling large deformation behaviour of partially embedded pipelines

in seabed both for vertical penetration and lateral movement.

i









2.4.1 Theoretical MOAEling ........cceovviriiiiiiiiei e 2-5

2.4.2. Physical modeling.........cocoiviimiiiniiniie ittt 2-12

2.4.3, Numerical modeling.........cccooeeirei i 2-18

2.5. Development of Lateral Pipe Resistance Theorem..........ccocovvvuinniinnne. 2-34
2.5.1 Theoretical modeling of pipe lateral resistance ........c.c.coceveeeevvervvercreenen 2-37

2.5.2 Physical modelling of pipe lateral resistance.......c....ccccovvvnviiviinniiinnnnnen, 2-45
2.5.3Numerical modelling of pipe lateral resistance..........ccocoeeeeeceenenicneecene 2-64

2.6 CONCIUSION w.eiiiciiiiiiieiitiie s st e b s s b s s 2-71
CRAPLET 3 oottt s b e e e s eter e e b ees e st e e s e sn e eeter e e e e r e e e aeaaans 3-1

Finite Element Modeling of Vertical Penetration of Offshore Pipelines using Coupled

Eulerian Lagrangian Approach .........ccccooviiiiiiiiiiiiiiie e 3-1
Bl ADSITACE .cnviiiiiii ettt s 3-1
3.2 INtrOUCTION . ...ccvviei it et eae e 3-2
3.3 Problem Definition. ......cccoiiiiiiiiiieiietir ettt e 34
3.4 Finite Element Model Formulation..........c.ccoceviieieniiiieieiceccenceceeenes 3-5
3.5 Parameter SELECLION ...cooviiiiereiere ettt st s s s 3-7
3.6 Model Validation and ReSults..........c.ococoiiniiiooiniiiiicc e 3-9
3.7 MESH SENSITIVILY .. vveivieiersvreeseieeeesseeceseiesesaesseeeess e esaseaeseasaenscessssesansesesbeeenseeens 3-9
3.8 Comparison with Centrifuge Test Results ........ccceovvveiiininicnicicicee, 3-10

vi



3.9 Soil Deformation around the Pipe..........ocooooiiiiiiieee e 3-13

3,10 Strain in SOl Mass ..o.cviiiiii i 3-14
3.11 Berm Development MeChaniSIm ........ccueeviiriiiriieiiriieeene e 3-16
3.12 CONCIUSIONS ...uei ittt 3-17
3,13 ACKNOWIEAEEMENTS ..ccviiii ettt e s e 3-18
314 RETCIENCES c.veeiie e cee et e s s et ettt e 3-18
O] 1T Y01 (= o OO OV OO O T O OO OR T OT TP 4-1

Strain Softening and Rate Effects on Soil Shear Strength in Modelling of Vertical

Penetration of Offshore Pipelines ........c.ccccooviiiiiiiiiii e 4-1
A1 ADSETACE ettt ettt e e ehes e a s 4-1
4.2 INTOAUCTION ...oveier it s et e s re b e b ens 4-2
4.3 Problem Definition.......cccoviiiiiiiciiricc ittt e 4-4

4.5 Finite Element MOdel ........c.ooooiviiiiiiiiieiiiiee e ettt e 4-6
4.6 Parameter SEIECHON ....ccvveiiiiiiirieicere sttt ettt st 4-9
4.7 Model Validation and ResultS......c.ccc.ueereriiiiiiiiciii i 4-11
A4.7.1 MESH SENSILIVILY cvvviiiuvieitieerieeieteirtessreesenreeasseessmeasseeeeemneeesieessreeessareesans 4-11
4.7.2 Comparison with existing models..........cccocceriiniineneiiie e 4-12
4.8 Effect of Strain Softening and Strain Rate.........ccoccoooiiiiiiin e, 4-15

vil



4.8.1 Comparison with centrifuge test resultS........ccoevereriniereveicrenee i 4-16

4.8.2 Plastic strain in SOil Mass ........cocuiriiieiiii i 4-16

4.9 Parametric StUAY ...oovvieriiee oottt e 4-19
4.9, 1 EffECt OF [ eeeeiiiiieci e e 4-19

492 BATECt OF Sttt ettt e et be s e s st rae e s s ern e s e s eanree s enraaeenen 4-19

4.9.3 EffECt OF £95.uvriniinrinirieriiriiceeii ettt s s 4-20

410 CONCIUSION <eeriitieitit et ettt s es 4-22
411, ACKNOWIEAZIMENTS . c1icieeiie ettt e 4-23
412, RefeIeNCES . .oiiiiiii ettt e 4-23
CRAPLET 5. ettt e e e et s s e 5-1
Lateral Movement of Partially Embedded Offshore Pipelines..............cccovvviinnn. 5-1
ST INETOQUCTION ..ttt 5-1

5.2 Comparison between Numerical and Centrifuge ModelsS...........coccovvcrerinnen. 5-2
5.2.1 Vertical penetration..........ccovcieiees ittt et et 5-3

5.2.2 Lateral MOVEMENLE ........eviuiiiiiiiice et ein e s 5-4

5.3 Alternative interpretation of pipe lateral resistance .............cccccocvvniviiniinnnnn, 5-36

5.4 Comparison with Other Analytical SOIUTIONS ......coccceiriiiniii 5-42

5.4 CoNCIUSION «.cevciiieiiiiie e 5-45
CRAPLET Ottt ettt e st e e e et e sne s s a et b 6-1



Conclusions and Recommendations for Future Research.........oooevevvveeveeeveieeieeceeeine 6-1

.1 CONCIUSTIONIS ettt ettt ettt e e e e e e e eesee e e snsn eeeanesesbebeaeneenanenes 6-1
6.2 Recommendations for Future ReSearch........coooveiiiiiiiiiiciiiiiieieeeeeeee e 6-3
R I CIICES - oot e e e e ettt e e s eee e e e s e atbe e e e e e s e s e e earenns 1

|
iX



List of Tables

Table 2.1 Summary of small to large scale test for vertical penetration (Revised

from Verley and Lund, 1995).....ccoviiiiiii i 2-13
Table 2.2 Progressive development of numerical analysis in pipe penetration........... 2-33
Table 2.3 Pipe Classification (Based on operative load).................c.oevivcnviee. 2235
Table 2.4 Parameters used for analysis (White and Dingle, 2011)........................ 2-55
Table 3.1 Geometry and parameters used in the analyses........................... 3-8
Table 4.1 Geometry and parameters used in the analyses.......................ceeeeee. 4-10

Table 5.1 Centrifuge test conditions (White and Dingle, 2011; Dingle et al., 2008)..  5-3




o

List of Figures

Fig. 1.1 Side-scan sonar image of lateral buckle (Bruton et al., 2006)................... 1-2
Fig. 2.1 Problem Statement: (a) initial embedment, (b) lateral movement for heavy

pipe, (c) lateral movement of light pipe..........coooiiiiiiiin 2-3
Fig. 2.2 Failure modes: (a) strip footing (b) offshore pipelines (Small et al., 1971)...  2-8
Fig. 2.3 Vertical resistance (Small et al., 1971)........covviciiiiiiiciiiiieen.. 228
Fig. 2.4 Velocity field around the pipeline (Murffetal., 1989).......................... 29

Fig. 2.5 Extended upper bound mechanism for pipe penetration depth of above half

Fig. 2.6 Comparison between various models (Cathie et al., 2005)..................... 2-12
Fig. 2.7 Comparison between various models for pipe vertical penetration (Cheuk
et AL, 2007 ). 2-14
Fig. 2.8 Vertical pipe penetration resistance with embedment (Dingle et al., 2008)... 2-15
Fig. 2.9 Shear zone formation during vertical penetration (Dingle et al., 2008)....... 2-16
Fig. 2.10 Pipe penetration resistance with depth (Hu et al., 2009)........................ 2-17
Fig. 2.11 (a) Small strain analysis (WIP pipe) (b) Large strain analysis (PIP pipe).... 2-18
Fig. 2.12 Comparison between numerical and theoretical solution (Aubeny et al.,
2005). ettt eb e eb et es bbbt ne et st e s e e e nens 2-20
Fig. 2.13 Comparison of vertical penetration resistance (redrawn from Bransby et
AL, 2008 b bttt e e eranenr e e 2-21
Fig. 2.14 Comparison between numerical and theoretical solution (Merifield et al.,

2008) (a) Smooth pipe (b) Rough pipe..........coocoiiiiiii 2-22

pipe diameter (Aubeny et al., 2005)............coo 2-10
Xi
|



Fig. 2.15 Typical shear strength profile (Morrow and Bransby, 2010)....................... 2-23
Fig. 2.16 Comparison of pipe penetration resistance (a) Smooth (b) Rough (Morrow

and Bransby, 2010). ... i e 2-24
Fig. 2.17 Variation of bearing capacity factor (Barbosa-Cruz and Randolph, 2005).. 2-25
Fig. 2.18 Variation of nominal bearing capacity factor (Barbosa-Cruz and

Randolph, 2003).....c.coviii e 2-26
Fig. 2.19 Comparison between large strain and small strain (Bransby et al., 2008).... 2-27
Fig. 2,20 Comparison between FE analyses and centrifuge test results (Wang et al.,

20T0) . ¢ e et e s st s 2-29
Fig. 2.21 Comparison of vertical bearing capacity factor (Tho et al., 2010)............ 2-30

Fig. 2.22 Comparison between finite element model and centrifuge test (Chatterjee

et al., 200 2a) .. e e 2-32
Fig. 2.23 Pipe vertical penetration with depth (Chatterjee et al., 2012a)................. 2-32
Fig. 2.24 Typical behaviour of light and heavy pipe..........c.cooooiiiiiiiiiiiiae 2-36
Fig. 2.25 Bi-linear model (White and Cheuk, 2008)........c...cooiiiiiiiiii i 2-37
Fig. 2.26 Effective embedment parameters (White and Cheuk, 2008)................... 2-38

Fig. 2.27 Theoretical failure loci for surface foundations and pipes (White and
Cheuk, 2008)......ciiiiiii ettt et 2-39

Fig. 2.28 Geometry of upper bound solution for breakout resistance (Cheuk et al.,

Fig. 2.29 Prediction of breakout resistance using upper bound solution (Cheuk et

AL, 2007).ove v reeeeeereeeee e s e st s e e et ee s ee s 2-41

Xii




Fig. 2.30 Upper bound mechanism (Merifield et al., 2008)..............................
Fig. 2.31 Yield envelope at different embedment (a) Smooth pipe (b) Rough pipe
(Merifield et al., 2008)... ..ot iri
Fig. 2.32 Theoretical yield envelope for soil shear strength proportional to depth (a)
Smooth pipe (b) Rough pipe. (Randolph and White, 2008).............................
Fig. 2.33 Upper bound geometry solution for lateral resistance (Cheuk et al., 2007).
Fig. 2.34 Schematic diagram of test (Lyons, 1973).......c.c.cciiiiiiiiiiiiiiin
Fig. 2.35 Variation of co-efficient of friction (a) with submerged weight, soil/pipe
interface, pipe diameter (b) with hydrostatic test and without hydrostatic test
(LyOnS, 1973 ). ittt e et et
Fig. 2.36 Comparison with analytical model and experimental results (Wagner et
AL, TOBT ). ittt et
Fig. 2.37 Comparison of Verley and Lund’s model with experimental results
(Verley and Lund, 1995) ... . oo

Fig. 2.38 Comparison of experimental data and analytical model (Bruton et al.,

Fig. 2.39 Pipe lateral resistance during steady cyclic lateral movements (Cheuk et
AL, 2007ttt e e s s e s s s e

Fig. 2.40 Typical pipe lateral resistance during pipe steady movement (Cheuk et al.,

Fig. 2.41 Normalised pipe lateral resistance during pipe lateral movement (Dingle

et al,, 2008 ). . e

2-43

2-44

2-45

2-46

2-47

2-48

2-50

2-51

2-52

2-52



Fig. 2.42 Soil velocity field during pipe lateral breakout (Dingle et al., 2008)......... 2-54

Fig. 2.43 Pipe lateral resistance during lateral movement (White and Dingle, 2011). 2-55
Fig. 2.44 Development of effective embedment using soil berm and softening
(White and Dingle, 201 1) ... oo 2-56
Fig. 2.45 Variation of pipe lateral resistance with effective embedment (White and
Dingle, 201 1), 2-58
Fig. 2.46 Variation of pipe lateral resistance with embedment (White and Dingle,
ZOT 1) et e e s s 2-58
Fig. 2.47 Comparison of normalised residual horizontal and vertical load (Bruton et
AL, 2000). .o 2-60
Fig. 2.48 Comparison between model data base and empirical equation (Bruton et
Al 2000)...ciiiiiiiiiiiit e e e e 2-62
Fig. 2.49 Comparison between measured and predicted equivalent friction factor
(Cardoso et al., 2010 . ..o i 2-62

Fig. 2.50 Pipe horizontal resistance during lateral travel (White and Dingle, 2011)... 2-63

Fig. 2.51 Pipe residual friction factor co-relation (White and Dingle, 2011)............ 2-64
Fig. 2.52 Details of mesh size (Lyons, 1973)......ccoiiiiiiii e 2-65
Fig. 2.53 Comparison with numerical and physical experiments (Lyons, 1973)........ 2-65
Fig. 2.54 Details of pipe lateral movement (Merifield et al., 2008)..................... 2-67

Fig. 2.55 Resultant pipe resistance during relative pipe movement (a) Smooth pipe
(b) Rough pipe (Merifield et al., 2008)..........coiiiii i 2-67

Fig. 2.56 Comparison with yield envelope (Wang et al., 2010)...................ccc...... 2-70

Xiv



Fig. 2.57 Comparison with yield envelope (Chatterjee et al., 2012b).................... 2-70

Fig. 3.1 Problem definition........ ... ..o 3-4
Fig. 3.2 Finite element model used in this study.................oi 39
Fig. 3.3 Effect of mesh size on vertical reaction..............cc..ooiiiiiiiiiiinnn. 3-11
Fig. 3.4 Comparison between finite element and centrifuge test results................. 3-12

Fig. 3.5 Predicted and observed velocity vectors at different depth of penetration..... 3-14

Fig. 3.6 Equivalent plastic strain around the pipe at w/D=0.45: (a) smooth (b)

FOUZN. .. oo ettt a e s et e et e e n e nhes eaes et nabee s e e 3-15
Fig. 3.7 Vertical penetration and berm formation (Dingle et al., 2008).................. 3-16
Fig. 3.8 Predicted and observed berm size at w/D=0.45................ciiiiiiiinn. 3-17
Fig. 4.1 Problem definition........ ... ..o 4-5
Fig. 4.2 Finite element model used in this study.............oooiiiiiiiiiiiiin i 4-8

Fig. 4.3 Effect of mesh size on pipe vertical penetration resistance for smooth pipe-

SOLLINTEITACE. ... ettt e 4-12
Fig. 4.4(a) Comparison with previous solutions for smooth pipe-soil interface......... 4-14
Fig. 4.4(b) Comparison with previous solutions for rough pipe-soil interface.......... 4-15
Fig. 4.5 Comparison between finite element and centrifuge test results.................. 4-17

Fig. 4.6(a) Equivalent plastic shear strain around the pipe at w/D = 0.45 for smooth
PIPE-SOIL INEEITACE. ...\ e ettt e e 4-18
Fig. 4.6(b) Equivalent plastic shear strain around the pipe at w/D = 0.45 for rough
PIPE-SOIl INterface. ... .. e 4-18

Fig. 4.7 Effect of strain rate parameter, p for smooth pipe-soil interface................ 4-20

XV




Fig. 4.8 Effect of remoulded sensitivity, St for smooth pipe-soil interface..............
Fig. 4.9 Effect of strain softening parameter, 95 for smooth pipe-soil interface.....
Fig. 5.1 Variation of pipe vertical penetration resistance with embedment depth......
Fig. 5.2(a) Pipe resistance during lateral movement (Case-D1: Dingle et al., 2008)..

Fig. 5.2(b) Pipe invert trajectory (Case-D1: Dingle et al., 2008)

Fig. 5.2 (¢) Equivalent plastic strain around pipeline and (d) Velocity field during

pipe lateral movement at (i) breakout point (ii) lateral displacement of one pipe
diameter (iii) lateral displacement of three pipe diameter

Fig. 5.2 (e) Equivalent plastic strain around pipeline and (f) Velocity field during
pipe lateral movement at (i) breakout point (ii) lateral displacement of one pipe
diameter (iii) lateral displacement of three pipe diameter

Fig. 5.3(a) Pipe resistance during lateral movement (Case-L1)

Fig. 5.3(b) Pipe invert trajectory (Case-L1)

Fig. 5.3 (¢) Equivalent plastic strain around pipeline and (d) Velocity field during
pipe lateral movement at (i) breakout point (ii) lateral displacement of one pipe
diameter (iii) lateral displacement of three pipe diameter....................c..cooien.
Fig. 5.3(e) Equivalent plastic strain around pipeline and (f) Velocity field during
pipe lateral movement at (i) breakout point (ii) lateral displacement of one pipe
diameter (iii) lateral displacement of three pipe diameter..................oooovviiiinins
Fig. 5.4(a) Pipe resistance during lateral movement (Case-L.2)...................... ...

Fig. 5.4(b) Pipe invert trajectory (Case-L2)........covriiiiiiiiiiiiic e

Fig. 5.4 (¢) Equivalent plastic strain around pipeline and (d) Velocity field during

Xxvi

5-10




pipe lateral movement at (i) breakout point (ii) lateral displacement of one pipe

diameter (iii) lateral displacement of three pipe diameter

Fig. 5.4(e) Equivalent plastic strain around pipeline and (f) Velocity field during
pipe lateral movement at (i) breakout point (ii) lateral displacement of one pipe
diameter (iii) lateral displacement of three pipe diameter.................................
Fig. 5.5(a) Pipe resistance during lateral movement (Case-L.3)................oooenete

Fig. 5.5(b) Pipe invert trajectory (Case-L3)..........c.cooiiiiiii,

Fig. 5.5 (¢) Equivalent plastic strain around pipeline and (d) Velocity field during
pipe lateral movement at (i) breakout point (ii) lateral displacement of one pipe
diameter (iii) lateral displacement of three pipe diameter...............coccocoiicviniiniinnnnne
Fig. 5.5 (e) Equivalent plastic strain around pipeline and (f) Velocity field during
pipe lateral movement at (i) breakout point (ii) lateral displacement of one pipe
diameter (iii) lateral displacement of three pipe diameter.........c.ccovereieeiiencecnennncnnens
Fig. 5.6(a) Pipe resistance during lateral movement (Case-L4)..................ooieie

Fig. 5.6(b) Pipe invert trajectory (Case-L4)...... ..o,
Fig. 5.6 (c) Equivalent plastic strain around pipeline and (d) Velocity field during
pipe lateral movement at (i) breakout point (ii) lateral displacement of one pipe
diameter (iii) lateral displacement of three pipe diameter...........c.ocoooviviiiininiininnn,
Fig. 5.6 (e) Equivalent plastic strain around pipeline and (f) Velocity field during
pipe lateral movement at (i) breakout point (ii) lateral displacement of one pipe
diameter (iii) lateral displacement of three pipe diameter............occoeieeiiiiicieeceniieneen.

Fig. 5.7(a) Pipe resistance during lateral movement (Case-LL5).........................

XVii

5-14

5-15

5-15

5-16

5-17

5-18

5-18

5-19



Fig. 5.7(b) Pipe invert trajectory (Case-L5)...........coooiciii,

Fig. 5.7 (¢) Equivalent plastic strain around pipeline and (d) Velocity field during
pipe lateral movement at (i) breakout point (i) lateral displacement of one pipe
diameter (iii) lateral displacement of three pipe diameter........c...ccoovviiiiiniiniirenne e
Fig. 5.7 (e) Equivalent plastic strain around pipeline and (f) Velocity field during
pipe lateral movement at (i) breakout point (ii) lateral displacement of one pipe
diameter (iii) lateral displacement of three pipe diameter..........cccooocrnirerrececrnneicnnn.
Fig. 5.8(a) Pipe resistance during lateral movement (Case-L6)...........................
Fig. 5.8(b) Pipe invert trajectory (Case-LO).......ccooiiriiiiiiiiii s
Fig. 5.8 (¢) Equivalent plastic strain around pipeline and (d) Velocity field during
pipe lateral movement at (i) breakout point (ii) lateral displacement of one pipe
diameter (iii) lateral displacement of three pipe diameter.......cocvevvivivvreivivieneninniinne
Fig. 5.8 (e) Equivalent plastic strain around pipeline and (f) Velocity field during
pipe lateral movement at (i) breakout point (ii) lateral displacement of one pipe
diameter (ii1) lateral displacement of three pipe diameter.........c.c.occcooccniiinnninnne.
Fig. 5.9 Variation of pipe rear end surface area with pipe travel direction..............
Fig. 5.10 Six pipe locations (A, B, C, D, E & F) on load-displacement plot (Dingle
et al. 2008) ...
Fig. 5.11 (a) Predicted and observed velocity vectors at pipe displacement of 0.04D
(location Ay and O.1D (location B)...... ..o,

Fig. 5.11 (b) Predicted and observed velocity vectors at pipe lateral displacement of

0.15D (location C) and 0.53D (location D) ... i

5-22

5-23

5-24

5-24

5-25

5-26

5-27

5-32

5-33



Fig. 5.11 (c) Predicted and observed velocity vectors at pipe lateral displacement of

2.11D (location E) and 2.95D (location F) ... i 5-35
Fig. 5.12 Variation of smooth pipe lateral resistance with embedment from CEL
Y 0T 1 T3 5-37
Fig. 5.13Variation of rough pipe lateral resistance with embedment from CEL
ANALYSIS L1ttt i e e st sr et e e ea e 5-38
Fig. 5.14 Variation of smooth pipe lateral resistance for CEL analysis with effective
embedment (w' = effective embedment)..................ccoiiiiiiiiiiiii e, 540

Fig. 5.15 Variation of rough pipe lateral resistance for CEL analysis with effective

EMDEAMENIT. .. oottt 5-41
Fig. 5.16 Comparison of lateral breakout resistance.................cocoviviiiiiiieiiin 5-43
Fig. 5.17 Variation of lateral residual resistance with initial pipe embedment......... 5-44
Fig. 5.18 Comparison of lateral residual resistance.................ocoeviiiiiiiiiinnenn. 5-45

X1X



Symbol

Aherm

hberm

h lberm

h res

Hyes

k

L

Neor Ney

NS' W

List of Symbols

Descriptions

Area of berm

Effective pipe width

Undrained shear strength of soil
Pipe diameter

Depth of footing from mudline
Effective pipe width

Undrained elastic modulus
Normalized breakout resistance
Breakout resistance

Horizontal force per unit length
Dimensionless soil strength

Berm height

Berm height after sensitivity effect
Normalized residual resistance
Residual resistance

Gradient of undrained shear strength of soil
Length of slip surface

Bearing capacity factor

Soil self weight factor

Net force on pipe allowing buoyancy

XX



Ultimate bearing capacity

sll

Suo

3um

Suzp

Su_D’max

su.ID

Suoqi)

U,

Over penetration ratio

Pipe radius

Radius of slip circle

Dimensionless vertical force

Soil sensitivity

Undrained shear strength of soil

Intact undrained soil shear strength

Undrained shear strength of soil at mudline

Undrained shear strength of soil at pipe invert

Undrained shear strength of soil at maximum pipe contact width
Mean undrained shear strength of soil between soil surface and at one pipe
diameter

undrained shear strength of clay at the invert of the pipe

Pipe lateral displacement

Vertical penetration resistance

Pipe velocity

Normalized vertical resistance

Distance of pipe invert from mudline

Effective pipe embedment

Effective pipe weight per unit length

Submerged pipe weight

XX1



W,sl,wls2

Xs1 ,XSZ

7.

MNe

My

Brcm

€ o5

Effective weight of soil masses per unit length
Moment arm

Depth from mudline

Roughness factor for pipe/soil interface

Angle with horizontal axis

Soil unit weight

Submerged soil unit weight

Strain rate

Reference strain rate

Normalised gradient of undrained shear strength of soil
Aspect ratio for berm area calculation

Rate of strength increase per decade

Friction factor

Inverse of soil sensitivity

Accumulated plastic shear strain

The value of accumulated strain where 95% of soil strength is reduced

Sensitivity reduction factor
Poison’s ratio

Plastic strain

Xxxii




Chapter 1

Introduction

1.1General

Demand for offshore technological development is increasing daily for increased
hydrocarbon production. One of the major challenges is the safe and efficient
transportation of hydrocarbon offshore. Among the possible options, an effective way to
transport the hydrocarbon from offshore to onshore is the use of pipelines especially for
high yield reservoirs. Depending upon shallow or deep water, pipelines can be either
buried or kept in as-laid state on the seabed. In deep water, installations of buried pipe are
expensive. Thus, pipelines are normally laid on the seabed in deep water. As-laid pipeline
can penetrate a fraction of its diameter owing to self weight along with its laying effects.
Sediment transportation, liquefaction, consolidation in soil along with installation process
may also cause self burial of pipeline (Cathie et al., 2005); however, it is not of interest in

the present study.

After installation, pipelines may be operated under high temperature and pressure to
transport the hydrocarbon whereas the ambient temperature around the pipeline is very
low (Merifield et al., 2008). High temperature and pressure is required to ease the fluid

flow through the pipe and to reduce the wax solidifications (Cheuk et al., 2007). But high
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allowed for expansion. Therefore, pipelines are kept as-laid and the challenge is to
estimate the pipe lateral resistance from soil/pipe interaction. Pipe embedment during
pipe installation is a governing factor affecting the lateral pipe resistance. Based on
different theoretical (lower bound theory, upper bound theory), experimental (full scale,
centrifuge) and numerical solutions, vertical penetration has been studied by different

authors.

1.2 Objective |

The purpose of this study is to understand the soil failure and flow mechanism for vertical
and lateral pipe movements through numerical investigation using large deformation
finite element tools. Among the available limited large deformation finite element
(LDFE) tools, Coupled Eulerian-Lagrangian technique (CEL) is adopted in commercially
available software package ABAQUS 6.10-EF1. However, the built-in constitutive

models available in ABAQUS do not model properly the soil typically found in deep sea
implemented using user subroutines to show the strain-softening and strain rate effects on

undrained shear strength of soil. Numerical analyses are performed both for vertical and

|
I
under large strain. Therefore, in this study an advanced soil constitutive model is
lateral movement of partially embedded pipeline. The effect of pipe weight during

applied vertical condition on lateral movement of the pipe is also shown.
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1.3 Outline of Thesis

This thesis presents the outcome of this research work in a systematic way in six chapters.
The First chapter demonstrates introduction and objectives along with the contribution to
the problem. Chapter 2 describes the research works that have been performed in the
analysis of vertical penetration of offshore pipeline during installation phase and lateral
displacement during pipeline operational period. Moreover, development of bearing
capacity theorem and its application in vertical pipeline penetration problems is also
outlined. Finite element model development, simulation and problem idealizations are
discussed in Chapter 3. Finite element model was evaluated using existing centrifuge test
data and comparison with centrifuge test results is also discussed. This chapter has been
published as: Dutta, S., Hawlader, B. and Phillips, R. (2012) “Finite Element Modelling
of Vertical Penetration of Offshore Pipelines using Coupled Eulerian Lagrangian
Approach,” 22™ International Offshore (Ocean) and Polar Engineering Conference &
Exhibition, Rodos Palace Hotel, Rhodes (Rodos), Greece, June 17-22, 2012. In Chapter
4, a more realistic numerical model 1s developed for most sophisticated analysis. A strain
rate dependent softening soil model is incorporated to capture more realistic scenario and
a detailed parametric study is also demonstrated with their effects. This chapter has been
accepted for publication as: Dutta, S., Hawlader, B. and Phillips, R. (2012) *Strain
Softening and Rate Effects on Soil Shear Strength in Modelling of Vertical Penetration of
Offshore Pipelines,” 9" International Pipeline Conference, IPC2012, September 24-28,
2012, Calgary, Alberta, Canada. In Chapter 5, a detailed analysis is performed for lateral

pipeline movement. As discussed in the introduction, a pipeline can move several pipe
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diameters during its operation and a number of numerical models are developed. Also,

developed numerical models are compared with the centrifuge test results discussed.
Finally, in Chapter 6 conclusions and recommendations of this research for future study

are described.

1.4 Contribution in Offshore Pipeline Analysis
» Applicability and challenges of Coupled Eulerian Lagrangian (CEL)
technique in partially embedded offshore pipeline analysis.
» Analysis of large deformation soil behavior at undrained condition using
user subroutines written in FORTRAN.

» Effects of strain rate and strain softening on soil behavior are analyzed.
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Chapter 2

Literature Review

2.1 Introduction

With increasing demand for energy, offshore oil and gas developments in deep water
have significantly increased over the last several decades. Deep sea pipelines are often
laid untrenched on the seabed and may not be buried. The pipelines may be operated
under high temperature and pressures. Field data from various offshore pipeline projects
confirm that the vertical penetration/embedment of pipelines has a strong impact on
pipeline lateral displacement (Lyons, 1973; Karal, 1977). Thus, the accurate prediction of
pipeline penetration is very important in pipeline design. During installation and
operation the deep-sea pipelines might be subjected to two different types of
displacements, which are critical in design. The first one is the axial displacement, which
is commonly known as “Pipeline Walking.” The second one is due to the effects of
pressure and temperature during operating condition, which can cause the pipeline to
move laterally and might result in lateral buckling of the pipeline. Lateral buckling can

also occur for vertical and horizontal out-of-straightness of pipeline.

In general deep water soils are very soft cohesive soil with high water contents. The
problems considered in this study are the soil/structure interaction of a pipeline during

vertical embedment and lateral displacement during operating conditions. As the
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permeability of these fine-grained soils is very low and the application of the load is

relatively fast, then undrained conditions prevail.

The literature review presented in the following sections covers mainly two problems: (i)
vertical embedment of pipelines in the seabed, and (ii) the response of the partially
embedded pipeline under lateral movement. The soil response for undrained loading

conditions is mainly presented.

2,2 Pipeline Embedment

The untrenched pipelines generally embed into the seabed by a fraction of their diameter
owing to their self-weight and the additional motions imposed during the laying process.
The embedment of a partially embedded pipeline is defined as the depth of the pipe invert
from soil surface. During penetration, heaving of soil around the pipe occurs as shown in
Fig. 2.1 (a). Bruton et al. (2008) defined two depths of embedment for modelling of
partially embedded pipelines. As shown in Fig. 2.1(a) the nominal embedment is the
depth measured from the undisturbed mudline while the local embedment is the depth
measured from the top of the heaved soil. Typically the local embedment is

approximately 50% greater than the nominal embedment (Bruton et al., 2008).

During operation lateral and axial movement of the pipelines might occur. The soil
resistance to lateral and axial movement needs to be assessed properly for pipeline design.

From physical experiments and field data it has been identified that the direction (angle 6
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in Fig. 2.1(b) and (c)) is one of the key factors for estimating lateral resistance (e.g. White
and Dingle, 2011). As shown in Fig. 2.1 (b), “heavy” pipes usually penetrate further into
the soil during lateral movement. On the other hand “light” pipes might move upward
during lateral movement, and if it is very light it might even come to the initial mudline
level. The soil berms formed in these two cases are quite different and has a significant

effect on lateral resistance, which will be discussed further in the following sections.

(a)
Diameter, D
Heave
Mudline —_—
— ) <
Nominal J Local
embedment embedment
(b)
(c)

Fig. 2.1 Problem Statement: (a) initial embedment, (b) lateral movement for heavy pipe,
(c) lateral movement of light pipe.
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2.3 Modelling of Partially Embedded Pipelines

The penetration of a pipeline in the seabed and subsequent lateral movement is
fundamentally a large deformation problem. Various approaches have been used in the
past for modelling this behaviour. At the early stage the pipeline penetration was
modelled using the concept of soil bearing capacity. Guidelines have also been proposed
based on physical modelling using geotechnical centrifuge, numerical modelling and field

data.

Embedment of a pipeline might occur due to several reasons such as self-weight of the
pipe, stress concentration at touchdown zone (where catenary shaped pipeline touches the
soil), vertical and lateral oscillation due to sea state including waves and current. Thus,
the total pipe penetration, which is also termed as “as-laid” or “initial” pipe embedment,
can be divided into two broad categories namely “static” and “dynamic”. The static
component includes the penetration due to self-weight of the pipeline and stress
concentration at the touchdown zone, while the dynamic component includes the
penetrations due to vertical and lateral oscillation of pipelines during installation

(Westgate et al., 2010a).

Initial pipe embedment during installation is the combined effects of both static and
dynamic effects. Depending upon seabed soil property and laying process (sea state,
vessel response, lay ramp configuration, pipeline rigidity, water depth and seabed

stiffness), pipe embedment can vary significantly. It has been observed that depending
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upon lay process, vertical penetration can increase up to 2 to 10 times static embedment

of pipelines (Westgate et al., 2010a).

2.4 Modelling of Vertical Penetration

Previous research on modelling of vertical penetration of pipelines can be broadly
categorized into three groups: (i) theoretical modelling, (ii) physical modelling and (iii)
numerical modelling. Theoretical modelling includes the models based on bearing
capacity equations, upper and lower bound plasticity models and also the empirical
models based on laboratory test and field data. The physical modelling includes small or
large scale modelling and centrifuge modelling. Finally, the numerical modelling
includes the early stage small strain finite element/finite difference modelling in

Lagrangian framework and recent large strain finite element modelling.

2.4.1 Theoretical modelling

The vertical penetration of pipelines into the sea-bed can be better understood using the
concept of soil bearing capacity and therefore many researchers considered the pipeline as
an infinitely long strip footing for predicting depth of penetration and corresponding
vertical resistance. The bearing capacity of a shallow foundation for undrained loading

can be expressed as:

qu = N('Su + 7’1))‘ (21)



where, ¢, is the bearing capacity of the foundation, N, is the bearing capacity factor, s, is

the undrained shear strength of the soil, ¥ is the submerged unit weight of the soil, and Dy
is the depth of embedment. For undrained loading the value of N, is equal to 5.14 when

the foundation is at mudline.

The concepts of bearing capacity for a strip footing can be extended further to calculate
the vertical penetration resistance of as-laid pipeline as the pipe surface is not rectangular.
If the pipeline is placed on the seabed, the unburied pipeline will tend to penetrate
through soil up to its bearing capacity level. Small et al. (1971) proposed a method to
calculate pipeline embedment into the seabed using the concepts of bearing capacity of a
shallow foundation. Fig. 2.2 (b) shows the formation of a soil wedge under the pipe and
the soil failure mechanism used in their study. This is very similar to the failure of a
shallow foundation as shown in Fig. 2.2 (a). The solutions have been developed for two
penetration conditions as shown in Fig. 2.2 (b). The case-I is for shallow embedment that
means the center of the pipeline is above the mudline. The case-II is for deeper
embedment, which means that the center of the pipeline is below the mudline. No effect
of the berm is considered. Vertical load only from the submerged weight (W;) of the pipe
was considered. The failure has been modelled for general (upper line in Fig. 2.3) and
local (lower line in Fig. 2.3) shear failure conditions. As shown in this figure that the

maximum vertical resistance is mobilized when Dy = 4.0D.










Murff et al. (1989) developed upper and lower bound plasticity solutions for partially

embedded pipelines based on the failure mechanism of Randolph and Houlsby (1984).
The velocity field under the pipeline is shown in Fig. 2.4. Both smooth and rough
pipe/soil interface conditions are considered. The analyses were conducted first for
wished in place (WIP) pipes (i.e. no berm around the pipe). Note that, WIP condition is
different from pushed in place (PIP) condition as shown in Fig. 2.1(a) where berms are

formed around the pipe.

w = ARCSIN{1 - Prrg)
A = ARCSIN{ADHESION/SHEAR STRENGTH)
vo = VIRTUAL VELOCITY OF PIPE

CANG

Fig. 2.4 Velocity field around the pipeline (Murff et al., 1989).

Murff et al. (1989) finally extended their model for the effects of a berm using the
concept of volume conservation. For example, it is shown that berm formation for a pipe

penetration of 0.2D can increase resistance by 10-15%. Their analyses are limited to a
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vertical penetration of 0.5D. Also, they did not consider the effects of soil remoulding

during penetration and large strain behaviour of soil.

Aubeny et al. (2005) further extended the upper bound solution of Randolph and Houslby
(1984) (Fig. 2.5) for pipe embedment greater than 0.5D. They also considered the
variation of undrained shear strength with depth. While compared with finite element
analysis, it was found that this solution substantially overestimates the penetration

resistance.

Fig. 2.5 Extended upper bound mechanism for pipe penetration depth of above half pipe

diameter (Aubeny et al., 2005).
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Besides theoretical modelling, a number of experimental studies were also carried out to

simulate vertical embedment of offshore pipelines for a number of projects (e.g. SINTEF
1986a, 1986b, 1987 and TAMU (1992)). Verley and Lund (1995) compiled all the
experimental works available in the literature on vertical penetration. Based on this
experimental database, Verley and Lund (1995) developed an empirical relationship
through dimensionless analysis for vertical penetration in clay which were written in

terms of dimensionless soil strength, G=s,/Dy and dimensionless vertical force,
S =w',/Ds, , where w;, is the resultant downward force, which is the difference between

submerged pipe weight and lift force. The parameters S and G are related as:

z (2.2)

5 =0.0071(SG**)*? +0.062(SG"*)*7

Cathie et al. (2005) showed a comparison between the proposed models available in the
literature with the data compiled by Murff et al (1989). The comparison is shown in Fig.
2.6 where V = pipe vertical resistance, z = pipe invert embedment from seabed and r =

pipe radius.



Normalized resistance, V/s,p

2 1%

»

L] »

% “J
1 HF—

*

.f! .
0
0.0 0.2 0.4 0.6 0.8 1.0

Normalized penetration, z/r

—+— Murif et al - rough —#— Murff et al - smooth
~%- \erley linear @~ Verley and Lund

e Data (Murff et al)

Fig. 2.6 Comparison between various models (Cathie et al., 2005).

2.4.2, Physical modelling

A number of small to large scale laboratory tests have been conducted in the past for
modelling vertical penetration of offshore pipelines. Some of them are for large scale
offshore projects such as PIPESTAB (Pipeline Stability Design). American Gas
Association/Pipeline Research Committee (AGA/PRC) also conducted significant
research for modelling on-bottom stability of offshore pipelines. Verley and Lund (1995)

compiled all available data. Table 2.1 shows the summary of these experimental studies.
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As shown in Table 2.1, tests were conducted mainly for soft clay as typically encounter in

the deep sea, except SINTEF (1986b) where undrained shear strength (s,) of 70 kPa was
used. The diameter of the pipes (D) varied between 0.15 m to 1.0 m. The compiled data

are shown in Fig. 2.6, based on the available database from experimental study.

Table 2.1 Summary of small to large scale test for vertical penetration (Revised from

Verley and Lund 1995).

References Summary

Lyons, C.u.g1v/3) D =0.41m; s, =2 kPa

SINTEF (1986a) (for PIPESTAB) | D =1.0(0.5) m; 5, =1 kPa

SINTEF (1986b) (for PIPES1AB) | D =1.0 (0.5) m; s5,=70 kPa

>uvier (1ys/) (for AGA) D =1.0(0.5) m ;s,=1.4 kPa
Morris et al. (1988) D =0.15m;s,=1kPa
Dunlap et al. (1990) D =0.15m; s,=1.4 kPa
Brennodden (1991) D =0.5m; s, =1-2 kPa
TAMU (1992) (for AGA) D =0.324m ;S,=1-8 kPa

*D=Pipe diameter, s, = Soil undrained shear strength

Verley and Lund (1995) proposed an empirical equation (Eq. 2.2) to calculate pipe
vertical resistance. Although their model reasonably fits with the data they used (standard
deviation of 20%), significant variation was observed as shown in Fig. 2.6 for the

complete dataset.
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Cheuk et al. (2007) conducted a series of large scale tests to simulate pipe penetration and
cyclic lateral movement in kaolin (JIP) and West African (WA) clay. Tests were
conducted for two pipe sizes (D=0.283 m & 0.174 m). The undrained shear strength of
clays varied with depth. They compared the test results with two models, namely Verley

and Lund (1995) and Murff et al. (1989), as shown in Fig. 2.7.

. = =—  Murfetal {1988)-LB
O —— Murff et al. (1989) - UB

Verley and Lund (1995) - G = 0.4
= === Verley and Lund {1985} - G = 0.5
o p T Verley and Lund (1985) - G = 1

S, S et Sa.op
v v
A A
< o
O €]

EWAS [ ] 4 0

3

JiP2
© WPl
1 WA1

® ¢ > «

WA2

Dimensioniess pipe weight, W, '/Ds,

Sy pen = Sy interpreted based on T-bar penetration
resistance

Sy oa = Sy interpreted based on T-bar extraction
resistance

i S._.p = Operative s, based on geometric mean of
0 0.1 0.2 0.3 0.4 0.5 T-bar penetration and extraction resistances

Pipe embedment, 2,,,/D

Fig. 2.7 Comparison between various models for pipe vertical penetration (Cheuk et al.,

2007).

Dingle et al. (2008) conducted centrifuge tests to understand the mechanism and also to
develop solutions for resistance of vertical and lateral pipe movements. A 0.8 m diameter
pipe section in prototype scale was pushed into the clay seabed to 0.45D at a speed of

0.015D per second. The undrained shear strength of the soil varies linearly with depth
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with mudline shear strength of 2.3 kPa.

centrifuge test results with the empirical model proposed by Murff et al. (2007) and also
with the finite element model developed by Merifield et al. (2008). As shown in this

figure, the vertical penetration resistance obtained from the centrifuge test is higher than

the model predictions. It is

noted that vertical penetration resistance is normalized by

initial undrained shear strength of clay at the invert of the pipe.

0.10

0.15

0.20 1

0.25 1

0.30 1

Pipe invert embedement, w/D

0.35

0.40 1

0.45

0.50

Penetration resistance, Vis,D
2

3 4

Figure 2.8 shows the comparison between

Experimental

. data

Murtf et al.
{1939)

Optimal plasticity
upper bounds
{wishad-in-place,
smpeth, weightless )

Modified Martin

Curve fits to FE analysis,
with heave and self-weight
(Merifield et al . 2008b)

Smooth — .
Rough

LN

™ Pipe weight during
lateral movement

Fig. 2.8 Vertical pipe penetration resistance with embedment (Dingle et al., 2008).
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To have better insight, particle image velocity (PIV) techniques were used to capture the
soil flow mechanism. Soil deformation was compared with the theoretical upper bound
solution and good agreement was achieved. Also, formation of shear zones during pipe
vertical penetration was identified (Fig. 2.9) to provide more insight into the soil flow

mechanism.

0.2

0.4%

081

oF-1 o

1 -
—9.5 -1.0 -05 0 0.5 1.0 15
X0

Fig. 2.9 Shear zone formation during vertical penetration (Dingle et al., 2008).

Hu et al. (2009) conducted a number of centrifuge tests for deeper pipe penetration (up to
three pipe diameters). The intent of this study was to model cyclic vertical penetration of
a steel catenary riser at the touchdown zone. Figure 2.10 shows the penetration resistance

during cyclic loading. The numbers | to 3 in this figure are the number of cycles. As

2-16



shown the penetration resistance significantly decreases with increase in number of cycles

due to reduction of soil shear strength.
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Fig. 2.10 Pipe penetration resistance with depth (Hu et al., 2009).
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2.4.3. Numerical modelling

Pipeline penetration into the seabed is a large deformation process. Most of the available
software packages cannot handle such large deformation due to mesh distortion and
convergence issue. If the pipe is pushed into the soil, mesh tangling/convergence issues
can occur after certain displacement of the pipe. Therefore, in the early stage (e.g.
Aubeny et al., 2005, Bransby et al., 2008, Merifield et al., 2008 and Morrow and Bransby,
2010) the analyses were conducted for pre-embedded pipes. That means, the pipe is
initially placed at desired depth and displaced further to calculate pipe penetration
resistance. This procedure was termed as small strain analysis (Fig. 2.11). With recent
technological advancement, issues regarding mesh tangling/convergence are overcome to
simulate large deformation problems, which is termed as large strain analysis. For large
strain analysis (e.g. Barbosa- Cruz and Randolph, 2005, Bransby et al., 2008, Merifield et
al., 2009, Wang et al. 2010, Tho et al., 2011), there are no requirements to put the pipe at
different pre-embedment depths and the pipe can penetrate several pipe diameters into the
soil. Details of these numerical techniques to calculate the pipe penetration resistance are
discussed below in two broad categories: (i) small strain analysis and (ii) large strain

analysis.

(a) (b)
Fig. 2.11 (a) Small strain analysis (WIP pipe) (b) Large strain analysis (PIP pipe).
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2.4.3.1 Small strain analysis

Aubeny et al. (2005) performed finite element analyses and compared the results with the
extended Randolph and Houlsby (1984) model discussed in Section 2.4.1. Based on their
analyses, they proposed analytical models to calculate the pipe penetration resistance.
Both uniform and varying undrained shear strength of soil was considered and von Mises
yield criterion was adopted. Both smooth and rough pipe/soil interface conditions were
considered. Figure 2.12 shows the variation of vertical pipe penetration resistance with
pipe penetration depth. In the vertical axis, the normalization was done using the

undrained shear strength of clay at the pipe invert. Effects of uniform (7=0) and
triangular (7 =« ) undrained shear strength profile of clay are discussed where

n= kD/ s, (k = gradient of undrained shear strength of soil, s,, = mudline intercept of

soil undrained shear strength). Figures 2.12 (a) and (b) show a wide variation in results
obtained from FE and closed form solutions for the depth of embedment between one to

three pipe diameters for both smooth and rough pipes with uniform soil (7=0). The

difference is less for triangular shear strength profile of clay (Fig. 2.12(c)).
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Fig. 2.12 Comparison between numerical and theoretical solution (Aubeny et al., 2005).

Bransby et al. (2008) show the importance the soil berm and soil unit weight on rough

pipe penetration resistance from large and small strain finite element analysis. Uniform
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undrained shear strength of clay is modelled using Tresca yield criterion. Close

agreement (Fig. 2.13) is observed with Murff et al. (1989) but the deviation is higher

when compared with Aubeny et al. (2005). Possible reasons might be Aubeny et al.

(2005) used the von Mises whereas Bransby et al. (2008) used Tresca yield criterion and

Vertical Load, V/s,D

0 1 2 3 4 5 6 7
0 =
‘&—:x\
0.05 T N
S \
0.1 N
\\
w/D
0.25 PR S VUSRS SRRSO SHRRTSI SN WU SN W SR U
0.3
0.35
04 oz Upper bound (Murffet al. 1
0.45 — Curvefir (Aubeny.gt.al. 200 ‘
O FE:Small displacement \
\
0.5 o

Fig. 2.13 Comparison of vertical penetration resistance (redrawn from Bransby et al.,
2008).

Merifield et al. (2008) conducted a series of finite element analyses and compared it with
the upper bound theorem (using Martin’s mechanism) discussed in Section 2.4.1.
Analytical solutions to calculate the pipe vertical resistance were also proposed. Uniform

undrained shear strength of soil and the Tresca yield criteria was adopted. Both smooth
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and rough pipes were considered for the analysis. The developed finite element model

had been compared with theoretical as well as with other numerical models, Fig. 2.14. For
smooth pipe, variations were observed with theoretical plasticity solutions whereas for
rough pipe closer agreements are observed. In spite of different yield criteria used in FE
analyses (Aubeny et al., 2005 used von Mises whereas Merifield et al., 2008 used Tresca)

close agreement was observed for both smooth and rough pipe as shown in Fig.2.14.
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Fig. 2.14 Comparison between numerical and theoretical solution (Merifield et al., 2008)
(a) Smooth pipe (b) Rough pipe.

Morrow and Bransby (2010) showed that vertical pipe penetration resistance depends on

the soil undrained shear strength gradient (e.g. Fig. 2.15, b, ¢, d) and shear strength crust
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(Fig. 2.15, e). Finite difference technique (FLAC 6.0) was used for the investigation and

the Tresca yield criterion was adopted. Four different soil undrained shear strength
profiles (Fig. 2.15) were adopted in the analysis. Undrained shear strength of soil at
mudline and pipe invert was defined as s,, and s, respectively. Pipe penetration
resistance from developed numerical models were compared with Aubeny et al. (2005)
and Merifield et al. (2008) (Fig.2.16). Pipe penetration resistances matches well with the
literature for uniform soil undrained shear strength (suwsu; =1.0). But significant
variation was observed for soil with varying undrained shear strength as shown in Fig.

2.16.

a) b) e) '
5 I"w
. “ cree ?{
Sy % Sea
Z, B
/T YA
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Fig. 2.15 Typical shear strength profile (Morrow and Bransby, 2010).
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technique is discussed later in this section. They present the results in terms of pipe

vertical bearing capacity factor N, (=V/D's, pw.a. ) where V was the pipe reaction force, D'
was the pipe contact width and s, pma: Was soil undrained shear strength at maximum
pipe contact width. Both uniform (homogeneous) undrained soil shear strength and
varied (non homogeneous) soil undrained shear strength were considered in the analysis.
Figure 2.17 show the bearing capacity factor obtained from the analyses with normalised
pipe embedment. Nominal bearing capacity factor (Nominal N, = P'/s,_pmaD where P’
was the net pipe force allowing buoyancy effects, $, pwqx undrained soil shear strength at
maximum contact width) was also increased as the pipe penetrates further (Fig. 2.18).
Barbosa-Cruz and Randolph (2005) used large strain analysis and the limitations of small

strain analysis were overcome. However, stain rate and softening effects on clay shear

strength were not incorporated into the analysis.

14~

2N, =897
P24 — 3N = 1072
10 - —C‘l.N&. =915
—~ SN =11.97

:2, Non homeogeneous soil, smooth cylinder

4 1 ¢3. Non homogeneous sotl, rough cylinder
3 e, Homogeneous soil, smooth cylinder
B ¢5, Homogeneous soil. rough cylinder
0 r T T r
0 1 2 3 4 5

Normalised embedment, 2/D

Fig. 2.17 Variation of bearing capacity factor (Barbosa-Cruz and Randolph, 2005).

2-25



sy=5+ 152D kPa

Nominal N,

0 H H T 1
0 0.1 0.2 0.3 04 0.5
Normalised embedment, /D

Fig. 2.18 Variation of nominal bearing capacity factor (Barbosa-Cruz and Randolph,

2005).

Bransby et al. (2008) conducted both small and large strain analysis to simulate pipe
vertical penetration into seabed with uniform undrained soil shear strength. A rough pipe
diameter of 0.3 m was used and the Tresca yield criterion was adopted for the analysis.
The pipe was pre-embedded at the same depth for both small and large strain analysis and
penetrated further to compare the results from two types of analyses as shown in Fig.
2.19. One of the key findings is that in small-strain analyses the vertical resistance is
almost constant after w=0.15 m (w/D = 0.5), however the large strain clearly shows the

effects of the berm and the resistance increases with vertical penetration.
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Fig. 2.19 Comparison between large strain and small strain (Bransby et al., 2008).

Merifield et al. (2009) conducted a series of numerical analysis to calculate the effects of
the soil berm during pipe penetration both from theoretical and numerical investigations.
Analytical solutions were also provided to calculate the pipe penetration resistance.
Using conventional bearing capacity solutions for strip footings, a bearing capacity
solution was developed first for WIP pipes and extended it to PIP pipes. Using the soil
bearing capacity theorem, the developed equation for pipe vertical resistance (V) was:

L:N +N M 2.3)
s,D

cv SW

where N_and N, are two factors and the proposed equations for two factors were
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Where N, is the vertical bearing capacity factor, N, is the self-weight factor, D is the

ipe diameter, w is the pipe penetration depth from mudline, a and b are the fitting co-
efficient for limiting conditions of roughness and w :%. Values of a (5.3-7.1) and b

(0.25-0.33) were calculated using large strain modelling through finite element analysis.
The arbitrary Eulerian Lagrangian (ALE) technique was adopted for the analysis.
‘niform undrained shear strength of soil with Tresca yield criterion was also used in the

analysis.

. ALE, elements near the pipeline become distorted after certain displacement and
computational issues can occur. Therefore, this technique can only partially simulate
large strain behaviour. However, mesh tangling/convergence issues can be overcome
using RITSS technique with ALE. Wang et al. (2010) conducted a series of numerical
analysis to simulate pipe penetration using “remeshing and interpolation techniques with
small strain” (RITSS) technique with ALE to capture large strain behaviour. Undrained
shear strength of soil was varied along with depth and a Tresca yield criterion was
adopted. A rate dependent softening soil model was incorporated in the analysis
performed for both smooth and rough soil/pipe interface conditions. Close agreement was
observed with centrifuge test results (Dingle et al., 2008) as shown in Fig. 2.20. In
horizontal axis, normalization was done by using undrained shear strength of soil at pipe

invert. Wang et al. (2010) modelled the kaolin clay as a rate dependent and strain
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softening material. A remoulding sensitivity of 3.2 was used for kaolin clay to match the
centrifuge test results although some authors recommended slightly different values of

sensitivity (e.g. Sensitivity=2.0 - 2.8 Hossain et al., 2009).

Vis D
(b) 0 1 2 3 4 5 & 7
0.0 } } : } . :
Centrifuge data
01 + /
0.2 +
Qg w=0.5 p=01,

0.3+ St = 3.2, 5:;95 = 10

a = 0.5, no strain effects

Smooth, no strain effects e
0.4 +
0.5

Fig. 2.20 Comparison between FE analyses and centrifuge test results (Wang et al.,

2010).

Other than ALE with RITSS, Coupled Eulerian Lagrangian (CEL) technique has the
capabilities to model large deformation behaviour. Using CEL, Tho et al. (2011)
modelled pipe penetration to have insight into the deep cavity flow mechanism during
pipe penetration. With CEL, it is possible to model pipe penetration more than several

pipe diameters without mesh tangling or convergence issues. The mesh is fixed in this
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case and material can flow within the mesh. Therefore, the numerical issues of mesh

tangling or convergence can be avoided. Tho et al. (2011) developed the finite element

model for uniform undrained shear strength of soil and the Tresca yield criterion was

used. Analyses were conducted only for smooth soil/pipe interfaces. The calculated

vertical bearing capacity factor (N, or N, discussed in Section 2.4.3.) were compared

with other available solutions in the literature and shown in Fig. 2.21. Note that, strain

rate and strain softening effects on shear strength were not considered in their analyses.
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Fig. 2.21 Comparison of vertical bearing capacity factor (Tho et al., 2010).



Chatterjee et al. (2012a) conducted a number of finite element investigations again using

ALE with RITSS approach and presented a new concept of estimating pipe vertical
penetration resistance for clay. Undrained shear strength of soil was varied with depth
and a rate dependent softening soil model was adopted. To define the rate dependent
softening soil model, the developed equation of Einav and Randolph (2005) was used
(Eq. 2.4). Finite element results were compare with the centrifuge test results of Dingle et
al. (2008) as shown in Fig.2.22. Analytical solutions were proposed to calculate the pipe
penetration resistance using an equivalent undrained shear strength of soil. The equivalent
soil undrained shear strength was calculated using a strain rate () of 0.7 v’ /D (v’ = pipe
velocity and D = pipe diameter) and an accumulated strain (&) of 0.8 w/D (w = pipe
penetration depth) in Einav and Randolph’s equation (Eq. 2.4). It was observed from
finite element investigations that for different values of parameters (Eq. 2.4), pipe
resistance varied widely and normalised pipe penetration resistance with equivalent

undrained shear strength brought them into a narrow range as shown in Fig. 2.23.

Su = {l +# log{w}j' [(Srem + (1 - (Srem )6—3(5/;" 1;11()
}/ref

(2.4)

In summary, several numerical techniques have been developed in the past to calculate
vertical pipe penetration resistance in clay varying from small to large strain finite
element analyses with von Mises or Tresca yield criteria. Analysis was performed for
uniform or non-uniform undrained shear strength profiles of the seabed. Some of the

analyses considered the effects of strain rate and strain softening effects. The progressive
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developments of numerical procedures for vertical pipe penetration are summarized in

Table 2.2 for ease of comparison.

ViDs .
0 1 2 3 4 5 B 7
0 i 1 L L J 1 i L
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a = 031, 4= 01,
S, = 32, Gy = 16,
refarence strain ,
a 02 rate = 30000038 -
S
a = 031,
no strain effacls
034
0-4 4

Fig. 2.22 Comparison between finite element model and centrifuge test (Chatterjee et al.,

2012a).
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Fig. 2.23 Pipe vertical penetration with depth (Chatterjee et al., 2012a).
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Table 2.2 Progressive development of numerical analysis in pipe penetration

Authors Numerical Technique Notes
Aubeny et | Small strain analysis using ABAQUS | von Mises soil for both
al.(2005) (2000) uniform and increasing

strength.

| Barbosa-Cruz
and Randolph
(2005)

Arpitrary Eulerian Lagrangian (ALE)
with RITSS technique

Tresca soil with
uniform strength and

increasing strength

Bransby et | Small strain analysis using ABAQUS Tresca soil with
al.(2008) uniform strength
Merifield et | Small strain analysis using ABAQUS Tresca soil with
al.(2008) uniform strength
Merireld et Arbitrary Eulerian Lagrangian (ALE) | Tresca soil with
al.(2009) using ABAQUS (2004) uniform strength
Morrow, D.R. | Finite difference technique using FLAC | Tresca soil with

and Bransby,
M.F. (2010)

6.0 (2008)

increasing strength

Wang et al
(2010)

Arbitrary Eulerian Lagrangian (ALE)
with RITSS technique using ABAQUS
6.5 (2006)

Tresca soil with
increasing strength and
strain softening and rate

effects.

Tho et al.(2011)

Eulerian Technique

using ABAQUS 6.8 (2008)

Tresca soil with

uniform strength

Chatterjee et al.
(2012a)

Arbitrary Eulerian Lagrangian (ALE)
with RITSS technique using ABAQUS
(2007)

Tresca soil with
increasing strength and
strain softening and rate

effects.

2-33




2.5. Development of Lateral Pipe Resistance Theorem

Partially embedded pipelines in deep sea can move laterally up to 10 to 20 pipe diameters
due to high temperature and pressure during its operational period (Bruton et al., 2006).
However, still today, the guidelines for pipeline design considering such large amplitude
lateral displacements are not well-developed. Literature indicates that the controlled
lateral buckling is the best available mitigation option for as-laid pipeline (Bruton et al.,
2006). For controlled lateral buckling, major uncertainties relate to the in pipe feed
calculation. If the amount of pipe feed is less than that required, the pipeline can fail due
to developed bending stresses. Accurate estimates of pipeline lateral movement is
required in pipeline feed calculations and the expected mode shape. In other word, pipe

lateral resistance plays a vital role in pipe feed calculation.

During lateral travel, the resultant direction of as-laid pipe can be either downward or
towards the mudline (vertical direction of movement). Pipeline lateral travel direction
mainly depends on the soil undrained shear strength, soil unit weight and pipe applied
vertical load (vertical load on pipe due to hydrocarbon and pipe self-weight). Based on
pipe lateral travel direction, the pipe can be defined as light or heavy. Wang et al. (2010)
defined light and heavy pipe in terms of over-penetration ratio (R). Over-penetration ratio
(R) is the ratio between maximum vertical load that is required for further vertical
penetration and applied vertical load. When the value of R is less than 2, pipe can be

defined as heavy pipe (Wang et al., 2010.) and vice versa. However, Cardoso et al. (2010)
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’

defined the pipes more elaborately by a ratio § where § = HW— and w’ means submerged
s

i

pipe unit weight. The details are provided below:

Table 2.3 Pipe Classification (Based on operative load)

Range

Extra Light Pipe S$<05
Light Pipe 05<S5<1.0
Heavy Pipe 1.0<S5<25

|Extra Heavy Pipe §>25

For heavy pipe, pipe latera]‘, resistance is gradually increased with pipe lateral movement.
On the other hand, for light pipe, lateral pipe resistance increased at first (known as lateral
breakout resistance), then decreases gradually and reaches a constant value known as
residual resistance (Fig. 2.24). From observed pipe behaviour, it can be said that accurate
assessment of lateral pipe resistance for light pipe is more crucial (as pipe lateral
resistance is decreasing) than heavy pipe and therefore the present thesis is limited to

investigating the light pipe only.
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Fig. 2.24 Typical behaviour of light and heavy pipe.

Lateral breakout resistance of pipelines is an important issue because it governs the
initiation of pipe lateral buckling (Wagner et al., 1989; Verley and Lund, 1995). Pipe
breakout resistance is observed to occur within pipe lateral displacements of 0.5D
whereas pipe residual lateral resistance occurs within 3 to 4D (Bruton et al., 2006). For
lateral pipe movement, several empirical expressions had been developed using
theoretical works (Merifield et al., 2008, 2009; Randolph and White, 2008), model tests
database (Wagner et al., 1989; Verley and Lund, 1995; Bruton et al., 2006; Cheuk et al.,
2007; Dingle et al., 2008; White and Dingle, 2011) and numerical works (Merifield et al.,
2008; Wang et al., 2010.). For convenience, light pipe lateral travel is described in three
separate sections: (i) theoretical, (ii) physical and (ii1) numerical modelling. Each section

is again divided into two sub-sections: (a) breakout resistance and (b) residual resistance.
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2.5.1 Theoretical modelling of pipe lateral resistance

Theoretical modelling of pipe lateral resistance includes Coulombs frictional law,
classical metal plasticity theorem or Greens theorem (1954) and solutions of upper bound

theorem using Martins mechanism (2006).

2.5.1.1 Lateral breakout resistance

Conventional pipeline design practice includes spring slider elements at an interval along
the pipelines to simulate the lateral resistance. A spring slider element simulates linear
elastic perfectly plastic response as shown in Fig. 2.25. The ratio of horizontal to vertical

force (H/V) increases linearly with lateral displacement and become maximum (Hyyx/V)

at breakout point, which is termed as “friction factor (}1;)”".

H/V

Henax/V

i
1
i
)
)
i
)
I
I
|
!

=

Upreakout/ D u/D

Fig. 2.25 Bi-linear model (White and Cheuk, 2008).

The value of p; of 0.2 to 0.8 is recommended for pipeline design (White and Cheuk,

2008). However, Coulomb’s frictional model assumes that the support is rigid and the
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pipe slides parallel to the surface of the support. But, in practice, soil (support) cannot be

rigid. Therefore, Coulomb’s model needs to be modified.

Other than Coulomb’s friction model or spring slider elements, Greens theory (Green,
1954) was used to develop theoretical solutions for pipe lateral resistance with some
modifications (ISO, 2003). Combination of shear and normal loads are used to define the
failure envelope. To develop the failure envelop using Green's theory, a pipe contact area
is required. Although pipes have curved surface, it can be modelled by approximating as a
surface strip foundations of width D' (Fig. 2.26). During pipe lateral movement,
penetration of pipe will occur until the load path reaches to the corner of the failure

surface (Fig. 2.27). This point is known as parallel point. For uniform soil strength, the

ratio of HT is 0.39 at parallel point but for varying undrained shear strength of soil this

value is decreasing up to 0.15 (Gourvenec and Randolph, 2003).

Fig. 2.26 Effective embedment parameters (White and Cheuk, 2008).
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Fig. 2.27 Theoretical failure loci for surface foundations and pipes (White and Cheuk,

2008).

From experimental and numerical investigation, Lyons (1973) showed that the Coulomb
friction model is not valid for pipe lateral resistance measurement. Using the concept of
wedge indenter and energy equilibrium principle, Karal (1977) calculated pipe horizontal
resistance. But wedge indenter is reasonable only for small pipe movements. Later,
Cheuk et al. (2007) proposed upper bound theorem where failure surface was assumed to
occur along a circular slip surface (Fig. 2.28). Uniform undrained shear strength of soil
was adopted for analysis. It was assumed the soil undrained shear strength was mobilised
along the pipe slip surface. Maintaining conservation of volume, two semicircular soil
berms were also assumed to form around the pipe after pipe vertical penetration. The slip

surface passes through the berm at pipe rear end. Therefore, this mechanism is able to
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simulate full soil/pipe adhesion i.e. suction at pipe rear end can be simulated. By using a

moment equilibrium equation, the required horizontal force for lateral pipe movement can
be expressed as:

! ’ ’ (2.5)

_ Sulru tw Xgtweo X —wW, X
h

y

v U

where, F, = Horizontal force per unit length; / = Length of slip surface; r = Radius of the

slip circle; wyand wis2= Effective weights of the soil masses per unit length; x,, and

X2 = Moment arm of ws and w2 respectively and w', = Effective pipe weight per unit

length.

Figure 2.29 compares observed full-scale model test data for first lateral sweep and

developed equation.

Xo
e 2 (Xo, Yo) ;
A _ S A WX, +Whx, - Wiox,

h
Yo

o

fo _,f"

) ,.-"/ AN
. 3/ Seabed

Fig. 2.28 Geometry of upper bound solution for breakout resistance (Cheuk et al., 2007).
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Fig. 2.29 Prediction of breakout resistance using upper bound solution (Cheuk et al.,

2007).

Upper bound solution largely depends on the adopted soil flow mechanism. Using
Martin’s mechanism (Fig. 2.30), a theoretical yield envelope had been proposed by
Merifield et al. (2008) (Fig. 2.31). Martin’s mechanism consists of two parts. During pipe
lateral breakout, a generalised Martin’s mechanism was adopted in front of pipe (Fig.
2.30). Generalisation occurs as center of rotation (S) cannot maintain its position on pipe
diameter where pipe diameter should be perpendicular to the direction of motion. Second
part consists of a rigid portion where the center of rotation was Q. It can maintain its
position on the pipe diameter by keeping pipe motion direction perpendicular (Fig. 2.30).

It was assumed that the pipe itself does not rotate. For a range of pipe embedment depths

I
0.6
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Fig. 2.31 Yield envelope at different embedment (a) Smooth pipe (b) Rough pipe

(Merifield et al., 2008).

Merifield et al. (2008) considered uniform undrained shear strength of soil to develop the

theoretical yield envelope. Using the upper bound mechanism (Martin’s mechanism),

Randolph and White (2008) developed a theoretical yield envelope for varying undrained

shear strength of soil. For different pipe embedments (0.1D to 0.5D) and interface
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conditions (smooth and rough), theoretical yield envelopes were developed as shown in

Fig. 2.32.
12 Smaoth pipeline 14 Rough pipeline
Stremgth proportional to depth Strength proportonal © depth
10- Braakaway 1 Breakaway
0% - 10 - wiD = 04
m:v 5 08
g 98 <
S T 06
o4 04
42 02
0 0
0 1 2 3 4 5 i} { 2 4 4 5 5
VIS 4 VI8,
{a) (b}

Fig. 2.32 Theoretical yield envelopes for soil shear strength proportional to depth (a)

Smooth pipe (b) Rough pipe. (Randolph and White, 2008).

2.5.1.2 Residual lateral resistance

Limited theoretical research is available for estimation of pipe lateral residual resistance.
Cheuk et al. (2007) developed theoretical analysis for steady lateral pipe motion (i.e. pipe
will not displace in upward or downward direction during horizontal movement) and it
can shed light into the theoretical development of pipe lateral residual resistance. Cheuk
et al. (2007) proposed an upper bound solution of measuring pipe lateral residual
resistance and a new mechanism as shown in Fig. 2.33. Soil deformation in front of pipe

was ignored and uniform soil undrained shear strength was adopted for the analysis.
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Fig. 2.33 Upper bound geometry solution for lateral resistance (Cheuk et al., 2007).

2.5.2 Physical modelling of pipe lateral resistance

Small to large scale tests (Lyons, 1973, SINTEF 1986a, 1986b, Cheuk et al., 2007) and
centrifuge modelling (Dingle et al., 2008, White and Dingle, 2011) were used to model
pipe lateral resistance. A number of empirical equations were proposed based on the
available experimental database. In order to present these works systematically the
physical modelling is also discussed in two broad parts: pipe lateral breakout resistance

and residual resistance.

2.5.2.1 Pipe lateral breakout resistance

Lyons (1973) had conducted small and large scale modelling to calculate pipe lateral

resistance for both clay and sand. Figure 2.34 shows the typical arrangement for the tests.
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For clay, the experiment was performed using an undrained shear strength of 45 psf (2.1
kN/m?), bare and concrete coated pipelines with submerged pipe weights of 10 to 85 Ib/ft.
Experimental results showed that Coulombs friction law cannot be used to simulate the
pipe lateral breakout resistance on clay since a co-efficient of friction was not constant.
The co-efficient of friction increased with submerged unit weight and decreased with
increasing pipe diameter and higher for bare pipe than concrete coated pipe (Fig. 2.35
(a)). Figure. 2.35 (b) shows that the co-¢efficient of friction increases as the pipe weight
increased (i.e. pipe penetration increased) during hydrostatic testing (performed normally

for leak detection).

PULLEY
GRAVITY
SIMULATED HYDRODYNAMIC 3 LOAD
LOAD 4
— ¥
l— POSITION REFERENCE
WATER

Fig. 2.34 Schematic diagram of test (Lyons, 1973).
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Fig. 2.35 Variation of co-efficient of friction (a) with submerged weight, soil/pipe
interface, pipe diameter (b) with hydrostatic test and without hydrostatic test (Lyons,

1973).

Wagner et al. (1987) modified Coulomb’s frictional model based on data from 200 tests
with five different soil conditions (silty fine sand, loose sand, dense sand, soft clay with
undrained shear strength of 1kPa and stiff clay with undrained shear strength of 70kPa) in
PIPESTAB project. Using large scale model test program, breakout resistance was
calculated for no cyclic loading (simple breakout), after small cyclic loading and after
large cyclic loading with different pipe diameters and unit weights. Based on the test data,
different analytical models for clay and sand were proposed. Figure 2.36 compares the
test results with an analytical solution (for clay only) and reasonable agreement was

shown.

American Gas Association/ Pipeline Research Committee (1992) also proposed models

for clay to calculate pipe lateral resistance. However, Verley and Lund (1995) show that
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PIPESTAB and AGA/PRC models give very different lateral resistance for a given initial
embedment. Using the data from physical modelling (SINTEF 1986a, 1986b, 1987;
Morris et al. 1988; TAMU 1992), Verley and Lund (1995) combined all the test data in a

generalised framework. By modifying Coulomb’s equation and
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Fig. 2.36 Comparison with analytical model and experimental results (Wagner et al.,

1987).
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comparing it with the extensive experimental database through dimensionless analysis,

Verley and Lund (1995) proposed an empirical equation to model pipe lateral resistance.
The proposed equation of Verley and Lund (1995) to calculate the lateral breakout

resistance is a function of dimensionless soil weight, § = w’ /Ds, and dimensionless soil

strength, G =, /Dy . The developed empirical equation can be expressed as:

(2.6)

F N 1.31
"=y, S+ 4.I3G'°‘39“(%J

Ds

1

Verley and Lund (1995) showed that lateral pipe breakout resistance depended mainly on
the vertical load on the pipe, undrained shear strength of soil, soil unit weight, pipe
diameter and pipe embedment depth. Although Verley and Lund (1995) observed a
standard deviation of 25% with physical modelling (Fig. 2.37), they recommended that

more physical experiments are required for analytical model validation.

Bruton et al. (2006) updated Verley and Lund’s (1995) equation to calculate pipe lateral
resistance based on the experimental database of SAFEBUCK JIP phase 1. Pipe lateral
breakout resistance was divided into two separate parts: (i) frictional component and (ii)
passive component (to lift plus deform the soil in front of pipe). Test data showed that
pipe lateral breakout resistance depended on vertical load, pipe embedment and the ratio
of soil shear strength to weight (s, /D). The modified Verley and Lund (1995) equation

to measure the pipe lateral breakout resistance can be expressed as:
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Predicted Resistance Actual Resistance

3 (2.7)
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Fig. 2.37 Comparison of Verley and Lund’s model with experimental results (Verley and

Lund, 1995).

A standard deviation of 37% was observed between the proposed equation and the
available experimental database (Fig. 2.38) which was higher than Verley and Lund
(1995). Later, Cheuk et al. (2007) conducted a number of full-scale model tests for steady
cyclic lateral sweeping of a pipeline followed by initial pipe embedment. Typical light

pipe behaviour is shown in Fig. 2.39. As shown, during lateral travel, pipe lateral
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resistance shows a peak first and then decrease gradually. Suction (at pipe rear end) had
significant contribution in the post peak behaviour of pipe lateral breakout resistance (Fig. |
2.40). Results from the experimental analysis were compared with an upper bound

solution (Fig. 2.29) and reasonable agreement was observed for first lateral sweep.

|
Fig. 2.38 Comparison of experimental data and analytical model (Bruton et al., 2006).
\
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Fig. 2.39 Pipe lateral resistance during steady cyclic lateral movements (Cheuk et al.,

2007).

Fig. 2.40 Typical pipe lateral resistance during pipe steady movement (Cheuk et al,,

2007).

Lateral resistance, Fp (kNimM)

05|

rAghtward )
sweeps

swoept
sweep2
sweep3

- sweepd

sweeph
sweepb
sweep?
sweep8
sweepd
sweep10
sweepl1t
sweep12
sweep13
sweep14

il N
S A L

L -

- % i
% s e

L m §

- leftward - %

4 “sweeps’
%@g?
b me R :
0 2 4 6 8 10

Lateral resistance

Peak

Horizontal pipe displacement, A/D

Suction

/ release

Steady growth of active berm

| Collection of

| dormant berm

Pipe displacement

2-52

\ 4




Dingle et al. (2008) performed the centrifuge tests to quantify the light pipe lateral

resistance. Pipe was penetrated into soil at 0.45D and displaced laterally. During pipe
lateral movement, pipe was free to move in vertical direction. Varying undrained shear
strength of soil was considered. Analysis results (Fig. 2.41) showed normalised lateral
pipe resistance peak at the very beginning (same as Fig. 2.39) and then to decrease. Three
points A, B and C had been selected around the peak lateral resistance and the soil
velocity field (using particle image velocity (PIV)) at these locations (A, B, and C) are
shown in Fig. 2.42. Lateral breakout resistance occurs when the pipe was about to

separate at pipe rear end and soil in front of pipe began to flow along a slip surface (Fig.

2.42).
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Fig. 2.41 Normalised pipe lateral resistance during pipe lateral movement (Dingle et al.,

2008).

However, Dingle et al. (2008) did not propose any guideline to quantify pipe lateral
breakout resistance to use in the design. White and Dingle (2011) conducted a number of
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centrifuge tests to develop a design guideline. With different soil undrained shear

strengths, pipe initial embedments and applied vertical loads (Table 2.4), tests were
conducted. Different pipe lateral breakout resistance for different tests were observed
(Fig. 2.43). However, all the test results showed a peak horizontal resistance and

decreased gradually which was a typical light pipe phenomenon.
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Fig. 2.42 Soil velocity field during pipe lateral breakout (Dingle et al., 2008).
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Table 2.4 Parameters used for analysis (White and Dingle, 2011)

Test no Soil undrained Initial Applied
shear strength, kPa | embedment, w/D | Vertical load,

kN
L1 2.3+3.6xdepth 0.52 2.1
L2 2.3+3.6xdepth 0.46 2.8
L3 2.343.6xdepth 0.25 1.0
L4 2.3+3.6xdepth 0.18 32
L5 3.0+5.0xdepth 0.02 2.1
L6 3.0+5.0xdepth 0.05 44

Horizontal resistance, M. KNfim

10
Horizontal displacement, wD

Fig. 2.43 Pipe lateral resistance during lateral movement (White and Dingle, 2011).

One power law equation was proposed using the effective pipe embedment concept.

Effective pipe embedment during lateral travel consists of two parts: (i) pipe embedment
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White and Dingle (2011) assumed the value of S,xﬂxﬁ as 6.7 to measure its

effective embedment. With the help of the above assumption, developed power law

relationship for pipe lateral resistance was:

H (w')b (2.9)
=al —
SM(JL

Where a =2.8 and b =0.75.

Pipe lateral resistance with effective embedment are plotted (Fig. 2.45) for both
experiments and analytical model. Variation between the developed analytical model and
physical experiments are higher at small penetration depths and smaller at higher
penetration depths. However, the developed power law equation to quantify the pipe
lateral resistance has limitations for its assumption in berm sensitivity and berm area
calculation. Again, horizontal pipe resistance is also plotted with pipe embedment during
its lateral travel, Fig. 2.46. Comparison between Fig. 2.45 and Fig. 2.46 showed that
minor improvement was achieved with effective embedment concept. Note that different
authors proposed different value of a and b for the analytical model. Wang et al. (2010)
proposed a=2.3 and b=0.9 (based on numerical investigation), Chatterjee et al. (2011)
proposed a=2.45 and b= 0.95 through numerical analysis and Chatterjee et al. (2012a)
proposed a =2.82 and »=0.72. Wang et al. (2010) and Chatterjee et al. (2012a) deal with
both light and heavy pipe whereas Chatterjee et al. (2011) conducted the finite element

investigation for light pipe only.
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Fig. 2.45 Variation of pipe lateral resistance with effective embedment (White and

Dingle, 2011).
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Fig. 2.46 Variation of pipe lateral resistance with embedment (White and Dingle, 2011).
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2.5.2.2 Pipe lateral residual resistance

Most of the earlier analyses were performed to quantify the pipe lateral breakout
resistance to hydrodynamic loads, such as on-bottom currents. Less attention was paid to
the pipe residual resistance. At residual stage, experimental results show higher pipe
residual force for higher pipe vertical loads, Fig. 2.47. The classical plasticity theorem
determined horizontal to vertical load ratio of 0.39 for a surface foundation with sliding
failure (Green, 1954), as shown by the solid line in Fig. 2.47. This classical plasticity
theorem under predicts the results (Fig. 2.47). During pipe lateral travel at residual stage,
soil (in front of pipe) needs to be lifted into the berm. Therefore, submerged soil unit
weight and undrained shear strength of soil is also important for pipe residual resistance
(Bruton et al., 2006). Figure 2.48 shows the variation of normalised shear strength
(su/y’'D) with equivalent friction factor (h,s/v) of experimental results. Based on the
experimental observations, Bruton et al. (2006) proposed the following equation for pipe

residual resistance calculation:

; (10] (2.10)
Tres 10,65/ 1—e* 277
V

2-59



2
1.8 -
]
o 18 - S | hiv=0.39
u?t 1.4 » 8 ® y/}*’
a m 7
3 1.2 & . e + CARISIMA
2
. )
" 08 - ///f’/ a Troll
056 A R E o
£ 04 . ./”/
0.2 W s
(=

0 0.5 1 1.5 2 2.5 3 3.5 4

Vresidua™ Vresiduad DSy _1o

Fig. 2.47 Comparison of normalised residual horizontal and vertical load (Bruton et al.,

2000).

res

To measure , all parameters can be calculated easily except the undrained shear

strength. Experimentally, it is very difficult to estimate the soil undrained shear strength
at mudline level and Bruton et al. (2006) recommend taking the value of s, at one (1) pipe
diameter. The comparison between test data and the analytical model is also shown in

Fig. 2.49, which shows some general trend of these scattered data.. In the analytical

model, —s,/2¥D can give guidance to capture the behaviour of lift and shearing the soil

ahead of the pipe whereas it does not give any guidance for soil undrained shear strength
variation i.e. failure plane consideration for normally consolidated clay. The soil

undrained shear strength gradient ks,D/s,,, (k is the undrained shear strength gradient, s, is
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the undrained shear strength of soil at any depth and s,,, is the undrained shear strength of
soil at mudline) has an effect on residual frictional resistance as the failure envelope will
changes with changes in the soil undrained shear strength gradient (Gourvenec et al.,

2003).

Cardoso et al. (2010) conducted a number of large scale tests varying the undrained soil
shear strength to calculate the pipe lateral resistance. Using a wide range of parameters
(soil undrained shear strengths of 1 to 10 kPa, soil undrained shear strength gradient of 2
to 30 kPa/m, pipe diameters of (.23 to 0.33 m and initial pipe penetration depth of 0.1 to
0.5D), the effect of different parameters on pipe residual resistance were calculated.

Analysis shows that pipe residual resistance mainly depends on the dimensionless pipe

weight (S=w,/s,D) and dimensionless weight term(st—’z‘)]. Based on the
vV

experimental database and regression analysis, Cardoso et al. (2010) proposed the

equation:

0.586 , 0479 (2.1 1)
Hres _0240929 Y Sulb
V Su,lDD }/D

Here, s, ,p indicates the mean undrained shear strength of soil between soil surface and

+kD/2). For their project data, a standard deviation

um

at one pipe diameter (i.e. s,,, =S5

of 19% was observed (Fig. 2.49).
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White and Dingle (2011) conducted a total of 6 centrifuge tests. Soil parameters and test
conditions are shown in Table 2.4. Figure 2.50 shows that after a lateral pipe movement
of approximately 3D, pipe lateral resistance become constant, which represents the

residual resistance.

Horizontal resistance, H: kKN/m

Horizontal displacement, v/

Fig. 2.50 Pipe horizontal resistance during lateral travel (White and Dingle, 2011).

White and Dingle (2011) also proposed the following generalised equation to calculate

lateral residual resistance based on their experimental results.

H 1% 2( w) | (2.12)
oY o3+ Y| =
SuU SuD D init ‘\/E

The comparison between measured and model prediction (Eq. 2.12) is shown in Fig. 2.51.
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Fig. 2.51 Pipe residual friction factor co-relation (White and Dingle, 2011).

2.5.3Numerical modelling of pipe lateral resistance
The lateral movement of partially embedded pipelines can also be modelled numerically
using small strain or large strain finite element modelling techniques. As it is a large

deformation phenomenon the large strain analysis is the most suitable one. Details of pipe

lateral movement analysis using small and large strain analysis are described below:

2.5.3.1 Small strain analysis

2.5.3.1.1 Pipe breakout resistance
Lyons et al. (1973) used a finite element approach to model pipe lateral movement for
nonlinear stress strain behaviour of soil. Plain strain conditions were used for the analysis.

Mesh size and details of the analysis are shown in Fig. 2.52. An optimum mesh size of 1”7
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x1” was used in their analysis with fixed and roller boundary conditions as shown. An

arbitrary element with low modulus of elasticity was used to model soil/pipe interaction
and the pipe (diameter of 9" and 16") was restrained to rotate. Analysis results were
compared with physical testing (Fig. 2.53) and a deviation of 5 to 10% is observed
between horizontal loads.
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Fig. 2.52 Details of mesh size (Lyons, 1973).
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Fig. 2.53 Comparison with numerical and physical experiments (Lyons, 1973).
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Although the finite element analysis results showed a good agreement with experimental

results, the modelling of soil/pipe interaction behaviour and soil constitutive model used
in the analysis are questionable. Later, Merifield et al. (2008) developed a finite element
model to investigate the pipe breakout resistance. The pipe was embedded previously and
no berm was formed around the shoulders of the pipe (i.e. pipe was at wished in place
(WIP) pipe condition). Soil shear strength was uniform and no strain rate and softening
effects were considered. The pipe was moved at different angles (Fig. 2.54) for different
pipe embedments. This numerical study was limited to a low normalised weight for the
pipeline mainly to understand the lateral resistance for a pre-embedded light pipeline. It
was observed that during lateral movement, the resultant resistance (resultant of lateral
and vertical resistance) had reached almost a constant value within a displacement of 8%
of the diameter for both smooth and rough pipe for different as-laid embedments (Fig.
2.55). In this figure R indicates the pipe resultant resistance and A indicates the pipe
relative displacement. The analysis results are also compared with a theoretical yield
envelope which was developed using an upper bound theorem with Martin’s mechanism
(Fig. 2.30). Comparison with the theoretical yield envelope showed closer agreement with

numerical analysis.
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2.5.3.1.2 Pipe residual resistance

To calculate pipe lateral residual resistance, a pipe needs to travel at least 3 to 4D. But
with small strain analysis, it is very difficult to simulate pipe residual resistance due to
mesh distortion and convergence issue. No studies are available in the literature for pipe

residual resistance using small strain analysis.

2.5.3.2 Large strain analysis

2.5.3.2.1 Pipe breakout resistance

Merifield et al. (2009) conducted a finite element investigation to calculate the pipe
horizontal breakout resistance using the ALE technique. Plain strain condition was used
for the analysis. Uniform soil undrained shear strength with Tresca yield criteria was
adopted. For both smooth and rough pipe conditions, the horizontal pipe resistance was
calculated. Using the concept of soil bearing capacity, an equation was developed to

calculate pipe lateral breakout resistance, as shown below:

2 w(l—w)

R Y e , (2.13)
| Y 05625 S ana—w) —a-2m) | 2
S“D 2 u
Here, the value of ¢ and d depends on pipe-soil interface. Based on 160 finite element
analyses, the values of ¢ and d were back calculated. For smooth pipe, ¢ = 2.7 and d =

0.64 was proposed whereas for rough pipe, ¢ = 3.0 and d = 0.58. Also, w indicates

normalised pipe invert displacement and it was defined as:
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As discussed in Section 2.4.3.2, ALE cannot model very large strain behaviour well,
Wang et al. (2010) developed a large deformation finite element model in ALE using
Remeshing and Interpolation Technique with Small Strain (RITSS) approach. It was
claimed that the mesh tangling and convergence issues can be overcome in RITSS. It is
mentionable that the adopted numerical tools cannot capture suction behaviour at the pipe
rear end during pipe lateral movement initiation and thus breakout resistance can be

simulated without suction behaviour at pipe rear end. Based on their numerical analyses,

Wang et al. (2010) proposed the following empirical equation to calculate pipe lateral

resistance.
N
H (WJ’ (2.14)
=d| —
s‘u()l) D
where a=2.3, b=0.9. W =w+#h,,,,, = w+ Hper and » = berm aspect ratio.
Sl.berm '7

The comparison between numerical results and the theoretical yield envelope is shown in
Fig. 2.56, developed using the upper bound plasticity theorem with Martin’s mechanism.
It is mentionable that Wang et al. (2010) used a rate dependent strain softening soil model
for their numerical investigation. Comparison was performed with both the rate
dependent softening soil constitutive model and without a rate dependent soil constitutive
model. Note that for upper bound theorem, a rate dependent softening soil constitutive

model was not considered. Chatterjee et al. (2012b) conducted a number of finite element
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modelling for pipe lateral resistance using RITSS with the ALE technique. Linearly

varying soil shear strength with a rate dependent softening soil model was used and the
Tresca yield criterion was adopted. Developed yield envelope for breakout resistance was

compared with Merifield et al. (2008), which is shown in Fig. 2.57.
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Fig. 2.57 Comparison with yield envelope (Chatterjee et al., 2012b).
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2.5.3.2.2 Pipe residual resistance

Limited research is available in the literature for pipe residual resistance using large strain
analysis. Wang et al. (2010) conducted a number of finite element investigations for
lateral residual resistance. Both light and heavy pipes were considered in their analyses. A
strain softening and strain rate dependent soil model was used and the Tresca yield
criterion was adopted. Numerical analyses show that the residual resistance for a light
pipe develops after a lateral displacement of approximately 2.5D. The authors suggested
that Equation 2.14 could also be used for estimating residual resistance. Note that w” for
residual resistance is significantly lower than that for breakout resistance, and therefore
residual resistance is less than breakout resistance. Chatterjee et al. (2012b) also shows
that the residual resistance for a light pipe develops after a lateral displacement of 2.5D. It
was shown that the higher the initial pipe embedment or applied vertical load the higher
the residual friction factor (H,./V). The calculated residual friction factor is also
compared with the experimental database (SAFEBUCK phase 11 and White and Dingle

(2011).

2.6 Conclusion

A comprehensive literature review of the studies on vertical embedment of offshore
pipelines into the seabed and subsequent lateral movement during operation period is
presented in this chapter. Vertical embedment and lateral movement is a large
deformation problem. Experimental, theoretical and numerical studies have been

performed in the past to model this behaviour. Finite element modeling of such large
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deformation problems is very complicated and challenging. Although some researchers

attempted to model this behaviour using traditional finite element method in a Lagrangian
framework in a form of “pseudo” large deformation problem, their results are somehow
questionable as they could not simulate the whole process together. Later researchers
used the Arbitrary Lagrangian Eulerain (ALE) approach with remeshing technique to
overcome some of these issues. The finite element modelling techniques in a Lagrangian
framework has been significantly advanced over the last few years. The research
presented in the following chapters is based on such a FE modelling technique to simulate

the large deformation behaviour of partially embedded pipelines in deep sea.
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Chapter 3

Finite Element Modeling of Vertical Penetration of Offshore Pipelines

using Coupled Eulerian Lagrangian Approach

Co-Authorship: Chapter 3 is prepared according to the Guidelines for Manuscript-
Format Theses in the Faculty of Engineering and Applied Science at Memorial University
This part of the research has been published as: Dutta, S., Hawlader, B. and Phillips, R.
(2012) “Finite Element Modeling of Vertical Penetration of Offshore Pipelines using
Coupled Eulerian Lagrangian Approach,” 22" International Offshore (Ocean) and Polar
Engineering Conference & Exhibition, Rodos Palace Hotel, Rhodes (Rodos), Greece,

June 17-22, 2012.

Most of the research work presented in this chapter was conducted by the first author. He
also prepared the draft manuscript. The other two authors mainly supervised the research

and reviewed the manuscript.

3.1 Abstract

Subsea pipelines are the preferred mode of transporting hydrocarbon in both shallow and
deep water. In deepwater, pipelines are usually laid on the seabed. A portion of the pipe

diameter penetrates into the seabed because of the effects of several factors including

3-1



wave action and vessel motions during installation and pipeline self weight. Embedment

of the pipeline has a major influence on lateral buckling and thermal expansion during
operation. Conventional finite element method in Lagrangian framework cannot be used
to model such large deformation behavior as occurs in subsea pipeline penetration. In this
study, finite element analyses using Coupled Eulerain Lagrangian technique is presented.
The pipeline has been modeled in Lagrangian and the soil has been modeled in Eulerain

framework. Comparison with other solutions and test results are also presented.

3.2 Introduction

Offshore pipelines are typically operated under high temperature and pressure to ease the
liquid hydrocarbon flow through the pipe and to reduce wax solidification. High
temperature and pressure can generate axial stress along the pipeline which might cause
lateral buckling of the pipeline if insufficient resistance to prevent the movement of the
pipeline is available. The pipelines are often laid on the seabed in the deep sea which
penetrate into the seabed due to static load resulted from initial stress concentration from
pipe catenary shape and submerged pipeweight. However, because of some other actions
such as dynamic motion of the pipeline at the touch down zone due to vessel movement,
the vertical penetration can increase up to 2 to 10 times of static embedment of pipelines
(Westgate et al., 2010a). Previous studies show that vertical pipe penetration/embedment
has a significant impact on lateral resistance (Karal, 1977; Lyons, 1973} and therefore on

lateral buckling during operation.




Small et al. (1971) present a method to calculate pipe penetration using the concept of

bearing capacity of shallow foundations. Since then a number of studies have been
performed to better understand the mechanism of pipe embedment which includes
theoretical works (e.g. Karal, 1977, Randolph and Houlsby, 1984, Murft et al., 1989),
experimental work (e.g. Verley and Lund, 1995), centrifuge modeling (e.g. Dingle et al.,
2008, Cheuk and White, 2011) and finite element modeling (Merifield et al., 2008, 2009,

Wang et al., 2010).

The finite element (FE) technique has been widely used for modeling various aspects of
geotechnical engineering. However, offshore pipe embedment is fundamentally a large
deformation problem. Therefore, conventional finite element method cannot be used for
this problem as it suffers numerical instability at large strain. Various techniques have
been proposed in the past to overcome numerical difficulties in large strain finite element
modeling, which include updated Lagrangian, updated Eulerian, pure Eulerian, mesh-free
and Arbitrary Lagrangian Eulerian. Recently, Wang et al. (2010) simulated pipe
embedment using remeshing and interpolation technique with small strain (RITSS) which

is essentially an Arbitrary Lagrangian Eulerian (ALE) approach.

The main purpose of this study is to present modeling of offshore pipe embedment using

a more advanced finite element tool based on Coupled Eulerian Lagrangian (CEL). In

CEL Eulerian material flows through the fixed mesh and therefore there is no meshing
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issue at large deformation. The analyses have been performed using ABAQUS FE

software.

3.3 Problem Definition

Figure 3.1 shows the idealized condition of vertical penetration of offshore pipelines
modeled in this study. A pipe of diameter D has been penetrated into the seabed at a given
velocity to a desired depth. The pipe does not roll during the vertical penetration. The
depth of penetration (w) represents the depth below the original seabed to the bottom of
the pipe. A soil berm will be formed with penetration of the pipe into the seabed. The

berm formation is symmetric on both sides of the pipe in this case because the pipe

moved only in the vertical direction due to the idealized condition.

Su0 = Sum+kz k

Fig. 3.1 Problem definition

The pipe was penetrated into a clay seabed. As the penetration typically occurs in a short

period of time and the permeability of the clay i1s low, the undrained shear strength (s,0)
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governs the design. The undrained shear strength of clay is a function of effective stress

(0’v) and overconsolidation ratio (OCR). To account for these effects a linear variation of

$40 in the form of s, =s,,, +4z has been used, where s,,, is the undrained shear strength

of clay at the mudline, & is the strength gradient and z is the depth of the soil element

below seabed.

3.4 Finite Element Model Formulation

ABAQUS 6.10-EF1 finite element software has been used in this study for numerical
modeling. Coupled Eulerian Lagrangian (CEL) approach has been used in the analysis.
Figure 3.2 shows the finite element model used in this study. The finite element model
consists of three parts: (i) pipeline, (ii) soil and (iii) voids to accommodate displaced soil
mass. The pipeline is modeled as Lagrangian elements while the soil has been modeled
using Eulerian elements. The pipeline is modeled as rigid body since the deformation is
negligible in comparison with soil, which also makes the model computationally more
efficient. Pipe is modeled using shell element and element type of S4R. The soil layer is
modeled using Eulerian element EC3D8R, which is an 8-noded linear brick, multi-

material, reduced integration with hourglass control.

The pipe is penetrated into the clay layer (Eulerian materials) to a desired depth and a
berm is formed from displaced soil. One of the key features of CEL is that the space is
required to be defined to accommeodate the displaced soil—the berm in this case. A void

space is created above the clay layer using the “volume fraction” tool in Eulerian element.
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Soil and void spaces are created in Eulerain domain using Eulerain Volume Fraction
(EVF). For void space EVF is zero (i.e. no Eulerain material, soil in this case). On the
other hand, EVF is unity in clay layer, meaning that these elements are filled with

Eulerian material.

The bottom of the model (Fig. 3.2) is restrained from any vertical movement, while all the

vertical faces are restrained from any lateral movement using roller supports. All
components of velocity at each Eulerian node on the bottom or vertical faces are defined
as zero so that no Eulerian material moves outside the domain. The top of the seabed is
free to move and no velocity boundary condition is applied that allows this surface to
move freely and Eulerian materials could move into the voids. The pipe was moved
downward using a velocity boundary condition applied at all faces of the Eulerain

domain.

The pipeline is modeled in plane strain condition. Although in Coupled Eulerian
Lagrangian (CEL) technique only 3D model can be generated, the plane strain condition
has been created using one element depth along the axial direction of the pipe. It also

makes the numerical model computationally less expensive than a full 3D model.

One of the limitations with ABAQUS CEL is that the Eulerain material might penetrate
through Lagrangian element. A Lagrangian mesh two times finer than the Eulerian mesh

(Brown et al., 2001) was used to avoid this problem in numerical analysis. Another

3-6




limitation in ABAQUS FE software is that the linear variation of undrained shear strength

with depth (see Fig. 3.1) cannot be defined as an input. In this study, the increase in s,

with depth has been incorporated using the user subroutine.

The pipe-soil interface plays an important role in modeling partially embedded pipelines.
General contact algorithm is used to define soil-pipe interaction properties. In this study,

analyses are performed for both smooth (frictionless) and rough conditions.

For convenience, the numerical analysis is divided into three steps. The first step is the
geostatic step. During geostatic step the pipe is kept Y2 above the seabed in order to
avoid any pipe penetration or interaction with seabed due to gravity. In the second step,
the pipe is moved downward at given velocity to the seabed. As this movement occurs
only through the void, no vertical reaction force is developed. In the third step, the pipe is
penetrated vertically through the soil at a given velocity using amplitude options in

ABAQUS FE software.

3.5 Parameter Selection

Table 3.1 shows the geometry and mechanical properties of the soil and pipe. A steel pipe
of 0.8 m diameter has been modeled in this study. To model the soil an Eulerian domain
of 8 m x 5 m X 0.04 m (width X height X thickness) is used (Fig. 3.2). The soil is modeled
as an elastic-perfectly plastic material. Field investigation shows that most of the

sediments near the seabed in deep sea are normally consolidated to lightly
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overconsolidated clays (Quiros et al., 2003, Cheuk and White, 2011). The soil parameters

for liner variation of s,y are obtained from Dingle et al. (2008) and Cheuk and White

(2011). Submerged unit weight of soil (y') is taken as 6.5 kN/m’ and undrained elastic

modulus as £, = 500s,0.

Table 3.1 Geometry and parameters used in the analyses

Pipe:

Pipe diameter, D 800 mm
Depth of penetration, w 360 mm
Soil (Clay)

Undrained modulus of elasticity, £, 500s,
Poisson’s ratio, v, 0.49
Undrained shear strength at mudline, | 2.3 kPa
Sim

Gradient of shear strength increase, & | 3.6 kPa/m
Submerged unit weight of soil, y’ 6.5 kN/m’

The pipe is penetrated vertically to the maximum depth of 360 mm (=0.45D) at a speed of

0.015D per second. These values are typical values and also compare centrifuge test of

Dingle et al. (2008).
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required in the design of a partially embedded offshore pipeline is the vertical reaction

force (V). Therefore, the effect of mesh size on V is examined in this section to find
optimum mesh size. Figure 3.3 shows the variation of normalized reaction force
(V/suoyD) with normalized depth of embedment (w/D) for three different mesh sizes,
where s,0;) 1s the undrained shear strength of clay at the invert of the pipe. Other
parameters used in the analysis are listed in Table 3.1. The largest mesh (0.25D) gives
erratic results, and calculated V is significantly higher than other two especially for initial
penetration. However, for other two mesh sizes the calculated values gives smooth
variation of V" with depth. Hence a mesh size of 0.05D (i.e. 0.04 m x 0.04 m) is adopted

for further analysis.

3.8 Comparison with Centrifuge Test Results

Dingle et al. (2008) performed a series of centrifuge tests to simulate the behavior of a
section of partially embedded pipeline. A model pipe of 0.8 m prototype diameter was
penetrated in a clay bed having geotechnical properties similar to the values listed in
Table 3.1. In the present study, numerical simulation has been performed for both smooth
and rough soil-pipe interface conditions. Figure 3.4 shows the comparison between

numerical prediction and centrifuge test results.
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Fig. 3.4 Comparison between finite element and centrifuge test results

The centrifuge test result is in between the rough and smooth conditions. A roughness
coefficient between rough and smooth conditions might give a better comparison.
However, it is to be noted here that not only the value of roughness coefficient but also
other factors such as the variation of undrained shear strength with strain and strain rate

should be considered for better modeling.
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3.9 Soil Deformation around the Pipe

With penetration the soil around the pipe, especially the soil near the invert of the pipe, is
significantly displaced. This type of large deformation behavior of soil can be simulated
well using CEL approach as used in this study. Figure 3.5 shows the velocity vectors of
the soil around the pipe at two depths of embedment (w/D =0.18 and 0.25) for smooth
and rough interface conditions. The numerical prediction has been compared with
centrifuge test results (Dingle et al., 2008). In centrifuge, the images were captured using
a digital camera and conducted PIV photogrammetric analyses to obtain velocity fields.
The velocity distribution obtained from the present study is very similar to the velocity
fields obtained in centrifuge tests using image capture technique. Figure 3.5 also shows
that the soil particle movement is higher only in the failure zone near the pipe and outside
that zone the particle velocity is reduced. That means, the vertical resistance V mainly

depends upon the shear strength of the soil in this failure zone.
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Fig. 3.8 Predicted and observed berm size at w/D=0.45

3.12 Conclusions

The process of vertical penetration of on-bottom offshore pipelines in deep sea is
analyzed in this study. Offshore pipeline penetration in seabed is a large deformation
problem. Coupled Eulerian Lagrangian (CEL) approach, recently incorporated in
ABAQUS FE software, is used for numerical modeling of this process. Comparison with
available model test results using a geotechnical centrifuge shows that ABAQUS CEL
can successfully model such very large deformation problems. These analyses provide

some valuable insights into soil failure and berm formation mechanism.
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Although the present study shows the capability of CEL for modeling offshore pipeline
embedment, the research with advanced soil constitutive model for various loading

conditions is in progress.
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Chapter 4

Strain Softening and Rate Effects on Soil Shear Strength in Modelling of
Vertical Penetration of Offshore Pipelines
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4.1 Abstract

Offshore pipelines play a vital role in the transportation of hydrocarbon. In deep seas,
pipelines laid on the seabed usually penetrate into the soil a certain amount. These
pipelines might experience significant lateral movement during the operational period.
. ..e resistance to lateral movement depends on vertical penetration and berm formation

around the pipe. Vertical penetration is a large deformation problem. Finite element
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modeling of vertical penetration of offshore pipelines in soft clay seabed in deep water is
presented in this study. The modeling was performed using ABAQUS finite element
software. Soil was modeled in an Eulerian framework and the pipe in a Lagrangian
framework. Strain softening behavior and strain rate effects on undrained shear strength
of clay was incorporated in ABAQUS FE software using user subroutines written in
FORTRAN. The variation of undrained shear strength with depth is also considered. The

results are compared with centrifuge test results and also with available solutions.

Keywords: Pipeline, Strain rate, Strain softening, Large deformation analysis.

4.2 Introduction

Demand for offshore oil and gas development has increased significantly over the last
several decades. Industry is moving from shallow to deep water in search of oil and gas to
meet the global demand for energy. One of the key components in offshore oil and gas
development is pipelines. In deep sea, pipelines are often laid on the seabed. However,
because of some other actions such as laying effects, hydrodynamic force and weight of
the pipe and its contents, pipelines often penetrate partially into the seabed. Offshore
pipelines are typically operated under high temperature and pressure which is required to
ease the flow through the pipe and to reduce the wax formation. However, during
maintenance and emergency shutdown the internal pressure and temperature are reduced.

This causes cyclic lateral movement of the pipeline. High temperature and pressure can
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generate axial stress along the pipeline which might cause lateral buckling of the pipeline
if sufficient resistance to prevent the movement of the pipeline is not available. The
vertical penetration/embedment of pipeline and formation of berms during penetration

have a significant impact on lateral resistance.

Various models have been proposed for static pipeline penetration in the seabed. At first,
the pipeline was modeled as a strip footing and vertical resistance was taken as the
bearing capacity [16]). Since then, various attempts have been made to understand the
mechanism of pipe embedment which includes theoretical works [e.g. 8, 12, 14],
experimental work [e.g. 18], centrifuge modeling [e.g. 4, 6] and finite element modeling
(2, 3,9, 10, 17, 19]. One of the key issues in finite element modeling of pipe penetration
is that it is fundamentally a large deformation problem and therefore typical finite
element modeling in Lagrangian framework is not suitable. Another important issue is the
modeling of soil behavior at large strain. With penetration, the soil around the pipeline
undergoes significant plastic shear strain which could soften the soil element. Moreover,
the pipelines usually penetrate the soil at much higher shear strain rates in the soil
elements near the pipe as compared to the shear strain rate typically used in laboratory
tests. Therefore, for successful modeling the strain-softening and strain rate effects on

shear strength should be considered.

The main purpose of this study is to present modeling of offshore pipe embedment using

a more advanced finite element tool based on Coupled Eulerian Lagrangian (CEL)
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approach. In CEL, Eulerian material flows through the fixed mesh and therefore there is

no mesh tangling issue at large deformation. The analyses are performed using ABAQUS
FE software. The modeling is done in an undrained condition. The undrained shear
strength of the soil is varied as a function of accumulated plastic shear strain and shear

strain rate.

4.3 Problem Definition

Large deformation finite element (LDFE) is performed to have an insight into the soil
behavior during pipe vertical penetration and its effects on vertical resistance during
penetration. An offshore pipeline of diameter D is penetrated vertically at a constant
velocity through the seabed to a certain depth as shown in Fig.4.1. It is assumed that the
pipeline is infinitely long and hence the plane strain condition is used in the simulation.
Soil is displaced during pipe vertical penetration and the berm is formed by the displaced
soil mass. In normally consolidated clays, the insitu undrained shear strength (s.0)

increases near linearly with depth as s,, =s,, +kz where s,, is the undrained shear

wn
strength of clay at the mudline, k is the strength gradient and z is the depth of the soil
element below seabed. The undrained shear strength is updated during the analyses as a
function of strain rate and accumulated plastic shear strain as discussed in the following

sections. von Mises yield criterion is adopted.
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reference shear strain rate (¥,,) and prior to any softening; p is the rate of undrained

strength increase per log cycle; 8.n is the ratio of remoulded to insitu shear strength
which is the inverse of remoulded sensitivity S; & is the accumulated absolute plastic

shear strain; and &gs is the value of & at which soil has undergone 95% reduction in shear

strength due to remolding.

4.5 Finite Element Model

ABAQUS 6.10 EF-1 is used to perform the large deformation finite element (LDFE)
analysis of vertical penetration of offshore pipelines. Note that, conventional finite
element technique in Lagrangian approach cannot handle large deformation problem due
to convergence issues and mesh distortions. These issues are solved in the recently
developed novel approach in Coupled Eulerian Lagrangian (CEL) technique. In CEL, the
mesh is fixed and material can flow through the mesh. Thus, CEL can overcome the
problems associated with mesh tangling and convergence and therefore it is adopted in

the present study.

For finite element modeling, the pipe is modeled using Lagrangian framework whereas
the soil is modeled in an Eulerian framework. The pipeline is modeled as a rigid body
since the deformation is negligible in comparison with soil, which also makes the model
computationally more efficient. The pipe is modeled using shell element and element type
of S4R. The soil layer is modeled using Eulerian element EC3D8R, which is an 8-noded

linear brick, multi-material, reduced integration with hourglass control.
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The pipe is penetrated into the clay layer (Eulerian materials) to a desired depth and a
berm is formed from displaced soil. One of the key features of CEL is that the space is
required to be defined to accommodate the displaced soil—the berm in this case. Soil and

void spaces are created in Eulerian domain using Eulerian Volume Fraction (EVF). For

void space EVF is zero (i.e. no Eulerian material, soil in this case). On the other hand,

EVF is unity in clay layer, meaning that these elements are filled with Eulerian material.

Velocity boundary conditions are provided at all faces of the Eulerian domain (Fig.4.2) to

make sure that Eulerain materials are within the domain and cannot move outside.

However, at seabed-void interface, no boundary condition is provided so that the soil can
flow to the void. That means, the bottom of the model (Fig. 4.2) is restrained from any

vertical movement, while all the vertical faces are restrained from any lateral movement.







using graphical user interface or from input file. Moreover, ABAQUS does not have any
direct option for modeling the soil behavior using a strain-softening and strain-rate
dependent soil constitutive model as shown in Eq.4.1. In this study, the soil model is
implemented using a user subroutine. The subroutine is written in FORTRAN. The
accumulated plastic shear strain is read in each time increment and the values of f; and f>
in Eq. 4.1 are calculated. Then the value of s, is calculated, which is returned as an input

parameter for numerical analysis.

The total analysis is divided into three time steps to capture the soil behavior accurately
during pipe vertical penetration. First step is the geostatic step. In geostatic step, pipe is
located Y2 D above the sea bed to avoid any interaction with seabed. In the second step,
the pipe is moved downward vertically to the seabed. In the third step, the pipe is further
moved vertically through the seabed. The pipe is penetrated vertically to the maximum
depth of embedment of 0.45D at a velocity of 0.015D/s which is same as the centrifuge

test [6].

4.6 Parameter Selection
Table 4.1 shows the geometry and mechanical properties of soil and pipe. As shown in
Fig. 4.2, a domain of 8mx4.5mx0.04m (lengthxheightxthickness) is considered in finite

element analysis. The pipe is placed at mid-length to avoid any boundary effect. The soil

is modeled as an elastic-perfectly plastic, strain softening and strain rate dependent
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Cheuk and White (2011).

material. The soil parameters used in this study are obtained from Dingle et al. (2008) and

Table 4.1 Geometry and parameters used in the analyses

Pipe
Pipe diameter, D 800 mm
Depth of penetration, w 360 mm
Soil (Clay) :
Undrained modulus of elasticity, E, 500s,
Poisson’s ratio, v, 0.49
Undrained shear strength at mudline, s, 2.3 kPa
Gradient of shear strength increase, k | 3.6 kPa/m
Submerged unit weight of soil, ¥ 6.5 kN/m’
Rate of shear strength increase, u 0.1
Reference shear strain rate , ¥, 3x10°/s
Remoulded soil sensitivity, S, 3.2
Accumulate absolute plastic shear strain

10

for 95% degradation of soil strength, &,

4-10



4.7 Model Validation and Results

The finite element model is used to calculate the vertical resistance during the penetration
of pipeline. As the vertical resistance depends on the mobilized value of s,, the effects of

strain rate and strain softening on s, is also investigated.

4.7.1 Mesh sensitivity

Mesh size has a significant impact on finite element modeling. Often a finer mesh yields
more accurate results but computational time is higher. In general, computational time in
CEL is higher than the time required in typical finite element analysis using Lagrangian
framework. The optimum mesh size is selected after conducting the analyses for a
number of different mesh sizes. For example the calculation using three mesh sizes are
shown in Fig. 4.3. In these analyses, the effects of strain softening or strain rate on
undrained shear strength are not considered, but the strength does increase linearly with
depth (Fig. 4.1). In this study, this condition is referred to as “ideal soil.” Figure 4.3
shows the variation of normalized reaction force (V/s,o;D) with normalized depth of
embedment (w/D), where s, is the undrained shear strength of clay at the invert of the
pipe. Other parameters used in the analysis are listed in Table 4.1. The largest mesh
(0.25D) gives erratic results, and calculated V is significantly higher than the other two
cases especially for initial penetration. However, for the other two mesh sizes the
calculated values give a smooth variation of V with depth. Hence a mesh size of 0.05D

(i.e. 0.04 m x 0.04 m) is adopted for further analysis.
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Fig. 4.3 Effect of mesh size on pipe vertical penetration resista nce for smooth pipe-

soil interface

4.7.2 Comparison with existing models

In the past, both static and dynamic penetrations of offshore pipelines have been
investigated. In the present study, static penetration of the pipe is modeled. Several

mathematical models are available in the literature for estimating vertical penetration
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resistance. Some of them are based on model tests results [18] while some of them are

developed from analytical or finite element modeling [e.g. 9, 10, 15, 19]. Finite element
analysis of offshore pipeline embedment in pure Lagrangian framework with some
limited success was presented by Aubeny et al. (2005) and Bransby et al. (2008).
Merifield et al. (2009) conducted a series of large deformation finite element analysis
using Arbitrary Lagrangian Eulerian (ALE) approach for uniform undrained shear
strength of clay and proposed analytical solutions for estimating vertical resistance based
on the numerical results. Tho et al. (2009) first demonstrated the use of Eulerian
technique for modeling pipe embedment in seabed with an uniform undrained shear
strength profile. Morrow and Bransby (2010) showed the effects of various undrained
shear strength profiles of the seabed on vertical penetration resistance using FLAC 6.0
finite difference software. None of these previous studies [3, 11, 17] had considered strain
softening or strain rate effects. Wang et al. (2010) conducted two-dimensional large strain
finite element modeling using remeshing and interpolation technique with small strain

(RITSS).

In order to show the performance of the present model, the calculated vertical penetration
resistance has been compared with four recent studies namely Randolph et al. (2008),
Merifield et al. (2009), Tho et al. (2009) and Wang et al. (2010). Based on an upper
bound plasticity solution, Randolph et al. (2008) proposed a model to estimate vertical
penetration resistance. The soil behavior is modeled as isotropic rigid plastic material

with an undrained shear strength, which is uniform or proportional to depth.
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Figure 4.4 shows the comparison between the present model for ideal soil (i.e. s,
proportional to depth) and the other four models. Analyses are performed both for smooth

(Fig. 4.4a) and rough (Fig. 4.4b) pipe-soil interface conditions. As shown, the calculated

vertical resistance at a given depth of penetration using the present model is higher than

the values obtained from previous models. However, the use of Tresca criterion gives
closer results to the previous studies. An average undrained shear strength of 3 kPa was

used for Merifield et al. (2009).
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Fig. 4.4(a) Comparison with previous solutions for smooth pipe-soil interface
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Fig. 4.4(b) Comparison with previous solutions for rough pipe-soil interface

4.8 Effect of Strain Softening and Strain Rate

The results presented above are for ideal soil, that means without any strain rate or strain
softening effects. In the following sections the effects of strain softening and strain rate

are presented.
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4.8.1 Comparison with centrifuge test results

Dingle et al. (2008) performed a series of centrifuge tests to simulate the behavior of a
section of partially embedded pipeline. A model pipe of 0.8 m prototype diameter was
penetrated into a soft clay bed. Figure 4.5 shows the comparison between numerical
prediction and centrifuge test results. The soil parameters used in the analyses are shown
in Table 4.1. As shown in Fig. 4.5, the centrifuge test result is between the calculated
values using smooth and rough pipe-soil interface conditions. It is to be noted here that
the authors also compared the centrifuge test results using ideal soil conditions [5]. For
comparison the reaction vs. penetration curves for ideal soil condition are also shown in
this figure. As shown in Eq. 4.1, the strain rate in general increases but softening effect
reduces the shear strength of the soil. The combined effects of these two govern the
vertical resistance. The strain rate and strain softening parameters used in this study
effectively increase the shear strength. Therefore, penetration resistance is increased when

strain rate and strain softening effects are considered.

4.8.2 Plastic strain in soil mass

Equivalent plastic shear strain around the pipe at the depth of penetration of 0.45D is
shown in Fig. 4.6 for both smooth and rough pipe-soil interface conditions. The strain
contour interval is in logarithmic scale. As shown, significant plastic shear strain is
developed near the pipe, which decreases with distance from the pipe. The maximum

equivalent plastic shear strain in the case of rough pipe is higher than that of smooth pipe.
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4.9 Parametric Study

Equation 4.1 shows that mainly three parameters (i, S, and &ys) define the effects of strain
softening and strain rate. The effect of these parameters on vertical penetration resistance
is examined in this section. In the parametric study only one of these three parameters is

varied keeping other soil parameters the same as ideal soil condition.

4.9.1 Effect of p

As shown in Eq. 4.1 the strain rate effect on shear strength mainly depends on the value
of u, which is typically varied between 0.05 and 0.2 [7]. Figure 4.7 shows the normalized
vertical resistance with normalized depth of penetration of the pipe for three different
values of p (0, 0.1 and 0.2) with no softening effects. Note that, p=0 means no strain rate
effect on undrained shear strength. As shown, the higher the value of p, the higher the

vertical resistance as the mobilized undrained shear strength is increased.

4.9.2 Effect of S;

Figure 4.8 shows the effect of remoulded sensitivity (S;) on vertical penetration resistance
with no strain rate effects. Three different values of S, (1. 3.2 and 4) are considered. As
shown, the V/s, oD vs. w/D curve shifts to the left with an increase in S,. Figure 4.8 also
shows that the calculated vertical resistance is not very sensitive to the value of S,. This is
because of the fact that the undrained shear strength reduced significantly only in a small
zone of soil near the pipe where large plastic shear strain is developed.
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4.9.3 Effect of &ys

Figure 4.9 shows the cffect of accumulated plastic shear strain on vertical penetration
resistance with no strain rate effects. Einav and Randolph (2005) suggested that &os could
vary between 10 and 50 (1000% to 5000%). Figure 4.9 shows the variation of ¥/s,o;0

with w/D. As expected, vertical reaction is higher for higher value of &ys.
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Fig. 4.7 Effect of strain rate parameter, p for smooth pipe-soil interface
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4.10 Conclusion

Large deformation finite element (LDFE) is adopted to analyze the vertical penetration of
offshore pipelines at seabed. The Coupled Eulerian Lagrangian (CEL) method currently
available in ABAQUS finite element software was used for the numerical analysis. A
strain rate and plastic shear strain dependent model of undrained shear strength is

implemented into ABAQUS using a user subroutine. The current CEL analysis with
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strain rate and strain softening effects shows higher penetration resistance compared to
ideal soil with a linear variation of undrained shear strength and also to the previous
studies. Further calibration of the model and its application to offshore pipeline design is
in progress. The analyses also indicates that the strain rate effect on vertical penetration

resistance is more significant than remoulded sensitivity or strain softening parameter (&).
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Chapter 5

Lateral Movement of Partially Embedded Offshore Pipelines

5.1 Introduction

After successful installation of partially embedded pipelines in deep water, pipelines
might experience problems regarding lateral stability. Lateral instability of pipelines
occurs due to wave induced pressure (during severe storms), lay tension or pipeline
internal temperature and pressure changes in oil and gas. For deep water pipeline, wave
induced 1nstability of pipelines is not significant (White and Cheuk, 2008). Lay tension
from steel catenary shape formation during installation remains in the pipelines after
installation. However, it cannot significantly affect lateral buckling of the pipeline under
high temperature and pressure during the operational period (Bruton et al., 2008).
Therefore, the lateral instability occurs mainly due to internal pressure and temperature
changes. The lateral movement of the pipeline is mainly opposed by the resistance from
soil and therefore the understanding of soil/pipe interaction is important. However, the
modeling of such complex soil/pipe interaction problems is extremely difficult (Bruton et

al., 2006).

Mitigation procedures for the pipeline lateral buckling includes snake lay, buried
pipelines and sleeper systems. The choice of the appropriate techniques largely depends
on the site specific data and the operational requirements. The current practice for a

partially embedded pipeline is the controlled lateral buckling as discussed in Section 2.5
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of Chapter 2. However, the estimation of pipe feed for buckle formation is very uncertain.
In this chapter, numerical investigations are presented for light pipes under various
conditions for lateral loading. The numerical results have been also compared with

physical model test results.

5.2 Comparison between Numerical and Centrifuge Models

Dingle et al. (2008) conducted one centrifuge test to simulate the soil/pipe interaction
behavior during lateral movement. The test was conducted in a seabed with a linearly
varying undrained shear strength profile. Pipe was embedded to 0.45D and moved
laterally. White and Dingle (2011) extended the work of Dingle et al. (2008) by
conducting six more centrifuge tests (L1 to L6) for different initial embedment and
applied vertical loads. In the centrifuge tests, Dingle et al. (2008) displaced the pipe
laterally up to 3D whereas White and Dingle (2011) moved the pipe laterally up to 4D.
Residual friction factor between as-laid pipelines and seabed during pipe lateral
movements was investigated. The test conditions including undrained shear strength

profiles, applied vertical loads and initial depths of embedment are shown in Table 5.1.

The experimental works of Dingle et al. (2008) and six cases of White and Dingle (2011)
are simulated in the present study using Coupled Eulerian Lagrangian (CEL) finite
element technique. The roughness of the pipe surface has significant effects on both
vertical and horizontal resistance. The maximum shear resistance at the pipe/soil interface

in undrained loading is generally expressed as Tp,=0s,, where o is constant and a value
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of =0 means fully smooth condition. Although this function is available in ABAQUS, it

does not work properly in ABAQUS CEL. Therefore, analyses have been performed only

for smooth and no-slip (rough) soil/pipeline interface conditions.

Table 5.1 Centrifuge test conditions (White and Dingle, 2011; Dingle et al., 2008).

Test Initial Undrained shear Applied Initial Embedment,
strength of soil, kPa Vertical load, W/D)iny
kN/m
DI 2.3+3.6xdepth 3.39 0.45
L1 2.3+3.6xdepth 2.1 0.52
Lz 2.3+3.6xdepth 2.8 0.46
L3 2.3+3.6xdepth 1.0 0.25
L4 2.3+3.6xdepth 32 0.18
L5 3.0+5.0xdepth 2.1 0.02
LO 3.0+5.0xdepth 4.4 0.05
Note:
DI: Test conducted by Dingle et al. (2008);
L1 to L6: Tests conducted by White and Dingle 201 1;
depth: distance from mudline.

5.2.1 Vertical penetration

As shown in Table 5.1, the undrained shear strength profile of soil is the same in

centrifuge tests by Dingle et al. (2008) and the L1 to L4 tests of White and Dingle (2011).

However, the applied vertical loads and initial depths of embedment are different. The
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rate of vertical penetration of the pipe was also the same for all these tests (0.015D/s). As
the soil profile and rate of penetration is the same in these five tests, only one simulation
is shown in the present study for a vertical penetration up to the maximum embedment of
0.52D. The normalised vertical resistance with vertical embedment is shown in Fig. 5.1.
The only vertical penetration resistance curve from a centrifuge test available in the
literature is from Dingle et al. (2008), which is also shown in Fig. 5.1. The arrows on the
right vertical axis show the depth of embedment from where lateral movement started.
Other parameters used in the analysis are listed in Table 4.1. The strain-rate and strain
softening model described in Section 4.4 is used to represent the undrained shear strength
behaviour of soil. Vertical embedment for Cases-L5 and L6 are very small and are not

shown.

5.2.2 Lateral movement

The seven centrifuge tests listed in Table 5.1 are simulated for pipe lateral displacement.
The strain softening and strain-rate dependent soil model implemented in ABAQUS
discussed in Section 4.4 is used. The other soil parameters are listed in Table 4.1. After
penetration of the pipe to the desired depth the lateral displacement is applied under
applied vertical load. For example, in Test L2 the pipe is penetrated vertically into the soil
to a depth of 0.46D, a vertical load of 2.8 kN/m is applied and then moved laterally under
this applied vertical load giving a displacement boundary condition to the pipe. Figures

5.2 to 5.8 show the comparison between numerical and physical modelling results.
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Fig. 5.1 Variation of pipe vertical penetration resistance with embedment depth.
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5.2.2.1 Load displacement curves

Figures 5.2(a) to 5.8(a) show the developed lateral force (/) per unit length of the pipe
with normalized lateral displacement (U,/D). The lateral force increases first with lateral

displacement and reaches a peak and then decreases gradually almost to a constant
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Fig, 5.7 (e) Equivalent plastic strain around pipeline and (f) Velocity field during pipe lateral movement at (i) breakout point (ii)
lateral displacement of one pipe diameter (iii) lateral displacement of three pipe diameter.
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Fig. 5.9 Variation of pipe rear end surface area with pipe travel direction.

value at large displacement. For a given lateral displacement the lateral force is higher for
rough pipe/soil interface condition. For a very low applied vertical load (e.g. Test L3,
applied vertical load is 1.0 kN/m) the horizontal resistance is almost zero when smooth
pipe/soil interface condition is used as shown in Fig. 5.5(a). The peak lateral resistance is

termed as “breakout resistance’ and the approximately constant lateral resistance at large
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displacement is termed as “residual resistance.” The breakout and residual resistance

under various test conditions are discussed in the following sections.

The breakout resistance is defined as the highest lateral resistance and generally develops
within 0.2D lateral movement. The breakout resistance is higher for rough pipe/soil
interface conditions. The comparison between numerical and centrifuge test results show
that the breakout resistance obtained from centrifuge tests is higher than that of finite
element models even with a rough pipe/soil interface for higher initial embedments (L1-
L3 and D1). However, for very shallow initial embedment (L4-L6) finite element models
with rough pipe/soil interface give higher breakout resistance than centrifuge tests. One of
the reasons behind this is the effects of suction at the rear end of the pipe. During vertical
penetration, soil around the pipe comes in contact with the pipe. In subsequent lateral
movement suction develops in the rear end of the pipe in centrifuge test. The magnitude
of lateral force from suction depends on contact area of the pipe with soil. The higher the
initial pipe embedment the higher the pipe rear surface contact with soil, and thus higher
suction. That means the suction force is less in shallow embedded tests (L4-L6) than

deeper embedded tests (D1 and L1-L3).

The suction force also depends on the direction of pipe movement. The direction of pipe
movement is related to applied vertical load and initial depth of embedment. This is
schematically shown in Fig. 5.9. For example, as shown in Fig. 5.9(a) if the initial depth

of penetration is high and the applied vertical load is low then the pipe will move in
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inclined upward direction. The contact area behind the pipe is shown by a thick line.
Similarly, the contact areas behind the pipe for pure horizontal and inclined downward
movement are shown in Figs. 5.9 (b) and 5.9(c), respectively. It is clear from this figure
that the contact area behind the pipe for suction is higher in Fig. 5.9(a). Therefore, in
centrifuge tests higher breakout resistance was observed in D1 and L1-L3. In the present
finite element analyses this suction force could not be modelled using ABAQUS CEL and

therefore less breakout resistance is calculated for these four cases.

5.2.2.2 Pipe Invert Trajectory

Figures 5.2(b) to 5.8(b) show the trajectories of the invert of the pipe during lateral
movement. As light pipes are considered in the present study, the pipes move up with
lateral displacement at constant depth of embedment. The higher the applied vertical load
the higher the depth of embedment at residual state. Very light pipe (e.g. L3) moves to the
seabed at residual stage. Figure 5.5(b) shows that the finite element prediction of pipe
invert trajectory for test L3 is somehow different in shape from other tests. In this
simulation, the pipe is penetrated to a depth of 0.25D and then displaced laterally under a
very light applied vertical load of 1.0 kN/m. Therefore, during lateral movement the
smooth pipe easily climbed up the berm that has been formed by the initial vertical
penetration and then moved essentially on the original seabed as shown in Figs. 5.5(c)
and 5.5(d). However, when a rough interface condition is used some soil has been

ploughed and there is a small berm in front of the pipe even at large displacement. The
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passive resistance from the berm with soil/pipe interaction contributes in lateral pipe

resistance during its lateral travel.

5.2.2.3 Effects of applied vertical load

The lateral loading in centrifuge tests D1 (Dingle et al., 2008) and L2 (White and Dingle,
2011) were done approximately from the same initial embedment. The soil shear strength
profile is also the same in these tests. The only difference is the applied vertical load; test
D1 was conducted under 3.39 kN/m while test L2 was conducted under 2.8 kN/m applied
vertical load. Comparison between Fig. 5.2(a) and Fig. 5.4(a) show higher lateral force
in Test D1 both in numerical analyses and centrifuge tests as the applied vertical load is
higher. Similar conclusions can be drawn from comparing the simulation of Tests L3 and

L4 although there is a slight difference in initial embedment.

5.2.2.4 Very shallowly embedded pipes

The tests LS and L6 are for very shallowly embedded pipes (w/D = 0.02 and 0.05).
Numerical simulation of these cases are shown in Figs. 5.7 and 5.8. Test L5 and L6 were
conducted under an applied vertical load of 2.1 and 4.4 kN/m, respectively. The
comparison between numerical analysis and physical test results show that the horizontal
resistance is higher in both LS and L6 when rough soil/pipeline interface condition is
used. Higher breakout resistance is calculated for the Case-L6 than Case-L5 (Figs. 5.7(a)
& 5.8(a)). In finite element analyses it is also found that the lateral force slightly increases
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with lateral displacement especially in Case L6. It is noted that while the numerical and

centrifuge test results show some reasonable comparison, there are several other factors
that is very difficult to characterize. One of them is the undrained shear strength of the
soil near the mudline. While T-bar tests have been widely used for seabed shear strength
measurement, the shear strength obtained from T-bar near the mudline is not accurate.
Moreover, the shear strength of soil in the berm in front of the pipe is also very difficult
to measure. In this study, the intact shear strength at the mudline, with remoulding and

strain rate effects is used for soil shear strength in the berm.

Figures 5.2 (e & f) to 5.8(e & f) show the plastic shear strain and velocity vectors with
lateral movement of the pipe. Large shear strain is developed near the bottom of the pipe,
which has been successfully modelled using ABAQUS CEL without any numerical
issues. However, it is noted that accurate estimation of lateral resistance depends on
undrained shear strength of soil in this narrow zone. Estimation of undrained shear

strength near the mudline is very difficult.

5.2.2.5 Comparison of velocity field

Dingle et al. (2008) showed the soil velocity field around the pipe during the lateral
displacement using PIV technique. Soil velocity field at six different pipe lateral
displacements shown in Fig. 5.10 are discussed here. Two of them (A & B) are near the
lateral breakout resistance, two (E & F) are near the lateral residual resistance and the

remaining two (C & D) are in between the breakout and residual resistances. The velocity
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fields observed in centrifuge modeling are compared with the present finite element

modeling, (Fig. 5.11). The results show that the direction of movement varies with lateral
displacement, and at the residual condition the pipe displaced almost horizontally for the
case analyzed here. The soil velocity fields obtained from the present FE analyses with
rough soil/pipe interface conditions are very similar to the velocity field observed in the

centrifuge.
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Fig. 5.10 Six pipe locations (A, B, C, D, E & F) on load-displacement plot (Dingle et al.,

2008).
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5.3 Alternative interpretation of pipe lateral resistance

Attempts have been taken in the past to develop simplified solutions for estimating force
and resistance during lateral movement. To develop such solutions, pipe lateral resistance
obtained from numerical analysis or physical model tests were plotted in terms of
effective embedment (w’) (Chatterjee et al., 2009; Wang et al., 2010; White and Dingle,

2011). The effective embedment is defined as:

K' _ ﬁ + 1 Aberm
D D SI ,bermD )

Details of effective embedment are given in Section 2.5.2.1 of this thesis.

The normalized lateral resistance and pipe invert location obtained from the present finite

element model is plotted in Fig. 5.12 and Fig. 5.13, respectively, for smooth and rough

interface conditions. Finite element simulations for L5 and L6 are not shown in these

figures as the initial depth of embedment is very small and very little change in depth of
embedment occurred during lateral displacement. The pipe moves upward with lateral
movement. The horizontal resistance also decreases as the pipe moves upward. The
arrows show the breakout resistance. A narrow variation in lateral resistance is observed

for smooth pipe but a wider variation is observed for rough pipe.
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soil ploughing during lateral displacement. The value of S x\/ﬁz 6.7 is used as

t.berm
suggested by White and Dingle (2011). Figures 5.14 and 5.15 show the variation of
lateral resistance with normalized effective embedment. Although the calculated
resistance is still scattered, it shows a clear trend of decreasing lateral resistance with
decrease in effective embedment. The numerical results obtained in the present study are

compared with the following empirical equation.

H (W’)” (5.2)
=ql —
S,.0D D

Where a and b are model parameters. Wang et al. (2010) suggested a = 2.3 and » = 0.9

while White and Dingle (2011) recommended a = 2.8 and b = 0.75.

Figure 5.14 shows that the empirical equation by Wang et al. (2010) underestimates the
lateral resistance, but White and Dingle (2011) is close to the numerical prediction for
smooth pipe. Note that, the present analyses are performed only for light pipe whereas
Wang et al. (2010) is based on both light and heavy pipes. On the other hand both
empirical models give lower horizontal force if rough pipe/soil interface condition is used

as shown in Fig. 5.15.
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5.4 Comparison with Other Analytical Solutions

Pipe lateral resistance has two main parts: (i) pipe breakout resistance and (ii) pipe
residual resistance. Based on the experimental database, analytical models have been
proposed by Bruton et al. (2006), Cardoso and Silveira (2010) and White and Dingle
(2011) to calculate breakout and residual resistance. The lateral breakout resistance
obtained from the present finite element models are compared with the analytical model
of Bruton et al. (2006) as shown in Eq. 2.7, in Chapter 2 and also with centrifuge test data
(Table 5.1). The comparison is shown in Fig. 5.16. The vertical axis shows the
normalised breakout resistance and the horizontal axis shows the normalised initial pipe
embedment. As discussed before, centrifuge tests showed higher breakout resistance with
higher the initial embedment, which is shown in Fig. 5.16. The analytical model by
Bruton et al. (2006) underestimates the lateral breakout resistance observed in centrifuge
tests except Test D1. Note that, the analytical model by Bruton et al. (2006) is not only a
function of (W/D)s; but also depends on applied vertical load and undrained shear
strength of soil which are different in centrifuge tests and the analyses performed in this
study. That is why the points obtained from this analytical model do not show a general
trend in Fig. 5.14 as they are plotted only with (w/D)ini. The present FE analyses give a
reasonable comparison with centrifuge test results. For the initial pipe embedment depth
of less than 0.2D, centrifuge test results are in between the finite element model results

for smooth and rough pipe.
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these two analytical models the residual resistance is also a function applied vertical load
and undrained shear strength of the soil which are not constant in different centrifuge tests
simulated in this study, and therefore the values calculated with these models are
scattered in Figs. 5.15 and 5.16. The solid line in Fig. 5.18 shows the best fit line of
centrifuge test results proposed by White and Dingle (2011). The values of residual
resistance in centrifuge tests is slightly lower that obtained in the present finite element
models with rough pipe/soil interface. The use of appropriate pipe/soil interface condition
(a<l) might simulate the centrifuge test results closer. As mentioned before,
unfortunately this option is not working in the current version (6.10-EF1) of ABAQUS

CEL.
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Fig. 5.17 Variation of lateral residual resistance with initial pipe embedment
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Fig. 5.18 Comparison of lateral residual resistance

5.4 Conclusion

Partially embedded pipelines under lateral displacement have been modelled using
ABAQUS CEL finite element software. Strain softening and strain rate effects on
undrained shear strength have been modelled. Lateral load versus lateral displacement
plots are shown, and from this plot two critical values for design are identified: (i)

breakout resistance and (ii) residual resistance. The finite element models developed in
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In Chapter 3, the successful use of ABAQUS CEL for modelling vertical penetration of
on-bottom offshore pipelines in deep sea conditions is presented. The soil is modelled as
ideal clay; that is, the undrained shear strength does not vary with strain rate or strain
softening. However, the undrained shear strength of soil is varied with depth. The pipe is
penetrated to 0.45D where D is the diameter of the pipe. The formation of a berm during
penetration and vertical penetration resistance are consistent with the centrifuge test
results. Plastic strains around the pipeline and soil flow mechanism during vertical pipe
penetration are explained and compared with the observed centrifuge phenomenon.
Analyses were conducted successfully without any numerical issues, such as mesh

tangling, as typically encountered in small strain analysis using Lagrangian framework.

Several researchers showed that the undrained shear strength of soil depends on shear
strain rate. Moreover, strain softening behaviour is common in offshore clays. Modelling
of such behaviour of clay cannot be done using the built-in soil constitutive models
available in ABAQUS. Therefore, in this study, a strain softening and strain rate
dependent model is implemented in ABAQUS CEL using user subroutines. The analyses
using this model are presented in Chapter 4. It is shown that the prediction of vertical
resistance and berm formation improved significantly if this new soil constitutive model
i1s used. The FE results from the developed model are compared with the existing
analytical, theoretical and experimental results. Closer agreement is observed and a

parametric study is conducted to show the effects of various soil parameters on predicted
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vertical resistance. Parametric study shows that the pipe penetration resistance is

influenced by rate parameters rather than softening parameters.

The response of pipelines under a lateral displacement is presented in Chapter 5. Again,
the strain softening and strain rate dependent model mentioned before is used for
modelling the soil. The pipe is first embedded into the desired depth and then displaced
laterally. A total of seven centrifuge tests are simulated numerically. The breakout
resistance and residual resistance obtained from FE analysis are compared with centrifuge
test results and analytical models. The residual resistance obtained from the present finite
element analyses compares well with the centrifuge test result. Excellent comparison of
breakout resistance from FE model and centrifuge tests is not found. One of the reasons is

that ABAQUS CEL cannot model the suction behind the pipe when it moves laterally.

6.2 Recommendations for Future Research

In the present study the vertical penetration and lateral displacement of deep water
offshore pipelines has been successfully modelled. Although a number of important
features have been simulated in this study, there are some limitations which might be

addressed for further improvement of the model.

» The roughness of the pipe surface should be modelled properly. The maximum
shear resistance at the pipe/soil interface cannot be defined in ABAQUS CEL (e.g.

Fig. 4.4(b)). Therefore, analyses have been performed only for smooth and rough
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conditions. Tt is expected that this limitations will be solved in the new version of
ABAQUS CEL and then it could be used.

For calculating breakout resistance the suction force behind the pipe should be
calculated properly. ABAQUS cannot model such behaviour. A different type of

modelling technique could be used in the future.

During installation, a pipeline might experience dynamic loading, which might be

considered to simulate the more realistic conditions. The strain softening effects
might be significant and as-laid embedment might increase for dynamic loading as
found in some field observations (Westgate et al. 2010b).

There is a great uncertainty in undrained shear strength of soil in the berm and
near the mudline. Accurate measurement/estimation will improve the prediction of
vertical and lateral resistance.

Soil water mixing and its effects on pipe lateral resistance can be addressed using

appropriate tools (e.g. computational fluid dynamics tools).
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