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The Influence of Dents and Gouges on the Load 

Carrying Capacity of Transmission Pipelines 

by Ibrahim Beleed IFLEFEL 

Abstract 

Damage to buried pipelines caused by mechanical digging equipment or by 

rock movement can lead to damage in the form of dents, gouges or cracks. This has 

been a recognised hazard and, as a result, there have been various research programmes 

aimed at (a) quantifying the behaviour of damaged pipelines, and (b) documenting 

procedures for minimising the likelihood of failure. 
Practical needs have stimulated both experimental and numerical studies in 

this area in order to assess various aspects of structural integrity of damaged pipes. The 

presented work is concerned with the influence of dents, gouged dents, and cracked dents 

on pipelines. Investigation of distortion of the cross-section, dent propagation along the 

pipe length, residual dent depth, contact axea between shell and rigid bodies, as well 

as bending of damaged pipes is investigated in this study. 

This research work consist of two parts: (a) finite element analyses carried out 
for mild steel pipes, and (b) experimental programme on laboratory scale steel pipes. 
A finite element parameter study is detailed for dented, gouged and cracked dents in 

pipelines which are subjected to bending. Gouges were introduced at two different 

locations along the pipe length. The first location was at the mid-span of the pipe, i. e., 

underneath of the indenter, and the second was located off-centre. The gouges were 

modelled by removing part of the wall material. When gouges become very narrow 
they can be treated as cracks in the pipe wall. These are also studied here. 

The objective of experimental study was to establish the validity of the finite 

element results. A total of six specimens have been manufactured and tested. The 

first three specimens were prepared without any surface defects whereas the second 

set of three had surface defects. All of these specimens were subjected to denting 
by hemispherical indenter, during which the pipe was supported along its length by 

a wooden saddle support. Dented pipes were subsequently subjected to bending fol- 
lowed by burst tests. The experimental results compare well with the corresponding 
finite element predictions. Recommendations for future work are presented in the final 
Chapter. 
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Nomenclature 
English Symbols 

a radius of indenter 

b semi-axis of an ellipse 

c half length of crack or gouge 

e, depth of crack or gouge 
f safety factor 

k spring stiffness 

p internal pressure 
t wall thickness of pipe 

w width of half gouge 
A the cross section area of pipe 
CA contact area 
CA,, projected contact area, 
D mean diameter of pipe 
Di inner diameter of pipe 
D,, outer diameter of pipe 
E Young's modulus 
Fmax maximum denting force 

Fo denting force for plain pipe 
L half length of pipe 
LD axial length of dent propagation 
M bending moment 
ML limit moment 
MLP limit moment for plain pipe 
MTES plastic moment (based on twice elastic slope method) 
PL limit pressure 

PLP limit pressure for plain pipe 
PTES plastic pressure (based on twice elastic slope method) 
Ri inner radius of pipe 
R, outer radius of pipe 
U2 displacement of a node in Y direction 
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Greek Symbols 

& depth of dent 

C general strain 

ayp yield stress 

ao axial stress 

ao hoop stress 

O'UTS ultimate tensile stress 

at the true stress 

Ct the true strain 

fnOM the nominal strain 

anom the nominal stress 

CPI the plastic strain 

v Poisson's ratio 
0 angle of rotation 
AA reduction of pipe's cross section area 

Abbreviations 

CNC computer numerical control 
CLOAD concentrated load 

DLOAD distributed load 

EDM electrical discharge machine 
D. O. F. degree of freedom 

FE finite element 
NLGEOM non-linear geometric analysis 
NMAP technique for mapping nodes from one co-ordinate system to another 
MPC Multi Point Constraint 
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Chapter I 

Introduction 

Background 

Týansmission pipelines axe widely used for transporting oil and gas. This 

method of delivery represented, for example, 66 % of all oil transported in the United 

States in 2000, as can be seen in Figure (1.1). As a result of growing energy demand, 

there are thousands of kilometers of large diameter, high pressure transmission pipelines 

world wide. According to recent statistics, Europe and North America have the largest 

natural gas pipeline networks [11, Figure (1.2). It is likely that the need for additional 

pipelines will grow further. 

1.2 The problem of mechanical damage 

Damage to buried pipelines caused by mechanical digging equipment or by 

rock movement is a cause of concern to onshore and offshore transmission pipeline 

operators. The resulting damage in the form of dents and gouges, can affect the load 

carrying capacity and/or operating life of the pipeline. In addition, damage in the form 

of dents and gouges, or both, can result in failures at lower pressures than anticipated. 
Mechanical damage can also cause changes in the shape of the pipeline's cross section, 

changes in the wall thickness, and local changes in material properties. 

Plain dents, plain gouges and combination of dents and gouges are regarded as 
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possible causes of pipelines failure. Dents in pipelines are usually defined as a change in 

pipe curvature but without reduction of the wall thickness. Dents are usually classified 

as local, short or long. Local dents could be caused by impact of sharp objects. Short 

and long defects axe defined on the basis of the axial length which should be less than, 

or greater than, twice the circumferential breadth, respectively [2,3]. Assessment 

procedures specify that dent's depth in a pipeline should not be greater than 8% 

(Ref. [4)), and 6% (Ref. [51), of the pipe diameter. There is however evidence that 

dents of up to 24 %, and possibly up to 30 %, of the pipe diameter may not significantly 

affect pipe's burst pressure [2]. 

Plain gouges are usually defined as reduction in the wall thickness without 

any change in the pipe curvature. This type of defects has been studied extensively in 

the last few decades. However, there is a lack of comprehensive information on pipe 
behaviour once gouges appear in dents, and pipes are subjected to bending. One of the 

main objectives of the present study is investigation of pipes with gouged dents and of 

the load carrying capacity of these pipes. 

The previous work on full and small size experiments on damaged pipes was 

carried out by various institutions, e. g., British Gas, Battelle Columbus Laboratories 

in the U. S. A., Metals Technology Laboratories CANMET in Canada, Metal Research 

Laboratories in the Netherlands, Cambridge University, and Centro Sviluppo Materiali 

in Italy. Despite these studies the effect of dents and gouges on pipe's structural 
integrity is not entirely understood, This is attributed to the complexity of the problem 
having a large number of variables which govern behaviour of damaged pipeline. 

More recent activity in this area includes set-up of a data-base containing 
information about the influence of damage on pipeline performance. This has been 

carried out by UK Onshore Pipeline Association [6,71. Another data-base containing 
information on operational incidents is based on the European Gas-Pipeline Failures 

project [7]. 

2 
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1.3 Research motivation 

Motivation for this work comes from frequent occurrence of external damage 

to the existing pipelines which are being caused by external forces, e. g., by excavation 

equipment, ship anchors, falling objects, etc.. The need for this type of work becomes 

obvious when one examines failure of pipelines as documented in various data-bases. 

One data-base that compiles the frequent occurrence of external damage to existing 

pipelines, is the United States Department of Transportation's database. It provides 

incident reports for years between 1970 and 1984, and from 1984 to 1997 (Figures 

(1.3) and (1.4)). Another one is by the Office of Pipeline Safety, USA, which contains 

compiled data on pipeline accidents for 2002-2003. It is clear from the latter database 

that for natural gas distribution pipelines, the largest portion of accidents was caused 

by outside force damage as can be seen in the Table (1.1). 

The excavating equipment can accidentally damage a pipeline without any 

warning. Damage can cause the pipeline to leak or to rupture, resulting in an imme- 

diate loss of revenue, property damage or loss of human lives. Example of such catas- 

trophic incident include an explosion on an El Paso Natural Gas Company pipeline 

near Carlsbad in August 2000, New Mexico. This accident killed 12 people and caused 

widespread property damage [8]. Moreover, damage to pipeline which did not appear 

to be serious, could weaken the pipeline causing a leak or rupture at a late stage as 

illustrated by an explosion of 0.914 m diameter Texas Eastern Gas Pipeline [9). The 

latter accident was attributed to an unnoticed gouge caused by excavation equipment. 

Understanding of the behavior of the above mentioned defects in pipes is vital 

to safe operation of pipeline systems. An improved understanding of the behaviour of 
defective pipes could also have significant benefits. There are two factors which give 

added urgency to the need for some additional work in this axea. The first relates to 

the present plans by pipeline operators to increase, where possible, magnitude of basic 

design stress, and hence operating pressures, in transmission pipeline above the levels 

stipulated by current, published recommendations such as IGE/TD/1 [10,111. The 

second factor is related to new safety assessment procedures that are currently being 

developed and aim to deal with damaged pipelines (12,13,141, and [15]. 

3 
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1.4 Loading 

In real situations the pipelines are subjected to various loading scenarios. Ax- 

ial forces, moment loading and internal pressure are obvious and common types of load 

for most piping system. In addition, the piping system can be subjected to combined 
loading such as pressure and moment. One way of assessing structural integrity of a 

component is through its plastic load or limit load. In order to understand the effect of 

each load category on the plastic behaviour of a pipe it is necessary to apply these loads 

individually. In this study, the plastic loads of concern have been assessed individually 

for a dented pipe. Combination of both internal pressure and moment loading has then 

been studied. These are two, typical forms of loading and they frequently appear in 

practice. However, two loading sequences are possible here, e. g., applying moment first 

followed by the application of an increasing internal pressure or the other way around. 
This way, the interaction diagram between these two loads could be obtained. Other 

combination of loads are possible but they are not studied here. 

1.5 The plastic load criteria 

The limit and plastic load criteria adopted in the presented work are, as 
discussed by Gerdeen [16). Plastic loads are often derived from FE or experimental 
load-displacement plots. There are a number of different criteria here. The twice, five 

times, and fifteen times elastic slope methods are recommended in ASME III Pressure 

Vessel Design Code [17] and Figure (1.5) shows a sketch illustrating fiften times elastic 
slope criterion. These criteria axe arbitrary but they allow comparison of limit loads for 

similar components. Combined effect of two, simultaneously acting loads, is usually ad- 
dressed through interaction diagrams. Figure (1.6) illustrates a case of simultaneously 
acting pressure and moment loading. 

1.6 Finite element analysis 

MSC/PATRAN [18] mesh generation program was used to create the FE 

models. The FE model was initially created as a flat plate with different sections in 

4 
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places where dents and gouges were to be introduced. The aspect ratio of elements 

could be controlled easily with this approach. The file created by PATRAN was used 

as input file for the FE code ABAQUS [19]. The NMAP feature in ABAQUS was 
then used to convert the plate to a plain pipe. Solid brick element with 20-nodes, 

C3D20R, was used throughout the analysis. The FE analysis was carried out first on 

simple models in order to build confidence in the FE analyses prior to analyses of more 

complicated cases. Detailed descriptions of models, loading, boundary conditions, etc. 

are provided later. 

1.7 Experimental work 

Experimental studies have also been undertaken in addition to the FE analysis. 
Tests on laboratory scale pipes were conducted with the aim of validating the finite 

element results of dented pipes (with a number of them containing gouges). A special 
denting and four point bending test facilities were developed to carry out these tests. 
Six test pipes were manufactured and tested to destruction. Their diameter-to-wall- 

thickness ratio was, Ra G! ' 40.0, specimen's length to outside diameter ratio was, 2L 
t-D. - 

6.0. All pipes were supported by a wooden saddle during denting. Test specimens 

were dented with a hemispherical indenter, for which the ratio of indenter's-diameter- 

to-pipe's-diameter was, M2' 1-ýIý 0.41. Gouges were prepared using electrical discharge 

machine. The high speed milling machine was also used to prepare a wider slot gouge. 
Details about manufacture of models, thickness measurements, strain gauges, etc, axe 

given in Chapters (6), (7) and in the Appendix (C). 

1.8 Scope of the present work 

Understanding the structural integrity of pipes with dents and gouges using 
full and small size tests have met with limited success. It appears that no work has 
been carried out for the bending of dented and gouged pipes (empty or pressurised). It 
is somewhat surprising that no work has been reported in this area despite its practical 
relevance. The main objectives of this study include the following tasks: 

5 
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e Develop a procedure for the FE modelling of dents, gouges and combination of 

both. These procedures should be applicable to empty and to pressurised pipes. 

Determine the ultimate denting load, residual dent depth, distortion of pipe's 

cross section area at the dent's centre, and dent propagation along the pipe's 

length. Apply these analyses to empty and to pressurised pipes. 

* Determine the interaction diagram for dented pipes. Determine the ultimate 

bending moment for combined surface defects (dents with gouges). 

9 Manufacture models and conduct experiments by denting laboratory scale pipes 

(both empty and pressurised ones). Introduce gouges into dents. 

* Subject pipe specimens to a bending moment using the four point bending test 

facility with the presence of internal pressure. 

9 Determine the ultimate moment loading. Carry out burst tests on dented and 

then bent pipes. 

It is hoped that the obtained results will contribute to a better assessment of 

pipelines with dents and pipelines with dents containing gouges. 

1.9 Structure of the thesis 

The presented work is divided into eight chapters. All tables and figures axe 

presented at the end of each Chapter. A brief description of each Chapter is given below: 

Chapter (1) Introduction and background to the research programme and the moti- 

vation behind it is outlined. 

Chapter (2) A literature survey is given. It covers external damage to pipes caused 

by outside force (dents and gouges and combination of both). 

Chapter (3) This Chapter covers numerical analyses of dents. For example, the 

contact area between indenter and shell and between shell and rigid support is com- 

puted and discussed. In addition, it quantifies propagation of the dent along the pipe's 

6 
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length,, distortion of pipe's cross section at the dent centre, as well as, determining the 

ultimate denting load and residual dent depth after removal of the indenter (spring 

back). # 

Chapter (4) This Chapter contains a preliminary finite element study into the denting 

and bending process of empty and of pressurised pipes. It is entirely numerical, i. e., 
based on the FE analyses. This Chapter deals with the interaction between internal 

pressure and bending moment for dented pipes. The Chapter is focussing on dented 

pipes without any surface defects, i. e., without cracks or gouges. 

Chapter (5) This Chapter describes the results of the FE parameter study for plain 
dents and for gouged dents. Studied variables include gouge depth, length and its 

width. All studied gouges were axial and had two locations: at the centre, beneath 

the indenter, and off-centre. All models were subjected to denting followed by bending 

moment. 

Chapter (6) Details about tests are presented here. This Chapter focusses on exper- 
imental denting process, corresponding finite element modelling and on strain gauge 

results. 

Chapter (7) Details about experimental bending tests of dented pipes, and corre- 

sponding FE models, are presented in this Chapter. The Chapter contains comparison 

between experimental bending versus rotation curve, and the corresponding FE pre- 
dictions. Comparison of experimental (strain gauge), and numerically generated (FE 

method) strains is also given in this Chapter. 

Chapter (8) Conclusions and recommendations for future work are given here. 

7 
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Natural Gas Distribution Pipeline 
Incident Summary by Cause 

1/1/2002 - 12/31/2003 

Reported Cause Number of 
Incidents 

% of Total 
Incidents 

Property 
Damages 

% of Total 
Damages Fatalities Injuries 

Construction /Operation 20 8.2 $3,086,000 6.7 0 16 

Corrosion 2 0.8 0.0 1 8 

Outside Force 153 62.4 $32,334,352 70.2 6 48 

Other 701 28.6 1 $10,617,683 [ 23.11 13 1 31 

, Total 2451 1 $46,038,0351 1 201 103 

The failure data breakdown by cause may change as OPS receives supplemental Information on 
accidents. 

Table 1.1: Incidents in natural gas pipelines caused by outside force (adapted 
from the Office of Pipeline Safety; up-to-date information can be found at 
http : //primis. rspa. dot . 9ov/pipelineinfo/stat - causes. htm). 

8 
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Water 
carriers 

Source: Association of Oil Ilipe Lines, Shifts in Petroleum Tran. sporitilion. 2002 

Figure 1.1: Modes of' peti-Oletini transportation in the USA. Total annual oil transport: 6.1 x 106 

Imi-rel miles (adapted from Rd'. [20]). 
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Figure 1.3: The pipeline incidents and their causes for years 1970 to 1984 in the USA (adapted 

from Ref. [21]). 
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Figure 1.4: Classification and associated costs of damage to the on-land pipelines in the USA. 
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banized locations (adapted from Ref. [22]). 
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Deflection 

Figure 1.5: The fifteen times elastic slope method recommended in ASME III Pressure Vessel 

Design Code [17]. 
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Figure 1.6: Format of the interaction diagram with three possible types of load interaction 
(only for positive loads). 
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Chapter 2 

Literature review 

2.1 General 

This Chapter reviews literature available in the the public domain and which 

is associated with structural integrity of transmission Pipelines. As has already been 

mentioned surface damage by outside forces remains the main focus of the review but 

some side issues are also mentioned. In order to maintain and improve safety record 

of pipelines, emphasis is being placed on the significance of defects and their role in 

structural integrity of pipelines. 

2.2 Pipes with plain dents 

Review of experimental and analytical investigations of dented pipelines was 

carried out by Alexander [231. The author presents an overview of the current research 

related to constrained dent configurations such as those created by rocks. The author 
discusses several options for repairing damaged pipes. The principal aim was to as- 

sess defect severity in terms of future behaviour involving both static burst and cyclic 

pressure conditions. 

Plain dent is defined as a change in curvature of the pipe wall without any 

reduction of its thickness (2]. Dents are usually classified as short/localised, long and 

continuous (2,3]. Shallow and long dents can be removed completely by internal pres- 
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surisation. In this case, pipe regains complete circularity. Localised/short dents can 
be pushed out almost completely leaving only residual ripples or humps around dent 

regions. A parameter study was carried out by Rinehart et al. [241 to quantify the na- 

ture of dents which fall into transition region between the short and long dents. Their 

analysis was based on the existing full-scale data and on finite element analysis. The 

study showed that, unrestrained, longer dents experience centre cracking, re-rounding, 

and relatively short fatigue lives. Shorter dents experience cracking, little re-rounding, 

and also relatively short fatigue lives. Similar finding was also presented by Beller et 

al. [25) who used 3D finite element model. 

Experimental and analytical work on dented pipes was presented by Alexan. 

der [26] and [27). The analytical and experimental tests were carried out on X52 steel 

grade pipe with diameter to wall thickness ratio equal to, D= 104.6. The denting pro- t 
cess for all cases was achieved under zero internal pressure. The author used two types 

of indenter to perform denting: dome cap and a long bar. The maximum depth of the 

dent to the pipe diameter was, 75y = 18%. Forty-four different dent configurations were 

used in the course of testing. While the primary thrust of the work was experimental, 

analytical efforts were made to address dent mechanics using first-order quadrilateral 

shell, S4R5, elements. Soil interaction was modelled using spring elements with a trial 

and error approach. 

Fifteen tests on pipeline ring specimens, made from steel X52, X65, and X60 

grades, containing dented seam welds, are reported in Ref. (28). The ring specimens 

were 75 mm wide slices of pipe, pressurised internally in a special test rig. Seven 

specimen were dented and then pressurised to failure. Three specimens achieved stresses 

exceeding yield and they did not fail. The other rings exhibited failure at stresses as 
low as 24% of the yield stress. Weld cracking was evident in some of the models after 
denting but prior to bursting. 

Experimental tests on full scale steel pipe with diameter 508 MM, X42 grade, 
and 660 mm grade X52 were presented by Belonos et al. [29]. Two different dents 

were studied, long continuous dent and a localised dent. The results demonstrate that 
the metal adjacent to the dent contains some residual stresses even though the metal 
yields. The magnitude of this residual stress was obtained by the use of strain gauges. 

13 
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Ong et al. (30] conducted 18 burst tests which revealed that the bursting 

strength of a pipe was generally insensitive to the existence of a local dent. The tests 

showed that the defect due to loss of thickness was the main factor governing the pipe 

failure. The finite element technique was used to model plain, local dent without any 

surface-defect. A shell element was used in this study. The strain-gauging results, and 

the finite element results, on plain local dent showed that the strain distribution in the 

local dent is different from strain distribution obtained for a long dent. The peak stress 

in a local dent occurred at the axial flank of the dent, while in a long dent it occurred 

at the dent's root. Also, the magnitude of the peak stress in a local dent was much 

smaller than that in the long dent. It is worth noting that results given in Ref. [301 axe 

within the elastic range, only. 

Eiber et al. [2], summaries research on burst tests which were conducted for 

temperatures ranging from -31.1 C" to 32.2 C". There were 44 dents covering short 

and long plain dent configurations. The results show no effect of temperature on 

experimental results. The dents investigated had their depth of up to, P=8.2% 

for 406 mm diameter pipe, and D8 = 5.2% for 762 mm diameter pipe. All dents were 

produced under zero internal pressure. Three different radii of indentors (solid bar) 

were used, i. e., 12.7 mm, 63.5 rnm, and 140 mm. The solid bars were placed on the 

top of the pipe with their axis parallel, at 45', and at 90' to the pipe axis. The most 

severe dent, from a stress magnification viewpoint, was found to be, a long dent with 

its axis parallel to the pipe axis. It has been concluded that plain dents do not produce 

failures, unless they are near, or on the longitudinal weld. 

Experiments on pressurised and dented pipe are reported in [31). These 

experiments were on small scale pipes with diameter to wall thickness ratio, -D2Q = 54.1, t 
and made from aluminum alloy. The indentation was caused by spherical rigid indenter 

resulting in a short dent. The denting process was carried out on empty pipes. Two 

crescent-shaped zones of high surface strain have been identified at the axial extremities 

of the dent. The location of these regions remained stationary as pressure was increased. 

Collapse pressure tests of long cylinders which had local dents was carried 

out by Park et al. [32). A number of stainless steel tubes type, SS-304, with diameter 

to wall thickness ratios of, 2= 33,24, and 19, were dented to various depths using t 

14 
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spherical indentors with diameters 0.4, and 1.6 of the tube diameter. The indentation 

was carried out in a standard, screw-type, electromechanical testing machine with the 

test specimen resting on a rigid flat plate. A thin, 1.6 mm, rubber pad was placed 

between the tube and the rigid plate to help prevent rotation of the tube during the 

early stage of indentation. The indentation was cairied out for all specimens without 

internal pressure. Collapse was carried out by enclosing each tube in a Btiff, 69 MPa 

capacity pressure vessel, and by applying external pressure. The results showed that 

tubes with relatively small dents had higher collapse pressures. Magnitude of collapse 

loads were found to be insensitive to the detailed geometry of a dent but they were 

dependent on the maximum of pipe ovalization. (of its most deformed cross section). 

Studies into plain dents produced on pressurised pipes can also be found in the 

literature. This type of defect usually occurs during service of a pipeline. In practice 

most of the damage is caused by digging and excavation equipment. Other damage 

is caused by natural events such as earthquakes, falling rocks, ice, etc.. A theoretical 

model describing the structural behaviour of dented pipe under pressure is given in 

Ref. (331. It is reported that the model gave predictions for re-rounding that were in 

good agreement with results of tests. Tests also indicated that dent re-rounding is 

cycle-dependent. 

2.3 Finite element simulation for the case of plain dent 

It needs to be stressed that finite element analysis of dented pipes has not 

been undertaken to any great extent. The reason for this is unknown. One possibility 

is probably lack of large scale computing facilities. Available results are reviewed below. 

Leis et al. (341 investigate dents on a pressurised pipe with a quarter model 

using 8-noded shell elements. The indenter and pipe support were modelled as rigid 

bodies. Additional analysis using a shell-to-solid approach was also conducted. This 

involved, 20-node solid brick element which was used in the indented region. Shell 

elements were used away from the dent region. The results obtained from the FE 

analysis in terms of a load displacement curve, were reasonable when comparison with 

experiment was made. 

15 
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Other work has been presented by Pal et al. [35] who used a shell element with 

elastic-plastic material to simulate a severely dented pipe. The FE analysis was per- 
formed for two different grades of steel X52, and X60 in order to investigate the effect 

of SMYS (Specified Minimum Yield Stress) on the stress level, and on the magnitude 

of equivalent static load, The authors reported that the pipeline portion subjected to 

high stress, has yielded. Also, operating stresses after unloading, were high but did not 

exceed the SMYS. 

Denting of pressurised pipelines under localised radial loading was modelled 
by Brooker [36]. He used a similar technique as Leis et al. (341, i. e., a shell-to-solid 

approach. It consisted of 8-noded full-integration solid elements in the dent region 

with five layers through wall thickness of the pipe, and 8-noded shell elements away 
from the dent region. The shape of the impacting excavator tooth was idealized as a 

truncated wedge. Contact between the pipeline and the indenter was modelled assum- 
ing frictionless behaviour. The tooth was modelled using a 4-node rigid element which 

was different when compared to the analytical rigid surface used by others, e. g., Leis 

et al. [341. 

Dinovitzer et al. (37,38,39] have descried the finite element model which 

considered the dent's shape and line pressure history. The proposed nonlinear finite 

element analysis included fracture mechanics based crack growth. 

Ref. [401 deals with a long radial indenting of pressurised pipes by finite ele- 

ment analysis and analytical methods. Several scenarios have been investigated such 

as different pressure levels, different support conditions, different material properties 

and different geometry of pipes. In addition to the FE, some analytical results are also 

provided. The elastic-plastic response of unpressurised pipes subjected to axially long 

radial indentation is given in Ref. [41]. A large FE study investigates deformations of 
indented rings. 

2.4 Other cases 

A closed-form solution for the evaluation of stresses associated with long axial 
dents in a pressurised pipe can be found in Ref. [42). The author concludes that for 

16 
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a long dent, the maximum bending stress always occurs at the root of the dent and 

its magnitude depends on both the dent's included angle and its profile. Sharp dent 

will induce a higher bending stress than a shallow dent. On the other hand, bending 

stresses induced in the local dent axe smaller than those in the long dent. 

2.5 Methods of denting and gouging 

Different methods of producing dents and gouges can be found in the liter- 

ature. Requent approach uses a plain pipe which could be either pressure free or 

pressurised to a given level (usually to the design level). Next, a rigid object is pressed 

to deform pipe surface. This could be by static or by dynamic loading. Different 

indenters such as spherical, solid bar or plates are used. 

Literature search shows that there are two approaches in which dents contain- 

ing gouges/cracks could be manufactured for the purpose of experimental investigation. 

The first method is described in Ref. [43). A sharp notch was machined into the exterior 

surface of the pipe and the entire area was indented with a hydraulic ram. The second 

method is described in References [3,28]. The plain pipe was dented first and this 

was followed by the introduction of the mechanical damage (a narrow flaw machined 

in the base of the dent). The results obtained from both methods were compared by 

Maxey (44). The second method proved to be less severe than the first method. Based 

on the results of 132 burst tests that involved rings and pipes, a method for prediction 

of failure was proposed. 

Description of mechanical damage in pipelines which is based on 129 experi- 

ments involving rings and vessels made from dented pipe is presented by Jones [3). It 

appears that dents of depth up to, -U6; = 24%, of the pipe diameter have no effect on 

pipeline integrity. Similar conclusion was reported by Hopkins et al. [28] for dents of 

up to, -165 = 8%, and possibly up to, D'5 = 24%. Fowler et al. (45] present a full scale test 

on a pipe. Results indicate that dents are not a problem for normal pipeline service. 
In all experimental tests reported in the literature, the residual stresses due to denting 

and subsequent removal of the indenter are ignored. 

17 
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2.6 Experimental and numerical work on dented and gouged 

pipes 

Plain gouge defined by Eiber et al. [21 and by Jones [3] mean a reduction in 

the pipe wall thickness (without any change of the curvature of the pipe wall). This 

tYpe of defect takes several forms such as V-notch or elliptic shape. 

Mechanical damage can also cause changes to the material properties of the 

pipe material. These changes in material properties are rarely uniform, and anisotropy 

and non-homogeneity of the ligament below a gouge may result. Severely deformed 

area is usually located directly beneath the gouge. In 1991, Hope [46] carried out 

experiments on the effect of the mechanical damage on the pipe material properties. 
Mechanical damage in the form of dent-gouge was introduced into a full scale steel 

pipe. The investigation revealed a large deformation layer directly beneath the gouges 

with depth equal to 100 - 200 tim, and a large prestrain of up to 50%. 

An estimate of the fatigue life of girth welds affected by dents is presented by 

Rosenfeld et al. (471. The fatigue life is estimated by considering empirical dent stress 
factors, published weld fatigue data, prevailing minimum weld quality standards, and 

accepted fatigue analysis methods. Authors indicate that in many cases, a dent on a 

weld could remain in service without repair. 

An experimental methodology for the evaluation of the resistance of gas 

pipeline being damaged by an excavator is presented by Mannucci et al. [48]. The 

test facility capable of carrying the experiment with and without internal pressure and 

other simulations is described. 

Work on combined defects, i. e., on dents and gouges, and the corresponding 
failure pressure in a pipeline was reported by Maxey (43,441. The defect was produced 
for experimentation by machining a V-shaped notch in pipe wall and then pressing a 
round bar, laid over the notch, into the pipe to form a dent. The longer the notch-and- 
dent defect, the greater the difference in their severities. All of these notch-and-dent 
failures were leaks. Because the notch-and-dent defect is made under zero pressure 
conditions, relatively deep denting was accomplished, While this simulates damage 
done when the pipeline is being constructed or repaired, it does not reveal the nature 
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of denting and gouging when pipeline is under pressure. 

Experiments on the effects of dents, gouges, and gouges in dents simulating 

external damage can also be found in Ref. [491. Eight pipe sections were made from 

steel having diameters, R= 24.5,27.4,33.4,52.6, and 91. The indenters used included t 
cylinders and an actual tooth from an excavator. Gouges were introduced into dents 

the pipe was first dented with a cylindrical indenter to a depth, 6, a gouge of depth, e, 

was introduced into the bottom of the dent. This was done by a tool piece mounted 

at the end of a pendulum. The gouge produced by this method was U-shaped. It was 
6.4 mm wide and with a radius of curvature equal to 6.4 mm at the bottom. After 

inserting the gouge to the dented pipe, the pipe was pressurised to failure. The result 

showed that a gouge in a dent is a more severe defect than either the gouge or the dent 

alone. 

Lancaster et al. (501 conducted twelve tests on small scale pipes with diameter 

to wall thickness ratio, Do = 54.1, and made from aluminum alloy 6063-TB. These t 
tests contained axial gouges with four different depths and constant length. These 

pipes were dented under zero internal pressure to three different dent depths. Tested 

specimens were pressurised, using a specially designed burst rig, to the operating and 
failure pressure. 

Another work by Lancaster et a [51), describes small scale testing of pipes 

with combined dents and gouges, Results showed that dent size has little influence on 
failure pressure, which remains close to that of plain gouge of the same dimensions. It 

3 is reported that pipes with larger combined dents, 15%, and gouges, 45%, t 
but without cracks may still be able to sustain normal pipeline operating pressures. 

Analytical and finite element analysis was carried out by Spiekhout et al. (52] 

to evaluate the resistance against mechanical damage of pipelines. Two equations were 
proposed for assessment of the mechanical damage in elastic and plastic deformation 

region. The equations derived were for the relationship between dent depth and force. 
According to these relationships, the dent depth is proportional to the force for the 

elastic deformation. On the other hand, the force required to dent a pipeline with 
internal pressure is greater then one without internal pressure. The force/dent depth 
diagram which was obtained by means of finite element calculations closely matched 
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the force/dent depth curve resulting from tests. Additionally, an equation for burst 

pressure of notched dent was presented. Authors reported that for increasing diameter, 

the dent depth decreases and the burst pressure for the notched dent caused by the 
hydraulic excavator appears to increase, hence a better resistance to mechanical damage 

was obtained. Also, for increasing diameters the resistance to external forces appears 
to increase. The same conditions were applied to the pipe wall thickness. The higher 

internal pressure the remaining dent depth is smaller and the burst pressure rises. 

2.7 Burst strength 

Assessment of the burst strength of through and part-wall defects in pipelines 
has been obtained from experimental data as detailed below. Development of empirical 

equation was described by Kiefner et al. (53]. Equation given in Ref. [53], was validated 

against 92 through-wall defects and 48 part-wall defects. The experiments were carried 

out on full scale vessel burst tests containing axially oriented and machined V-notches. 

Calculation of burst strength of dented pipes with cracks in dents is proposed 
by Ruxin et al. [541. Comparisons of predicted burst strength based on the test results 

gives good agreement with numerical analysis. The burst reliability model of dented 

pipes is also given in this reference. 

Burst test on small scale pipes with, 2= 95, made from X52 steel and t 
subjected to external loads are presented by Gresnigt et al. [551. The external load 

(external pressure or two concentrated loads acting away from the dent region) were 

applied at zero internal pressure until deformations (ovalisation, curvature change and 

rotation) have become excessive, Subsequently specimens were used for the burst test. 
These tests have demonstrated that if ductility is good, even extremely deep dents do 

not affect burst pressures. 

Work by Lancaster et al. (56] includes series of burst tests conducted on small 
scale pipes made from aluminum alloy 6063-TB and containing dents and smooth 
gouges. These results showed that gouges located near the axial extremity of a dent 

cause low-pressure failure, and indicate the presence of two regions of high strain at 
axial extremities of the initial dent. All specimens containing smooth gouges and which 
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were outside the high strain zones withstood pressures in excess of normal operating 
level. In 1993, Lancaster et al. [571, reviewed their experiments on pipes containing 
dents and gouges. Comparison of results on laboratory models with those of full-size 

tests, was made. Burst tests on ten pipe sections with external dent/notch combina- 
tions of damage while under pressure, are reported by Muntinga et al. [581. 

2.8 Repairing gouges by grinding 

Work on repairing shallow gouges in dents in pipelines by grinding out the 

gouge is described by Kiefher et al. [59]. A comparison between burst pressures and 

cyclic-pressure fatigue lives of pairs of pipe specimens, one of which was tested without 

being repaired while the other was tested after being repaired was demonstrated on 

pipe with diameter equal to 324 mm having axial gouges. The latter were machined 

into these specimens to the depths of, f= 5% to 10%. Indentation of the specimens was t 
caxried out with the pipes pressurised to a typical operating stress level. The maximum 

indentation as a percentage of the outside diameter ranged from, 5% to 20%. 

After the pressurisation, one specimen of each pair was repaired by grinding out the 

notch and any associated cracked material. The specimens were then subjected either 

to burst testing or pressure-cycles fatigue testing to failure. The results showed that 

the specimens with gouges removed by grinding uniformly exhibited burst pressures in 

excess of the 100% SMYS pressure. In contrast, the unrepaired specimens exhibited 
failure pressures which decreased with increasing dent depths to levels as low as 41% 

of SMYS. The specimens with gouges removed by grinding exhibited pressure-cycle 
fatigue lives at least four times as long as those of the unrepaired specimens. 

2.9 Resistance of pipe to puncture 

Four experiments on the resistance of the pipe to puncture were conducted 
by Maxey (44]. The penetration experiments were conducted by pressurising the spec- 
imen to the desired pressure level and then slowly pressing a wedge into the specimen 
by means of a hydraulic jack. Special monitoring equipment was used to record con- 
tinuously the wedge and depth of the penetration. The wedge used was a 25.4 m7n 

21 



CHAPTER (2): LITERATURE REVIEW 

long round bar with 45' machined wedge oriented parallel to the axis of the pipe. It 

was pressed to the pressurised vessel. The results showed that, thicker pipes exhib- 
ited the greatest resistance to penetration. Work on the design of pipelines to resist 

puncture caused by accidental impact from an excavator bucket tooth was presented by 

Driver and Zimmerman [60]. They developed a formula for determining the puncture 

resistance of a pipe to concentrated outside forces. 

A series of 14 experiments on steel pipelines, with two diameters equal to, 

273 mm, and 355.6 mm, and wall thickness varied between 4.8 mm to 6.9 mm is 

described in Ref. [61). The indenter used was the excavator bucket teeth with dif- 

ferent tooth geometries. The indentation was to cause puncture. The experimental 

models were simulated using a shell-solid sub-model finite element as described in Ref- 

erences (621 and [63]. 

2.9.1 Finite element simulation of puncture 

Recent work on the pipeline puncture under excavator loading, using finite 

element techniques, is due to Brooker [62]. The author modelled a quarter model with 

a shell-to-solid sub-model techniques. Eight - node, hexahedral elements in the contact 

regions were used. Shell elements were used in an area away from the penetration 

regions. Multi-Point Constraints were used to define the shell-to-solid transition. The 

results obtained from this model include: puncture loads and residual dent depths. 

They agreed well with experimental results published by European pipeline research 

group. 

Brooker [63), published work on the puncture which is a parameter study 

and examines a wide range of pipeline diameters, wall thicknesses and excavator tooth 

dimensions. An equation for the puncture resistance load was derived, and it was 

compared with the derived equations by Zimmerman [60) and Spiekhout [52]. 

2.10 Codes and guidelines 

Several codes are available for assessment of defect in the transmission pipelines. 
British Standard, PD6493, is widely used for assessing damaged pipelines. It has three 
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levels. The lowest level accounts for linear elastic fracture mechanics. The second level 

is based on R-curve which is used when failure is likely to occur. This level takes 

into the account the effects of plasticity. The third level is based on J-Integral which 

accounts for crack arrest. ASME Code, B31.8, and B31.4, are used for assessment of 
dents and gouges in pipelines. Both codes are conservative in their assessment of dents 

with gouges. B31.8 Code permits the removal of gouges using approved repair methods, 
but B31.8 does not permit any repair. 

2.11 The European pipeline research group 

The European pipeline research group has conducted a test programme for 15 

years to address the issue of external damage. This has resulted in database consisting of 

a large number of test results. A summary of the assessment is presented by Roovers et 

al. [641. Some of the methods described in this document have been used by companies 
for many years and where necessary they have been revised in the light of operating 

experience. Other methods have been developed more recently, in response to newly 

emerging requirements [12,14]. The types of damage addressed in the document include 

dents, gouges and dent/gouge combinations. 

2.12 Tabulation of known experiments 

The literature survey has revealed that experimental data is very fragmented 

and scattered. Also, different approaches have been used to assess surface damage. 

Some experiments simulated realistic cases whilst reasoning behind some of them is 

unclear. It was felt that it would be beneficial to collect all available experimental data 

and present it in a single Table. This Table forms Appendix (A), as Table (A. 1). It 

contains details about 420 experiments conducted by various institutions. It also gives 
basic information about the experiments, i. e., geometry of pipe, dent, gouge, material 
data, type of test, etc. Figure (2.1) shows typical forms of indenting a horizontal pipe 

- ranging from hemispherical rigid indenter to another cylinder acting as an indenter. 
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(a) Ilemispherical indenter 

Load Load 

V-Notch Indenter 

Figure 2.1: Different methods of denting of pipes. Different indenters are used, i. e., hemispheri- 
cal, V-notch, solid bar or cylinder. Usually the indentation is carried out at the pipe's mid-span. 
Also, for empty and not pressurised pipes. 
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(Front view) (Side view) 

(C) Flat plate indenter 

Solid bar indenter. orcylinder 
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Chapter 3 

Analysis of plain dents in steel 

pipeline 

3.1 Finite Element modelling 

Recent advances in computer technology have led to progress in understanding 

of many complex engineering problems. Structural integrity of pressure vessels and 

piping is an example of one of them. Many engineering software tools such as PATRAN, 

ANSYS, and ABAQUS were developed to facilitate this progress. 

The finite element code used in this study is ABAQUS/Standard 6.3 [19). Ge- 

ometry of the pipe was created using PATRAN 2001 r2a [18). The output file obtained 
from PATRAN was transferred to ABAQUS/Standard 6.3. Additional analysis options 

were added to this file before any computing was performed. This includes creation of 

a rigid indenter, rigid pipe support, the use of NMAP parameter, description of contact 
surfaces, ect. The analyses were performed on both the whole model and on a quarter 
model to ensure that a quarter model predicted the same results as the whole model. 
General view of the model which was used is shown in Figure (3.1). 

3.1.1 Pipe geometry 

Numerical analyses are based on a single geometry of the pipe for which the 

ratio of outside diameter- to-the-wall- thickness is, -DLQ 40.0. Diameter of indenter was t 
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2a such that, 17. = 0.41, (see Table 3.1 and Fig. 3.2). It is seen from Table (3.1) that 

the adopted model can be classed as small scale model. These dimensions axe close to 

experimental models to be tested and analysed later in Chapters (6) and (7). 

Let us consider a horizontal circular pipe with outside diameter, D,, of uniform 

wall thickness, t, with total length, 2L, subjected to uniform internal pressure, p, 

and being dented in the mid-span by a vertical, rigid indenter. These arrangements 

are sketched in Figure (3.1). Whenever the internal pressure is applied, the resulting 

axial stress is always taken into consideration. The above pipe is to be supported 

either by a rigid saddle, or by a rigid horizontal plate. In addition, a set of elastic 

spring elements is to be used as a possible support for the pipe. Sections through 

the pipe showing indentor, pipe, and three different types of support are illustrated in 

Figure (3.2). Figure (3.2a) shows a section through the pipe and the indentor, as well 

as through the rigid saddle support extending by 120' in the hoop direction. Three 

typical meridional profiles for the indenter are considered in the current study, and 

they are prolate elliptical, circular and oblate elliptical. The range of indenter's shapes 

considered in this study varied between -g = 0.25, and J=4.0. Shapes of the latter 

two together with hemispherical indenter are sketched in Figure (3.3). 

3.2 Boundary conditions 

As mentioned previously due to the symmetry of the problem, a quarter FE 

model was used throughout this study. The FE model which has finally been adopted 

can be seen in Figure (3.4). The boundary conditions were applied along lines 1,2,3, 

and 4 (depicted in Figure 3.5). List of variables which were constrained is explicitly 

stated in Table (3.2). Rigid body motion is prevented by taking a single node, NC, 

shown in Figure (3.5), and applying to it boundary conditions given in Table (3.2). 

Restraints were also applied to the rigid indenter allowing it to move only in one 
direction, i. e., vertically along Y-axis. Indentor was not allowed to rotate. The rigid 

saddle support was fully restrained in all directions. 
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3.3 Friction between pipe and rigid surface 

It is seen from the arrangements which have been described so far that there 

is going to be contact interaction between indenter and pipe and between pipe and its 

support, Friction needs to be considered between both of these interfaces. Contact- 

ing surfaces transmit sheax as well as normal forces across their interface. ABAQUS 

includes the friction model as a part of surface interaction definition. Several values 

of friction coefficients were used to determine the most suitable value. Results have 

showed that the friction coefficient had little effect on the dent profile, on residual depth 

of the dent, and on the ultimate denting load as can be seen in Table (3.3). As a result 

of these analyses a value of 0.35 for the coefficient of friction, (between the indenter and 

pipe, and between pipe and its rigid support), was used throughout all of the remaining 

analyses. 

3.4 Application of bending 

Once the pipe was dented it was subjected to bending. The aim here was 
to obtain the maximum values of moment which could be applied to a dented, i. e., 
damaged component. More detailed description of bending is given later. The way 
in which bending was applied is briefly outlined here. For moment loading, the nodes 

at the end of the pipe were tied to a master node at the pipe center. The "Multi- 

Point Constraint", MPC option in ABAQUS was used to apply moment loading via 

rotation of the master node. For cases of combined loading, where bending moment 

was applied first, the moment was kept constant using the ABAQUS's "Concentrated 

Load", CLOAD parameter followed by the application of increasing internal pressure. 
Again, details are given later. 

3.5 Material properties 

Prior to the FE calculations, uni-axial tensile tests were carried out on flat steel 
specimens in order to obtain material properties. Details about machining flat tensile 

coupons, their dimensions, ect, is given in Chapter (6). A typical engineering stress- 
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strain curve obtained from tensile test is plotted in Figure (3.6). This response curve 
has been converted to the true-stress, true-strain curve according to Equations (3.1) 

and (3.2), respectively. Result of this conversion is Figure (3.7a). The yield stress, olyp, 
taken as an average value of all tests, was found to be, ayp = 316 MPa. Other average 

values are Young's modulus, E= 210 GPa, and Poisson's ratio, v=0.3. It is worth 

nothing here that most of the calculations are based on the full true stress-strairi curve. 
The curve shown in Figure (3.7a) has been approximated by a set of 26 linear segments, 

as shown in Figure (3.7b). This 26 segment curve was entered into the ABAQUS input 

file. 

at = aný, (l + Enom) 

et = ln(l +c.... ) (3.2) 

3.5.1 Additional details about the IFE modelling 

* Indenters, and pipe's support were modelled using an analytical rigid surface 

option in ABAQUS. 

The quarter FE model as seen in Figure (3.4) was constructed first as a flat plate 
in rectangular co-ordinate system using PATRAN, (see Fig. 3.8a ). The mesh in 

the area where the dent is to occur needed to be refined (the top left corner). The 

flat plate was divided into a number of 'solids' with each solid having four edges 

as illustrated in Figure (3.8a). This method easily controls the aspect ratio of the 

element size. It allows the introduction of the defect to plate and subsequently 
to the pipe. Solid section could be divided much easily in plates then in pipes. 
Next, meshing was applied to these solids. Twenty node solid brick elements with 

reduced integration, C3D20R, were used. The resulting model is shown in Figure 
(3.8b). 

9 Once the meshing procedure is complete in PATRAN, the flat plate is rotated to 

a quarter pipe using NMAP option in ABAQUS, and result of this transformation 
is shown in Figure (3.8c). 
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As can be seen from Figure (3.9), several types of elements were tried to 

identify the most convenient element type for the FE model. These included shell 

elements, S4R, S8R5, solid brick elements, C3D8R, and C3D20R. Combination of 

solid-shell elements was also tried. Within the element library in ABAQUS there are 

two types of brick elements, i. e., C3D20R and C3D20. The reduced integration elements 

C3D20R have 8 integration points whereas C3D20 have 27 integration points. The 

element type, C3D20R, requires less computer time especially for 3D models whereas 

element type C3D20 is more time consuming. 

Shell elements, S4R, and S8R5, axe usually used for arbitrarily large rotations 

but only for small strain. The change in thickness with deformation is ignored in these 

elements, In contact problems the shell element uses its mid surface for contact, which 

can give inaccurate results. 

Previous FE studies at the University of Liverpool [65,661, show that the 

C3D20R element was the most suitable element for linear and nonlinear problems and 

it was used successfully for a variety of non-linear applications. This type of element 

is also recommended by ABAQUS, specially for complex problems involving contact 

and large deformations. Model based on shell elements, and model based on shell-solid 

sub-model were therefore, excluded. In addition, it has been decided to avoid wedge 

elements such as, C3Dl5R, since they tend to introduce high stress regions. 

3.6 Convergency tests of FE models 

Convergency tests were carried out on a quarter model. This includes variable 

number of elements through the thickness, different type of the elements, different 

mesh density in the dented area, and also different length of the pipe. The effect of 

the number of elements through the thickness was investigated using a quarter model 

with length 2L = 6.0. These models were dented to 0.36, with p=0.0 , 75. 

and p= 11.2MPa. The results obtained are presented in Table (3.4) for denting with 

internal pressure and in Table (3.5) for empty pipe. Results indicate that the model 

with two elements through the pipe's wall thickness are adequate for carrying denting 

process for both empty and for pressurised pipe. Therefore, two elements through the 
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thickness were applied in all future modelling of dents. 

3.6.1 Effect of pipe length 

In order to optimize the computing time, four different total lengths of pipes 

were tried, i. e., 2L = 3D,,, 6D, OD,,, and 12D,,. These models were dented to the 

depth, 0.36. The results of these analyses are presented in Tables (3.6) 

and (3-7). These tables show that models with lengths: 2L = 6D,,, 2L = 9D, and 

2L = 12D,, gave the same values of ultimate denting load and the same magnitude of 

ultimate bending moment. A slight change in the residual dent depths was noticed. 

The presence of internal pressure during denting reduced the dent propagation. 

The parameter study also included the effect of bending moment on the pipe 

length. This was carried out for empty and for pressurised cases. Results are presented 

in Tables (3.6) and (3.7). These tables show that the bending moment has effect on 

pipe length but only for length 2L = 3D,,, i. e., for the shortest case studied here. It 

can be concluded, that the most convenient total length, 2L, of finite element model 

could be, 6D,,. 

3.7 Denting of plain pipes 

3.7.1 Pressure loading 

Before commencing FE analysis one should decide on the level of internal 

pressure applied to the pipe. One possibility is to adopt an equation introduced by 

Zimmerman et al. [111. According to this reference the design pressure with safety 
factor, f=0.72, can be written as- 

2tfa, yp 
0 

(3.3) 

This pressure will lead to the axial, a,,, and hoop stress, ae. The axial stress, 

a., was applied to simulate the end cap. It was applied as a tensile pressure on the 

pipe end face: 
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aýp = 
pDi' (3.4) 

(D, 2, - D? ) 
s 

The hoop stress, ao was calculated using Lame's equation. The corresponding 

equation has the following form: 

0-0 (3.5) 

Values of the radial stress, a, were checked using Lame's equation, The radial 

expansion of the cylinder was checked using the the following equation: 

R 
AR 7ý[ao - vaýpj (3.6) 

3.7.2 Denting process for pressurised pipe 

The plain pipe was pressurised to the required pressure using Equations (3.3) 

and (3.4). The denting process staxted as follows: 

* Bring the rigid support and indenter's surface to the pipe by using "Model Change 

Option" in ABAQUS. This is done by executing two steps in ABAQUS. 

* Remove the fixed node, NC, which was used previously during the pressurisation 

step. Now, the pipe is lying between both rigid surfaces which prevent any rigid 
body motion. Hence, NC is not needed anymore. 

9 Additional steps are needed to adjust position of rigid surfaces and that of 
deformable shell to ensure fine contact of all three components (indenter-pipe- 

support). 

9 The rigid indenter is now moved downwards in vertical direction, at prescribed 

steps. This is done by applying displacement steps to the reference node of the 

rigid indenter. 

o Continue denting of the pipe to the prescribed depth, as sketched in 

Figure (3.10). 
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9 Remove the rigid indenter by applying negative displacement to the reference 

node of the rigid indenter. Obtain the residual dent depth due to elastic spring 

back. 

9 Release the internal pressure. This results in an increase of the residual dent 

depth, i. e., due to elastic spring back. 

3.7.3 Denting process for empty pipe 

The following steps were applied to the plain pipe without internal pressure 

in order to dent it to a prescribed depth: 

o Node, NC, is being fixed to prevent rigid body motion. Adjust position of rigid 

surfaces and deformable shell in order to ensure their fine contact. 

9 Release the fixed node, NC. 

* Move down the indenter in vertical direction by applying displacement to the 

reference node on the rigid indenter. 

e Continue until the required depth, is attained. IT. 

9 Remove the rigid indenter by applying negative displacement to the reference 

node on the rigid indenter. Obtain the residual dent depth due to elastic spring 

back. 

Figure (3.11) shows typical mesh adopted for denting a pipe without any 

surface damage (gouges). 

3.8 Results 

3.8.1 Support of pipe by saddle 

A typical loading-unloading curve for different dent depths is presented in 

Figure (3.12). The load required for denting the empty pipe is smaller than that 

required for pressurised one, see Figure (3.13) for comparison. Examples of the profile 
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of the residual dent along the pipe axis, and at the mid-span of the pipe, are presented 

in Figures (3.14), (3.15), (3.16), and (3.17). 

A set of typical results which were obtained for a circular pipe being dented by 

prolate, 0.25, hemispherical, 1.0 and oblate, 4.0, indenters is depicted in 

Figure (3.18). This figure consists of two sets of load-deflection curves. The first set was 

obtained with zero internal pressure. The second set of curves was obtained once pipe 

was subjected to constant internal pressure equal to the design pressure, which for this 

case is, 11.2 MPa. The maximum depth of the indentation in all of these calculations 

was arbitrarily set to, = 0.36. After reaching the prescribed depth, and the 

maximum denting force, the unloading followed. It is seen from Figure (3.18) that 

permanent, non-zero indentation depth is obtained after complete unloading and the 

indenter's separation from the pipe. 

For the case of p=0.0 and 1.0 (hemispherical indenter), the permanent 
depth at the center of the dent is, 0.338. This means that there has been an 

elastic spring-back from, = 0.36 to (D. -)R = 0.338, i. e., 6% of the maximum 
depth at the centre has been recovered during unloading. In this case, the maximum 
denting force corresponding to the prescribed depth of, 0.36 was recorded 

as 26.5 kN. For the case of p= 11.2 MPa, and a=1.0 (hemispherical indenter) the 

permanent depth after unloading, at the dent's centre is, 0.228. In this case 
the spring back amounts to about 37.0 %. 

Permanent dent reduces the area of the pipe's cross-section and the largest 

reduction of the cross-section occurs at the mid-span of pipe, i. e., at the centre of 
indenter's application. In the current calculations, the loss of the circular cross-section 

area has been estimated by the ratio, (AA) x 100 %, where A,, is the area of the initial- 

circular cross-section and AA=A - A,, (with A being the area at the pipe's mid-span 
cross-section at the end of denting process). Values of the (AA ) ratio for the above ý171 
two cases can be found in Table (3.8), and they are 18.3 % for p=0.0, and 7.5 % for 

p= 11.2 MPa. 

In the process of denting, the pipe's circular cross-section is being distorted 

not only around the application of the indenter but the distortion also spreads along 
length of the pipe. It is of interest to know how far from centre of the dent the pipe 
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re-gains its circular cross-section. Let the length LD, indicate portion of the pipe where 

its cross-section is not circular due to the existence of permanent dent at the mid-span, 

see Figure (3.19) for clear explanation. For both cases discussed above, magnitudes of 
L the jýý-ratio axe 4.6 for p=0.0, and 3.3 for p= 11.2 MPa (results of other cases can 

be found in Table (3.8)). 

Additional calculations were carried out for three other values of prescribed 
dent's depth, i. e., for (-gj, )max = 0.06,0.12, and 0.24 (assuming hemispherical indenter). 

Results which were obtained, for both pressure free and pressurised pipe, are given in 

Table (3.8). The resulting plots of denting force versus depth of the dent are similar 

to those shown in Figure (3.18). In addition to the hemispherical indenter, calcula- 

tions were also carried out for prolate and oblate shapes of the indenter. A sample 

of results for numerical models of length 2L = 12.0 is depicted in Figure (3.18) for 

both pressure free and for pressurised pipe. It is seen here that the trend in denting 

load versus deflection curves, is similar to results obtained for hemispherical indenters. 

Table (3.8) provides values of the maximum denting force and the magnitude of )R 

after unloading. For the case of pressurised pipe, the pipe remains pressurised during 

the whole unloading path. Results of additional calculations for elliptic indentors, are 

provided in Tables (3.9) and (3.10) 

3.8.2 Ultimate denting load 

It is worth noting here that numerically simulated denting process can continue 
for much larger magnitudes of dent's depth then these which were considered previously. 
For example, when the pipe is subjected to internal pressure, p= 11.2 MPa, the load 

carrying capacity can reach the maximum of 107.6 kN at (-D6-),, ax = 0.67. At the peak 
load, pipe's structural integrity however ends with a sudden wall thinning and gross 
plastic flow around the dent's perimeter. As a result, the indenter plunges through the 

wall. When the pipe is not pressurised, the denting process can continue until the pipe 
is entirely squashed by the indenter. Figure (3.20) illustrates the full loading paths for 
indenters I; = 0.25,1.0, and 4.0. The lower set of curves corresponds to the internal 

pressure, p=0.0. The top set of curves was obtained for internally pressurised. pipe 
(at the design level, p= 11.2 MPa). It is seen here that in all cases the load carrying 
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capacity reaches the maximum, and there is no loss of pipe's structural integrity from a 

numerical point of view. The corresponding values of F,,,.., and are provided 
in Table (3.11). Plots of deformed cross-section show that, from a practical point of 

view, some of these results are spurious since the indenter penetrates the bottom portion 

of the pipe (and this has not been included in the current FE modelling). Hence, in 

Table (3.11), these values axe in brackets. Deformed cross-sections with nearly-squashed 

configurations were identified visually as meaningful through the post-processing, and 

the corresponding values of denting load and denting depth are given in Table (3.11). 

Plot showing a typical cross-section which has been squashed by circular in- 

denter, for the case of empty pipe, is depicted in Figure (3.21a). It is seen here that the 

upper portion of the pipe nears the rigid saddle support (which extends by 120'). On 

the other hand, Figure (3.21b), shows the deformed cross-section at the ultimate mag- 

nitude of denting force in the case of pipe being internally pressurised to p= 11.2 MPa. 

At peak load the growth of large plastic deformations occurs and leads to the ultimate 

loss of structural integrity (see large plastic deformations indicated in Figure (3.21b) 

by points N1 and N2, and also shown in Figure (3.22b). 

Deformed portions of the pipe at the maximum load, and corresponding to 

the mid-span cross-section depicted in Figure (3.21), are shown in Figures (3.22a) and 
(3.22b). It is seen here that there is a severe distortion of the cross-section at the pipe's 

mid-span, just underneath of the indenter. Values of the (AA ) ratio are also provided ýF. 
in Table (3.11) where it is seen that they vary from 25.0 % to 84.0 %. Calculations 

show that for the current case the length, LDi varies from 4.5D. to 5.5D,,, and Table 

(3.11) contains the remaining results. 

3.9 Support of pipe by flat plate 

So far, the main focus of numerical calculations was on pipes supported by a 

saddle. Limited calculations were also performed for a pipe placed on flat, horizontal, 

and rigid plane. A set of loading and unloading curves has been generated for prolate 
0.25, hemispherical 1.0, and oblate 4.0 indenters. The total length 

2L of the pipe was, 12.0, and only one depth of the dent was considered, i. e., 
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0.36. Results which were obtained can be found in Table (3.12). Typical j 

loading and unloading plots, for a hemispherical indenter, axe shown in Figure (3.23). 

Results showed that the trend of loading / unloading curves is similar to those obtained 

for a pipe supported by a saddle. Magnitude of forces, at a given dent's depth, are 

smaller for pipes supported by a rigid plate than for pipes supported by a saddle. The 

same dent's depth can be reached using forces which are 20.0 % to 30.0 % smaller 

than in the case of support by saddle. Distortion of the circular cross-section, at the 

mid-span, varies from 13.0 % to 16.0 % for support by flat plate whilst the same ratio, 

for support by a saddle, is larger and it varies from 15.0 % to 20.0 %. The same 

observation remains true for the case of pipe being internally pressurised and then 

dented. Propagation of pipe's cross-section distortion is also laxger for a support by 

saddle than for a pipe support by a rigid, flat plate. 

3.10 Support of dented pipe by elastic springs 

This section considers pipe being supported by a set of elastic springs. Each 

node, within the range 0' < E) > 120' is being supported by two elastic springs : one 

vertical and the second acting horizontally as sketched in Figure (3.2c). Calculations 

were performed for linear elastic springs with the stiffness coefficient K= 80 MNIm. 

This value of K corresponds to saturated sand or stiff clay [67]. Typical load deflection 

curves are provided in Figure (3.23), where it is seen that Winkler's foundation provides 

slightly stiffer response than both rigid plate and rigid saddle. Table (3.12) provides 
direct comparison of results obtained for three different types of pipe support, i. e. for 

rigid saddle, rigid flat plate and linear springs. In addition to hemispherical indenter 

calculations were also performed for prolate and oblate elliptical shapes of indenter. In 

general there is not much difference between results obtained for the above mentioned 

modes of pipe support. One interesting observation is that the largest distortion of 

pipe's cross-section occurs for a support by springs. In view of results given in this 

section it was decided to adopt only one mode of pipe support, i. e., by saddle support, 
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3.11 Modelling of contact 

In this study the contact problem was solved numerically using an algorithm 

which is an internal part of ABAQUS. This algorithm is formulated as an interaction 

between master and slave surfaces. Rigid components, i. e., indenter serves as 'master' 

whilst deformable pipe remains a 'slave' surface. Similar algorithm is applied to pipe- 

rigid support interface, 

3.11.1 Contact area at indenter-pipe and pipe-support interfaces 

Numerically simulated process of denting shows that contact between rigid 
indenter and deformable pipe changes not only in size but also in shape. During loading 

process gap between two surfaces not only closes but it can also open. As a result 

contact pressure between the two surfaces changes along the primary loading path. 
Typical results for hemispherical indenter are shown in Figure (3.24) for two cases, i. e., 
for pressure free pipe, and for pressurised pipe to the design level p= 11.2 Wa. Top 

four sketches in Figure (3.24) show how the contact area changes its magnitude and 

shape for four values of dent's depth, i. e., for (k),,, a_, = 0.027,0.097,0.180, and 0.36. 
Contact pressure is not uniform along the contact surface. Points having the highest 

pressure are marked in this figure by full circles. It is also seen here that the maximum 
pressure changes its position as the denting depth increases. The growth of contact 
area is nearly linear for both pressure free pipe and for internally pressurised case - as 
shown in Figure (3,25). Magnitude of contact is, as expected, larger for pressurised 
pipe. It is worth noting that the contact area splits into concentric rings at some 

value of dent's depth as shown in Figure (3.24) (for hemispherical indenter), and in 
Figure (3.26) (for elliptical indenter). Results of calculations carried out for prolate 
and oblate elliptical profile of the indenter and results are summarized in Table (3.13). 
One characteristic feature of the contact for both prolate and elliptical profiles was the 
fact that the maximum contact pressure often was not confined to a single point but 
it was spread over a single or over several patches. This is illustrated in Figure (3.26) 
for the case of '=0.25 indenter, and in Figure (3.27) for case of a=4.0. It has T I; 
already been mentioned, that pipe considered in this section is supported by a rigid 
saddle spanning 120' in the hoop direction. Contact area at the interface between 

37 



CHAPTER (3): ANALYSIS OF PLAIN DENTS IN STEEL PIPELINE 

pipe and rigid support by a saddle has also been recorded for different magnitudes of 

dent's depth. The contact area is confined to hatched patches showed in Figure (3.28) 

(showing only a quarter model). It is seen that contact patches appear away from pipe 

mid-span for 0.027,0.097, and 0.18. Contact patches appear to drift towards 

pipe's mid-span for large or deep values of e. g., 0.36. 

3.12 Summary 

ip A number of observations can be made as a result of this numerical study of a 

single geometry pipe made from mild steel. Within the studied range of parame- 

ters, magnitude of denting force increases nearly linearly with depth of dent. For 

a pressure free pipe there is not much difference in its magnitude for different 

shapes of indenters (hemispherical or elliptical). For pressurised pipe, the mag- 

nitude of denting force can not only be several times higher but its actual value 

is strongly affected by shape of the indenter, i. e., whether it is of prolate or of 

oblate elliptical profile. 

Pipes of studied geometry are likely to withstand deeper dents when they remain 

pressure free. On the other hand, depth of dents can be about 50.0 % smaller 

when the internal pressure is kept equal to the design level. 

Permanent distortion of pipe's circulax cross-section will propagate along pipe's 

length. Within the studied range of indenter's shapes and denting depths this 

distance can be as high as ten times pipe diameter. At the same time the cross- 

section area underneath the indenter can be reduced by as much as 18.0 %. 

Growth of contact area between rigid indenter and pipe varies linearly with dent's 

depth. Contact area can change shape and some parts which were in contact may 
become contact free during denting. Contact area between pipe and rigid saddle 

support not only changes its shape but drifts axially during denting process. 
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(mm) 1- t (mm) 11 
a (mm) 11 

.-D. 

1 iM a b 
84.20 1 1 2.07 1 13.35 1 

_6.0,12.0 
14.0,2.0,1.0,0.5,0.25 

Table 3.1: Dimensions of pipe and indenter. Also, profiles of indenters to be considered: oblate 
elliptical 4.0, and 2.0; hemispherical, 1.0; and prolate elliptical a=0.5, and 0.25. F 

D. O. F Line 1 Line 2 Line 3 Line 4 

U, Ree Constrained nee Constrained 
uy Free Ree Ree Free 
U, Constrained Free aee Ree 
. P. Ree Free FYee Ree 
4), Y nee Free Ree Ree 
41, Free Ree Fýee Free 

iNoue: ror me noae iNu me tolLowing constrains were usea: um = U. = U. U; usf 9ý: U-U; 

Jý, = 4-Y = 4). = 0.0 
. 

Table 3.2: Constraints imposed on three displacements, u, and on three rotations, 4), along the 
four edges of the quarter Finite Element depicted in Figure (3.5). 

Friction Coef. 0.06 0.2 0.35 0.6 0.8 7 ý. o 
)max 0.154 0.154 0.154 0.154 0.154 0.154 

F, nam 12.0 12.0 12.0 12.0 12.0 12.0 
(6 M)R 0,134 0.134 0.135 0.135 0.135 0.135 

Table 3.3: The maximum depth of the dent, maximum denting force, and 
residual dent depth, obtained for six different values of the coefficient of friction. Also, 

p=0.0, and 2L = &0. Y. 

No. of elements 11,1 '2' 1 
F,,,,. (M) 69.0 70.43 70.43 70.43 

)maw 0.36 0.36 0.36 0.36 
(-D 0.251 0.228 0,228 0.228 
ýý 01116LO la. YV, & U& VIVIXIVILLbi A= Mu R%YCUh UL t! ICHIeMS Larougn uumness, etc. 

Table 3.4: The effect of the number of elements through the wall thickness on the ultimate 
denting load, F,,,.,,, and on residual dent's depth, )R. Results were obtained for p= 11.2 
MPa, 1.0, and 2L = 6.0. b V. - 
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No. of elements 11, '2' V 
Fm,,. (kN) 26.93 26.5 26.5 26.5 

(-E-)max 0.36 0.36 0.36 0.36 
(-00 R 0.338 0.338 0.338 0.338 

Note: '1' E single layer of elements; '21 =- two layers of elements through thickness, etc. 

Table 3.5: The effect of number of element through the wall thickness on the ultimate denting 
load, and on residual dent's depth, (8 )R. Results were obtained for p=0.0, "=1.0, 77. T 
and 6.0. Dý 

Length, 2L '3D' 
0 

'6D' 
0 

19D,, '12D' 
0 

Fmax (kN) 69.08 70.43 70.43 70.43 
)max 0.36 0.36 0.36 0.36 

D):; lFt 0,219 0,228 0.228 0.228 
(CBM),,, 

, 
(kNm) 4.57 4.51 4.51 4.52 

(OBMjmaý,, (kNm)__T 3-81 3.7 3.7 3. 

Table 3.6: The effect of the pipe length, 2L, on the ultimate denting load, F,,,,., maximum dent 
depth, residual dent depth, and on ultimate 'Closing' and 'Opening' bending 
moments. Also, p= 11.2 MPa, and two layers of elements through the wall. 

Length, 2L 

- 
T -13D, ',, 'GD,, 

(kN) 24.41 26.5 26.5 26.5 
0.36 0.36 0.36 0.36 
0.338 0.338 0.338 0.338 

(CBM),,,,, ý (kNm) 2.63 2.93 2.93 2.93 
(OBM)ma., (kNm) 4-51 4.2 4.2 4 

Table 3.7. The effect of the pipe length, 2L, on the ultimate denting load, F,,, maximum dent 
depth, residual dent depth, ('5-. )R, and ultimate bending moment. Also, p=0.0, and 
two layers of elements through the wall. 
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p (MPa) D. maw 
)I (6 )R 

Do 
Fmaw (kN) AA (%) 

A. 
(-L-11) 

D. 

0.06 0.048 7.1 1.10 0.7 
0.12 0.105 11.1 3.1 1.5 

0.0 0.24 0.220 19.1 9.4 3.0 
0.36 0.338 26.5 18.3 4.6 
0.06 0.045 12.5 0.7 1.1 
0.12 0.086 23.9 1.8 1.7 

11.2 0.24 0.157 47.5 4.3 2.2 
0.36 0.228 70.43 7.5 3.3 

Table 3.8: Results for four dents in pressure-free pipe, p=0.0. Results for further four dents 
in the case of internally pressurised pipe, p= 11.2MPa (equivalent to the design pressure), are 

2L 
given in rows 6-9. Total length, U. - = 12.0, and 1.0. 

E 72b I p (MPa) (-A, -) MaO 
(Do)R Fma, (kN) AA ') 

I 
W. M AL-D-) 

I 
(Do 

0.06 0.0480 6.57 1.1 0.6 

0 0 0.12 0.1041 10.5 2.9 1.8 
. 0.24 0.220 18.25 8.8 3.0 

0.36 0.338 25.51 17.1 5.0 
0.5 0.06 0.046 11.35 0.8 0.5 

11 2 0.12 0.091 20.97 1.9 1.1 
. 0.24 0.171 40.6 4.4 2.0 

0.36 0.247 59.6 7.6 3.0 
0.06 0,0475 6.17 1.34 0.6 

0 0 0.12 0.1027 9.86 2.60 1.8 
. 0.24 0.2180 17.10 8.0 3.0 

0 25 
0.36 0.3350 23.73 15.4 5.3 

. 0.06 0.0464 9.91 0.70 0.5 

11 2 0.12 0.0955 17.74 1.76 1.1 
. 0.24 0.1829 33.4 4.27 2,0 

0.36 0.2690 48.5 7.60 3.0 

Table 3.9: Results for prolate elliptical indenters, I'; = 0.5, and '=0.25. Residual depth of the 
dent was recorded once the pressure was released to zero. Total length of the model ,21, = 12.0. U. 
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a p (MPa) 
ý 

('6 )", am U. - ,ý )R P. am (kN) -A m A. 
A 
Do 

0.06 0.0476 8.91 1.1 0.6 

0 0 
0.12 0.106 12.85 3.5 1.7 

. 0.24 0.224 21.19 10.7 3.0 
0.36 0.39 28.5 20.5 5,0 

4.0 0.06 0.0344 17.93 0.40 1.1 

11 2 
0.12 0.052 31.6 0.45 1.5 

. 0.24 0.119 59.5 2.6 2.0 
0.36 0.194 78.4 6.8 4.4 
0.06 0.048 7.90 1.1 0.7 

0 0 
0.12 0.105 11.8 3.3 1.5 

. 0.24 0.222 20.1 10.1 3.0 
0.36 0.340 27.5 19.4 5.0 

2.0 0.06 0.041 13.6 0.6 1.1 

11 2 
0.12 0.074 27.5 1.3 1.7 

. 0.24 0.140 _ 53.6 3.6 1.9 
0.36 0.205 77.4 6.9 4.2 

Table 3.10: Results for oblate elliptical indenters 4.0, and 2.0. Residual depth of the 
2L dent was recorded once the pressure was released to zero. Total length of the model, Y. = 12.0. 

p (MPa) 2 b F. (kN) AA (%) 
A, 

IL 

0.25 38.4 (58.2) 0.61 (1.59) 69.5 5.5 

0 0 
1.0 49.6 (58.7) 0.88 (1.19) 84.4 5.5 

. -- 4.0 50.2 (64. OF 0.81 (1.20) 81.4 5.5 
0.25 106.5 0.87 58.0 5.0 

11 2 
1.0 107.6= 0.67 48.0 4,5 

. 4.0 -81.2 1 0.41 25 4.5 

Table 3.11: Values of the maximum denting force and corresponding dent's depth for three 
shapes of indenters. Ultimate values of the force and dent's depth are given in brackets, the 
totallength, 2L = 12.0. V. - 
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Saddle SuPPort Flat Plate Springs 

b b b 

4.0 1.0 0.25 4.0 1.0 0.25 4.0 1.0 0.25 

F,,,.. (W) 28.5 26.5 23.7 21.9 21.1 19.9 34.5 31.5 27.0 

0 0 
0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36 

. 
R 0.34 0.338 1 0.34 0.33 0.33 0.33 - 0.34 0.34 0.34 

(to) M 20.5 18.3 15. 16.3 15.0 13.4 21.3 18.8 15.9 

5.0 4.6 5.3 5.2 4.2 4.5 4.5 4.5 4.5 

Fma. (W) 78.4 70.43 48.5 67.8 59.0 44.5 78.5 71.8 50.6 

11 2 
CE, - 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36 

. (Z;. -)n 0.19 0.228 0.27 0.18 0.20 0.26 0.21 0.25 0.28 
(AA) (%) 

A, 6.8 7.5 7.6 3.1 5.0 6.0 9.3 9.7 8.6 

4.4 3.3 3.0 1 3.0 3.0 3.0 3.0 1 3.0 1 3.0 

Table 3.12: Comparison of results for three different types of pipe support, i. e., by saddle, by 
flat plate, and by a set of linear elastic springs (Winkler's foundation). The total length of pipe, 
2L = 12.0. U. - 

0.25 1.0 b 4.0 

(MPa) ( 'm ), na, 0 F��, (kN) CA F�,. e (kN) CA 
VÄ-. 1 

Pmam (kN) C uel. 

0.027 4.05 0.006 5.33 0.019 6.50 0.033 

0 0 
0.097 8.50 0.022 9.60 0.054 11.4 0.080 

. 0.18 13.73 0.044 15.28 0.085 17.7 0.195 
0.36 23.73 0.087 26,5 0.166 28.5 0.310 
0.027 6.80 0.008 7.93 0.0167 10,4 0.042 

11 2 
0.097 15.0 0.046 19.71 0.115 

1 

27.9 . 211 
. 0.18 1 26.9 0.093 36,18 0.233 47,9 . 55 

j50 

0.36 48.5 0.181 70.43 0.446 78.4 ; 50 0.550 

Table 3.13: Contact area, CA, between indenter and pipe. Results for four different depths of 
the indenter are provided. The initial, projected area is, CA,, = 7ra2. 
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ý F 

2a 

Do 

to a 

Figure 3.1: Geometry of deformable pipe and rigid indenter, with its parameters (pipe's support 
is not shown). 

2a- 

Indenter aX 
ýý ýb 

Iy 

Deformed 

Initial 
Shape 

k lk 

k 

(a) (b) (C) 

Figure 3.2: Illustration of three different forms of pipe support, i. e., by saddle - Fig. 3.2a, by 
flat plate - Fig. 3.2b, and by linear springs - Fig. 3.2c. 

Indenter 
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!a8, 

I 

0.25 b 

ly 

(b) =1. O 

ly 

im 4.0 b 

Figure 33: Illustration of three shapes of the indenter used in the current study, i. e., prolate 
elliptical profile, 0.25 - Fig. 3.3a; hemispherical profile, 1.0 - Fig. 3.3b; and oblate 
elliptical profile, 4.0 - Fig. 3.3c. b 

L 

(b) Side view 

Figure 3.4: A general view of a quarter FE model. Hemispherical rigid Indenter, 1.0, and 
rigid saddle support are also shown. 

45 

(a) Section view 



CHAPTER (3)- ANALYSIS OF PLAIN DENTS IN STEEL PIPELINE 

Do 

Figure 3.5: Quarter model used in the FE analyses (D. is outside diameter). Also, edges 1,2, 
3 and 4 along which boundary conditions have been applied (see Table 3.2). NC is the node at 
which constraints were applied to prevent rigid body motion. 

400 

200 

Figure 3.6: Typical uni-axial stress-strain curve for mild steel pipe ASTME A/A5 53B SCH80 
(engineering stress-strain curve, flat coupon, tensile test). 
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400 

200 

0 

(a) True strcss-strain curve. 

True Stress 
-0--00 (N1Pa) 0 

400 [��_, e0--<Linearsegment 

200 

True Strain 

to 20 

(b) Twentysix line segments oftruestress-strain curve which were input to ABAQUS. 

Figure 3.7: The true stress-strain curve data used in the FE models. 
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'Solid' 

(a) The solid sections in flat plate - view from above (PATRAN). 

(b) Meshing of the flat plate using NMAP parameter - view from above (PATRAN). 

(c) Rotating the flat plate into pipe (ABAQUS). 

Figure 3-8: Sequence of steps leading from flat plate in PATRAN to a quarter FE model in 
ABAQUS. 
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(a) Shell elements. (b) Solid elements. (c) Combined elements. 

Figure 3.9: Finite element verification models; pure shell elements, Fig. 3.9a; pure solid ele- 
ments, Fig. 3.9b; and combination of shell and solid elements, Fig. 3.9c. 
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(a) Side view of the dented pipe model (quarter model). 

. 4--Indentor 
(rigid) 

Pipe 
(deformable) 

Saddle support 
(rigid) 

(b) Cross-section view of dented pipe. 

(c) Close view of the Indented area. 

Figure 3.10: Different views of denting process by a hemispherical indenter. Note that pipe 
wall is modelled by two layers of brick elements. 
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(a) Plain pipe, i. e., without any gouging, before denting. 

(b) Plain pipe after denting (no internal pressure). 

Figure 3.11. Close view of a pipe before and after denting. Illustration of adopted meshing. 
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20 

10 

U 

Figure 3.12: Plots of denting load versus displacement of centre node. Both loading and 
unloading are shown for four dent depths, (-56, )max = 0.06,0.12,0.24, and 0.36 with the IT. 
corresponding residual dent depths. Also ,a=1.0, and 2L = 12.0. "G X 

36 

60 

40 

20 

0 

Figure 3,13, Plots of denting load versus displacement of mid-span node in the case of 
pressurised pipe. Both loading and unloading are shown for four dent depths, (-D5 = M. 
0.06,0.12,0.24, and 0.36 with the corresponding residual dent depths. Also, 1.0, and 
2L = 12.0. Y. 
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0 

20 

40 

Figure 3.14- Profile of residual dent along pipe axis for different dent depth, i. e., for 
0.06,0.12$ 0.24, and 0.36. Also, p=0.0,1.0, and 2, = 12.0. 

0 

10 

20 

Figure 3.15: Profile of residual dent along pipe length for different dent depth, i. e., for 
(X)max = 0.06,0.12,0,24, and 0.36. Also, p= 11.2 MPa, a 2L = 12.0. "6 = 1.0, and 
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Do 

Figure 3.16: Profiles of residual dent at the mid-span for different dent depths, i. e., for 
0.06,0.12,0.24, and 0.36, Also, P=0.0, a=1.0 and 2L = 12.0. V M. 

DO 

Figure 3.17: Profile of residual dent at the mid-span for different dent depth, i. e., for 
.a 

2L 0.06,0.12,0.24, and 0.36. Also, p= 11.2 MPa, F=1.0, and 7T. = 12.0. 
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60 

40 

20 

0.0 IE 
0.0 

Figure 3.18: Denting force versus vertical displacement of a node underneath of the indenter. 
Results are shown for a non-pressurised pipe and for the pressurised pipe to p= 11,2MPa. 
Three shapes of the indenter were used. Also, 2L = 12.0. ff. - 

Dent Centre 

Figure 3.19: Sketch showing the length, LD, along which pipe cross-section is not circular due 
to propagation of distortion caused by indenter being applied at pipe's mid-length. 
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80 

40 

0.0 Ir- 
0.0 

Figure 3.20: Plots of denting load versus depth of the dent for empty pipe, p=0.0, and for 
pressurised pipe, p= 11.2 Wa. Results for three different shapes of the indenter are shown. 
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P 

=0. 
Initial 
Shape 

------------------ 

Deformed formed Shape 

(a) Section through the pipe at collapse (point T in Fig. 3.20, 

54.0 kN, and .2= 1-0). b 

IP= 11.2 1-11 --- 

e rm, s ane 

(b) Section through the pipe at collapse (point 12' in Fig. 3.20, 

107.6 W, and 1.0). 

Figure 3.21: View of typical deformation of the cross-section, for empty and for pressurised 
pipe at the maximum, i. e., collapse load (for hemispherical indenter, and at mid-span). 
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Figure 3.22: Close view at collapse for the case of, empty pipe (p = 0.0), and for pressurised 

pipe (p = 11.2 MPa). Also, a=1.0, and 2L = 12.0. T VO- 

60 

40 

20 

0.0 z 
0.0 0.10 0.20 0.30 

Figure 3.23: Denting load versus dent's depth curves for a pipe being supported by a saddle, 
by flat plate, and by springs. Also, 1.0, and 2L = 12.0. 
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{pOj 

W- 0.028 

a 

Contact 
Area 

(b) 6V 0-096 

Contact 

(C) 6- = 0.18 Do 

a /\ 

(d) ý* 0.36 Doo 

OR 

J&a 

1=D0.028 8 0.096 (g) L-- 0.1 a (h) 0.3 6 
oV 

Figure 3.24: Spread of contact area between hemispherical indenter and pipe for pressure free 

pipe sub - figures 3.24a, b, c, d and for pressurised pipe Figs 3.24e, f, g, h- Also, 1.0, and 
2L 
lyo- = 12.0. 

Figure 3.25: Growth of contact area between hemispherical indenter and the pipe as a function 

of dent's depth, Two cases are shown, i. e., for pressure free pipe and for a pipe being pressurised 
2L to the design pressure, p= 11.2 MPa. Also, 12.0, and a=1.0. 
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Ar: ea Maxim, 
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0.36 
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Figure 3.26: Spread of contact area between elliptical indenter, "=0.25 and the pipe surface. T 
Two cases are shown, i. e., empty and pressurised pipe. Also , 

2L = 12.0. 

F5=-.: -070 

Ximum It "I, %Ir 
ontact I 

0Z ýn pressure i 
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p= 11.2 MPa] 
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(d) L-0.36 

NO 0-36 

Figure 3.27: Spread of contact area between elliptical indenter, 'U = 4.0 and the pipe surface, 
2L Two cases are shown, i. e., empty and pressurised pipe. Also, U11 = 12.0. 
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I Hemispherical indenter, side vie 
Indenter GDo 

600 E 
O'027 Do 

Contact area 0 
W 4 

50 
60" 

OD7 = 0=0 97 
0 

Do 
4 

500 
600 SWO-18 Do 

4 
50P 
600 

0=0.36 
Do 
4 

500- 
(C) p 0.0 

Indenter GDo 

600 
&. 
Doý0.027 

Do 
4 

Soo 
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67 = 0.097 Do 
4 500- 

600 
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Do"'18 

Do 
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- 
600 

Do= 0.36 DO 
4 600. ) 

11.2 MPa 

Figure 3.28: Shape and location of contact area between pipe and rigid, saddle support. Only, 
a quarter model is shown. Note how contact patches drift towards mid-span of the pipe for 
deeper dents. Also, f=1.0, and 2L = 12.0. b D. - 
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Chapter 4 

The interaction of pressure and 

bending on a dented pipe 

4.1 Introduction 

This Chapter addresses the behaviour of dented pipe under given pressure, 

moment loading or combination of both of them. The strength of the dented pipe is 

first assessed under pure bending, applied in such a way that the dent is either on the 

tension side or on the compression side as it can be seen in the Figure (4.1). If the 

dent occurs on the compression side of the pipe during bending, the moment is referred 

to as closing bending moment, and if it occurs on the tension side of the pipe, the 

moment is referred to as opening bending moment. The strength of the dented pipe 
is assessed under internal pressure loading. Finally the behaviour of the dented pipe 

under simultaneously acting bending and pressure loading is assessed, and interaction 

diagrams are discussed. 

4.2 Finite element modelling 

The pipe dimensions used in this Chapter were selected to be close to those of 

an experimental component, the results of which are given in Chapter (6). The dimen- 

sions are given in Table (31), Only one indenter is being used here, i. e., hemispherical 
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with, a=1.0. The plain pipe is modelled using PATRAN [18) and the stress analysis 
is conducted using ABAQUS [19). A quarter model is used in which length is taken as, 
2L = 6.0. Boundary conditions remained the same as in Chapter (3), (see Figure (3.5) D-. 
for details). For pressure loading, the inner pipe wall was subjected to pressure p. A 

tensile stress of magnitude, pD? was applied to the pipe's end. D, 2, 
-b 

4.3 The interaction diagram theory for plain pipe 

The general concept for load interaction is defined as the effect of combining 

two loads that cause the effective stress, e. g., Huber-Mises-Hencky, to reach yield stress. 
This is referred to as first yield load interaction. Different possibilities of interaction 

format can be obtained as illustrated in Figure (1.6). The circular interaction, in the 

form A2 + B2 = 1, where A and B are two non-dimensional loads. The Huber-Mises- 

Hencky biaxial effective stress is given by the following expression: 

222 aýp = ai - aoao + or, 

From which: 

aq a2 

ao =-2 (4.2) 

After re-arranging one obtains: 

ao 3 
C, O =± Cr2 -2 a02 (4.3) 

2 
Va7'YP 

470 

The axial stress due to combined pressure and moment is obtained as follows: 

pr Af 
(4.4) Tt- --I ý -r2 t 

Taking the hoop stress as: 

pr (4.5) 
t 
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one obtains from Eq. (4.3): 

pr ±M= pr V,,, 
2p 3(Pr)2 

Tt ; ýr-2 t Ft : ý: -ýt (4.6) 

Non dimentionalising can be carried out, using the following yield moment and pressure 

equations: 

My = irr'toyp and py = 
l-(-')o%,, 

p 
(4.7) 

vf3- r 

Equation (4.6) then becomes: 

After re-arranging: 

Finally: 

M irr2ta, p) [a2 - 
3(L'-)2( 

(4.8) 
7rr2t 

( 
yp t2 MY py 

" 
)2ay2p = ay2p _P )2ay2 

p 
(4.9) 

MY py 

IM 12 + [. L]2 
my py 

4.4 Limit pressure and moment for plain pipe. 

4.4.1 Limit pressure for plain pipe 

The RIKS method was used to facilitate obtaining of the limit pressure for 

the plain pipe by using ABAQUS. The material used in the FE was modelled as 
elastic/perfectly plastic. The value of the yield point of material, a,, p, was assumed 

as ap = 316.0 MPa. Figure (4.2) shows the plot of pressure versus node radial dis- 

placement, U2, for the plain pipe. As it can be seen from this figure the maximum 

pressure obtained from ABAQUS is P,,,,,, = 18.4 MPa. ABAQUS was not capable of 
producing the horizontal line of pressure versus radial displacement. The maximum 
pressure value obtained from the FE analyses was the same as the calculated value 
using the Huber-Mises-Hencky criterion, i. e.,. 

PL 2 (aup) In ( Ro 
: "ý 73 Ti 

Which gives the following value, PL =2 (316.0) In( 42.1 18.4 MPa. 73 -4-00702 
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4.4.2 Limit moment for plain pipe 

Limit moment for plain pipe was obtained from load-rotation curve generated 
by ABAQUS. Figure (4.3) shows typical moment versus rotation curve for plain pipe 

with elastic-perfectly plastic material and at zero internal pressure. The plain pipe was 

subjected to bending moment by applying rotation to the master node. The nodes at 

the end edge of the pipe were tied to the center MASTER node using the ABAQUS 

beam Multi Point Constraint. The FE limit moment value was closer to the calculated 

value obtained using the following equation: 

ML = D, 2toyp, 

Which gives: 

ML = 0.082132 x 0.00207 x 316.0 x 106 = 4412 Nm- 

4.5 Denting process 

(4.12) 

Prior to bending the pipe had to be dented. The denting process has already 
been described in Chapter (3). The dimension of the model pipe used here is the same 

as in Chapter (3), see Table (3.1). The solid indentor used to produce the dent was 

of hemispherical shape, T=1.0. The ground support, of saddle shape, was assumed 
to be rigid and continuous along the model length. The "saddle" angle was chosen 
to be 120'. In the analysis, both the ground support and the spherical indentor were 

simulated by analytical rigid surfaces available in ABAQUS. 

4.6 Bending process 

Once the denting had been completed, the denting results were stored for 

the next phase of the analysis. This part of the analysis was re-started from the 

previous analysis using RESTART option in ABAQUS. This was. done to ensure that 
the residual stresses introduced as a result of the denting process were carried forward 
into the second phase of analysis, i. e., loading by a bending moment. The restart input 
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file contains four steps and these can be summarized as follows: 

1. Remove the rigid support surface and the indenter support using, MODEL CHANGE 

parameter, 

2. Fix one node, Le, NC (see Fig. (3.5)), to prevent any rigid body motion. 

3. Apply either moment or pressure (M or p), or a combination of two. 

4. Apply Riks method for nonlinear analysis to determine the corresponding plastic 

loads. 

For combined loading, plastic loads, for either pressure or moment, are used 

to plot the interaction diagrams. Figure (4.4) shows plot of load versus centre node 
displacement for two models of material properties, i. e., for elastic-perfectly plastic 

model of material and for full stress-strain model of material. There is not a great 
deal of variation between these two curves for the loading parts. However, there is a 
large difference in the unloading part, and, in particular, in the residual dent depth. 

The Huber-Mises-Hencky yield criterion was used throughout the cycle and, for the 

unloading path, isotropic hardening was assumed for the full stress strain model. In 

the latter case, the non-linear geometry NLGEOM option in ABAQUS has been used. 
Figure (4.5) shows the load versus dent depth curves for three different residual dent 

depth ratios, (J/D,, )R = 0.053,0.1 and 0.14 using full stress strain curve. Additional 

computing for denting pressurised pipes has also been performed. These values of 

maximum depth of dents was considered, i. e., 0.078,0.155, and 0.23. After 

removal of the indenter and release of internal pressure, the residual depths were, 
)R = 0.06,0.11, and 0.15. These configurations are to be used for bending. Once the 

indentor and the rigid support surface had been removed using the MODEL CHANGE 

parameter in ABAQUS, the design pressure was released. Table (4.1) shows the residual 
dent depths for both elastic-perfectly plastic material, and for full stress strain curve, 
prior to and after the release of pressure. Figure (4.6) shows the profile of the residual 
dent (after pressure release) along its length for both material options. Figures (4.7) 

and (4.8) illustrate the residual dent profiles for materials given by, full stress strain 
curve and by, elastic-perfectly plastic material, respectively. It will be seen that the 
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two dent profiles are significantly different. Thus, from here on the full stress-strain 

curve will be used in the analysis. 

4.7 Moment and pressure loading 

4.7.1 Opening and closing bending moment 

The dented pipe was subjected to bending moment with zero pressure using 

the full stress-strain material model and NLGEOM option. Bending could be applied 

in either direction, referred to here as "closing" bending moment or "opening" bending 

moment, the former being applied such that the dent was on the compression side 

of the pipe and the latter such that the dent was on the tensile side. Figures (4.9) 

and (4.10) illustrate the deformation modes for the two bending directions at the last 

increment of the analysis for, )R = 0,15. It is clear from Figure (4.9) that closing 
bending moment tends to magnify the dent depth, thus reducing the strength. For the 

opening bending moment case, Figure (4.10), plastic buckling/bulging can be seen to 

have occurred on the compression side. 

The results of the previous analysis are plotted in Figure (4.11) which shows 
bending moment versus rotation for both opening and closing bending moment, for 

three different dent depths. As can be seen from this figure, the maximum bending 

moments required for opening are greater than those for closing bending moment and, 
for both sets of curves, the moment tends thereafter to reduce as the rotation increases. 
The opening curves plateau and then drop as buckling/bulging occurs at the bottom 

surfaces. This latter behaviour is almost identical to that of the undented pipe, the 
latter buckling/bulging at a slightly higher rotation. 

Figure (4.12) shows bending moment versus rotation for a dented pipe with 
internal pressure, p= 11.2 MPa, for three dent depths. These residual dent depths 

were the values obtained following springback on removal of the indentor and the design 

pressure. It can be seen by comparing Figures (4.11) and (4.12) that the presence of the 
design pressure decreases the bending yield strength but increases the ultimate moment 
carrying capacity of the dented pipe. The opening bending moment and closing bending 

moment curves in Figure (4.12) are essentially identical and indeed are identical to the 
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curve for the undented pipe. 

4.7.2 Pressure loading 

Figure (4.13) shows pressure versus radial displacement, U2, at the centre of 

the dent, (D- 
. 
)R = 0.15. The ABAQUS analysis was unable to proceed beyond pressure 

p= 18.4 MPa due to convergence problems. The Huber-Mises-Hencky limit pressure 
for an undented pipe is 

2 (D,, ) 
PLp = a,, ptn v3 Di 

Using the yield and diameter values quoted previously gives a limit pressure of 

18.40 MPa, i. e., virtually the same value as the maximum pressure achieved in Figure 

(4.13). This is not surprising since it is well known that smooth plain dents do not 

generally reduce the pressure load carrying capacity. What happens is that the pressure 

tends to push the dent out, thus cancelling its weakening effect. The deformed shape 

of the dent at, p= 18.40 MPa is shown in Figure (4.14) and a comparison with Figure 

(4.7) will show that the dent has recovered significantly but without the pipe regaining 

complete circularity. 

The behaviour of the dented pipe during pressurlsation was investigated fur- 

ther. This was carried out by checking the spread of plastic strain in dented pipe. The 

plastic stain was investigated at points W, 4B 11 4 C', and V as shown in Figure (4.13). 

The results show that increasing internal pressure increases, the plastic strain as can be 

seen in Figure (4.15). The maximum plastic strain obtained was, 42%, at the maximum 

pressure of 18.4 MPa. It is seen that the dent's rim is the weakest point in dent (this 

observation agrees with finding given in Ref. (681. 

4.8 Moment-pressure interaction 

Combined loading has been investigated using a residual dent depth of, 
0.15, and the analysis has again used the full stress-strain curve material and the 
NLGEOM option, 
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4.8.1 Combined opening bending and pressure loading 

The dented pipe was subjected to opening bending moment where the surface 

of the dent was pushed out as a result of both the pressure and opening moment. In 

Figure (4.16), opening bending moment was applied to the dented pipe at different 

internal pressure levels, i. e., 0.0 PLPt 0.2 PLPY 0.4 PLP) 0.6 PLPi 0-8 PLP, and 0.97 

PLP where PLP : -- 18.4 MPa is the plain pipe, Huber-Mises-Hencky, limit pressure 

given by equation (4.13). 

The procedure was first to pressurise the dented pipe to the required internal 

pressure and then to apply a bending moment. The dented shape with no internal 

pressure (as in Figure (4.11)) showed increasing strength as the bending rotation in- 

creased up to 6' (0.1 rad) and after that it started to drop off due to buckling/bulging 

as discussed above. The dented pipe with different internal pressure levels shows a 

continuing increase in the pipe strength up to 14" (0.25 rad) in all cases as the bending 

rotation increases, see Figure (4.16), 

Figure (4.17) shows pressure versus centre displacement, U2, for different 

bending moment values, i. e., 0.0 MLP, 0.2 MLP, 0.4 MLP 0.6 MLP, 0.8 MLP, 0.9 

MLPI and 0.97 MLP, where MLP = 4.412 kNrn which is the plain pipe limit moment 

given by: MLP = D, 2,, t ayp. 

The bending moment was applied first as a constant moment and in the second 

step the pressure was applied to the dented pipe. All nonlinear analyses were performed 

using the RIKS method. Figure (4.17) shows that the dent depths are reduced as the 

pressure increases. All curves tend to converge towards the same path, in some cases 
the dent depth has completely recovered although there is some residual deformation. 

Note that all of these curves started from different points due to the fact that the 

applied moment at the first step, had different magnitudes. 

The main criterion employed here in assessing plastic loads from Figures (4.16) 

and (4.17) for constructing interaction diagrams was the well-known ASME (5] twice 

elastic slope method (see Figure (1.5)). However, in some load/deformation plots where 
there is a plateau, e. g., Figure (4.16) the five times elastic slope criterion has also been 

used to ensure that the plastic load is reasonably on the plateau region. The twice 
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elastic slop and five times elastic slope criteria are considered to be useful in providing 

plastic load levels beyond which deformations become excessive. Both plastic pressure 

and moment (based on twice elastic, and five times elastic slope values), have been 

normalised using the relevant limit loads PLp and MLP for plain, undented pipe. 

The interaction diagrams are presented in Figure (4.18). This figure shows 

that the interaction is essentially circular in form for both criteria when pressure loading 

is applied first. However, when moment is applied first, the twice elastic slope criterion 

results in an almost linear relationship up to MMLP = 0.8. The equation of the best-fit 

straight line for these five points is; 

p=0.685 
- 0.194 (4.14) 

PLP 
(MLP) 

Two additional levels of moment beyond 7ý- = 0.8 were run, i. e., V4LP- = 0.9, TrL P 
and 0.97, and the results are given in Figure (4.17). However, it was not possible TrL P 
to use either of the elastic slope method on these curves to obtain plastic loads since 
the twice elastic slope and five times elastic slope lines do not intersect the response 

curves obtained from ABAQUS. The points are thus not presented in Figure (4.18). 

4.8.2 Combined closing bending and pressure loading 

Closing bending moment was applied to the dented pipe with different pressure 
levels, i. e., 0-0 PLPs 0.2 PLP, 0.4 PLA 0.6 PLPs 0.8 PLp, and 0.97 PLP, where PLP 

18.40 MPa as before. The moment versus rotation curves are presented in Figure (4.19). 

As before, the procedure was to pressurise the dented pipe to the required internal 

pressure and then to apply an increasing bending moment until gross deformation 

occurred. The dented shape with internal pressure in the cases of 0.4 PLP, 0-6 PLP, 

0-8 PLP, and 0.97PLP show an increasing bending strength as the bending rotation 
increases whereas cases 0.2 PLP, and O. OPLP show a sharp drop beyond maximum 
bending moment as the bending rotation increases. 

Figure (4.20) depicts pressure versus centre node displacement, U2, for differ- 

ent bending moment levels, i. e., for 0.0 MLP, 0.2 MLP, 0.4 MLP, 0.6 MLP, 0.8 MLP, and 
0.825 MLP- In this case the closing bending moment was applied first and kept constant 
and then the dented pipe was pressurised incrementally using the RIKS method. The 
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figure shows that the dent started to recover as the pressure increased and all curves 

tend towards the same path. In some cases the dent depth has completely recovered. 
As before, all of these curves started from different points due to the moment of dif- 

ferent magnitudes being applied at the first step. In conclusion, the closing bending 

moment has little influence on the pressure loading, the twice elastic slope or five times 

elastic slope methods gave essentially the same values for all the curves. 

The twice elastic slope criterion has been applied to the response curve shown 
in Figure (4.19) and the resulting interaction diagram for the situation where pressure 
is applied first, is given in Figure (4.21). The moment-applied-first points from Figure 

(4.20) are also included. The best fit line for the five points between (Npf )=0.0, and ML P 
0.8 was found to be horizontal at a level of, 0.675. 77P 

4.9 Discussion 

To some extent, the results have been discussed as they have been presented. 
However an attempt will be made here to emphases the more important outcomes of 

the work. 

Firstly, the load versus dent depth curves in Figures (4.4) and (4.5) are typical 

of those produced by other investigators. The present results have indicated that the use 

of elastic-perfectly plastic material properties will not produce a representative residual 
dent and thus the full stress-strain curve should be used in this type of analyses. 

The results for bending of dented pipes without internal pressure are presented 

in Figure (4,11). For opening bending moment, the maximum moment for all dent 

depths was of the same order as the limit moment of an undented pipe (4.412 kNm), 

In each of the three opening bending moment models, buckling occurred on the com- 

pression side, but only after the plastic load had been established. The strength of 
dented pipes under closing bending moment is significantly influenced by the presence 

of the dents. The maximum moment for the, (jr8, )R ---*: 0.15, case being about, 15%, 

lower than the limit moment for an undented pipe. Also, the situation is unstable, 

since the moment levels drop off quickly as the dents collapse inwards. 

The influence of the presence of design pressure on the moment carrying ca- 

71 



CHAPTER (4): THE INTERACTION OF PRESSURE AND BENDING ON A DENTED PIPE 

pacity of dented pipes is interesting. Figure (4.12) shows that the behaviour was not 

dependent either on dent depth or whether opening bending moment or closing bend- 

ing moment were applied. In each case, the curves reached a plateau at about, 15%, 

below the undented pipe limit moment (4.412 kNm), and before eventually achieving 

moment levels of about the same magnitude as that of the plain pipe value. 

The pressure versus dent-centre radial displacement is shown in Figure (4.13). 

As explained previously, the ABAQUS analysis could not proceed beyond the limit 

pressure for undented pipes due to convergence problems. This means that the strain- 

hardening section of the stress-strain curve, Figure (3.7), has not been utilized. By 

excluding the NLGEOM feature, the maximum pressure achieved was, 33.0 MPa, 

which is a better representation of pressure carrying capacity. However, Figure (4.13) is 

sufficient to provide the ASME's twice elastic §Iope and five times elastic slope pressures. 

Rom Figure (4.16), the opening bending moment carrying capacity of, (jr, )R = 
0.15, pipe is considerably influenced by the level of internal pressure, The curves are 

such that either the twice elastic slope or five times elastic slope criteria can be used to 

establish plastic loads. The latter perhaps being more relevant since the plastic loads 

are then on the plateaus of the curves. The twice elastic slope and five times elastic 

slope plastic moments from Figure (4.16) are used to plot the interaction diagrams 

in Figure (4.18). Both criteria, with pressure applied first, give essentially circular 
interaction, i. e. 

(I), +( 
m 

1.0 (4.15) 
PPL ýýLp 

With moment applied first, the opening bending moment results are as in 

Figure (4.17) with an interaction diagram in Figure (4.18) that is no longer circulax, 
but linear in form, at least up to, 0.8. The equation of this line was given before 

as Equation (4.14). 

For closing bending moment, the moment versus rotation curves for different 

pressure levels are given in Figure (4,19). For this data, only the twice elastic slope 
criterion is used for plastic loads. For the p= O-OPLP, and 0.2PLP curves, the twice 

elastic slope plastic moments are not much different from the peak moments achieved. 
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The interaction diagram in Figure (4.21), for pressure applied first, again tends towards 

circular but with the moment only value of, M/MLP, being significantly less than unity. 

For moment loading applied first, the pressure carrying capacity is unaffected, at least 

for up to, MIMLP = 0.8. 

4.10 Summary 

The following conclusions on the behaviour of dented pipes under pressure 

and / or moment loading are listed: 

* In the FE modelling of the behaviour of dented pipes, it is essential to use the 

full stress-strain material model. 

0 The results confirm that the behaviour of dented pipes under moment loading 

only is dependent on whether the dent is on the compression (closing bending 

moment) or tension (opening bending moment) side of the pipe. Dented pipes 

are stronger under opening bending than under closing bending, For opening 
bending, plastic buckling/bulging occurs on the compression side of the pipe as 

gross deformation develops. 

For opening bending, the presence of internal pressure decreases the yield mo- 

ment but increases the ultimate moment carrying capacity by preventing buck- 

ling/bulging from occurring opposite the dent. For closing bending, the presence 

of pressure is more complex in that, for low pressure levels both the yield and 

ultimate moment capacities are increased, whereas for higher pressures, yield 

moments are significantly reduced while ultimate moments are significantly in- 

creased. 

Plastic load interaction diagrams for combined internal pressure and moment 
loading have been presented for both opening and closing bending applications. 
When pressure was applied first, the interaction diagrams were of essentially 
circular form whereas, when bending moment was applied first, the interactions 

were linear in form. It appears that damage assessment guidelines would need to 
take both of these results into account, 
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Material model (-DL. )J? l P= 0-0] (k. )-R, P= 11.2 MPa 

Full stress - strain curve 0.150 0.142 
Elastic/perf ectly plastic material 0.055 0.050 

Table 4.1: The influence of material modelling and pressure on the residual depth of a dent, 
(k)R. 
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M( 

(a) Closing bending moment 

)M( 

Opening bending moment 

)M 

Figure 4.1: Direction of bending moment- the left figure illustrates closing bending moment, 
and the right sketch illustrates opening bending moment. 
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pi 

11 

la 

5 

0 

2L Figure 4.2: Plot of pressure versus centre node displacement using Riks method, for 6.0, 

and 1.0. 

M, 
4 

2 

0 

Figure 4.3: Plot of moment versus angular rotation using Riks and Multi-Point Constraint 
option in ABAQUS. Also, 6.0, and P=0.0. 
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Load 
(kN) 

Full stress-strain material model 

40 F Elastic-perfectly plastic material model 

(SID. J. - 0.23 

20 

0 
(IDo)- 

(SID. V 8 
Do 

0 0.1 01 

Figure 4.4: Plot of denting load versus dent depth for two types of material modelling, i. e., 
0 2L for elastic/perfectly plastic and for full stress strain curve. Also, 1.1 6.0, and 

p= 11.2 MPa. 
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Load 
(kN) 

40 
0.155 

lp=11.2 Waý 

20 
(SID-ý.. - 0.078 

0.23 

DO 

0 0.1 0.2 

Figure 4.5: Different residual dent depths, ( 67, ),, obtained for full stress-strain modelling of 770- 
material. Also, a=1.0,2L = 6.0, and p= 11.2 MPa. 'G V; 

0 

4 

12 

Figure 4-6: Residual dent profile in axial direction after release of internal pressure for both 
elastic/perfectly plastic and for full stress-strain curve. Also, 6.0, and p= 11.2 AlPa. 
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Figure 4.7: View of the residual dent shape after denting with full stress-strain material. Also, 
2L = 6.0, and 1.0. p= 11.2 MPa, 1y; 

Figure 4.8: Zoomed area of the residual dent shape after denting with elastic/perfectly plastic 2L material. Also, p= 11.2 MPa, D. = 6.0, and 1.0. 
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IKI 

Figure 4.9: Influence of bending on dented pipe with, )R = 0.15, 'L = 6A Results are 
shown for closing bending mode (see sketch in Figure 4.1a for description of moment). 

Dent 

AC 

Figure 4.10: Influence of bending on dented pipe with, (S2r, 0.15, U- = 6.0. Results shown 
are for the opening bending mode (see sketch in Figure 4.1b for description of moment). 
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AL Moment 
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- 0* 
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Closing bending moment 
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Figure 4.11: Opening and closing moments versus pipe rotation for different dent depths. Also, 

P=0.0, and 2L = 6.0. U. - 

4 

2 

Moment 
OBM, (S/D-)u- 0.10 (kNm) 
OBM, (81D-ý- 0.14 
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CBNI, 0.14 
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Figure 4.12: Opening and closing moments versus pipe rotation for different dent depths. Also, 
p= 11.2 MPa, and 2L = 6.0. ff. ' 
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20 

15 

10 

5 

0 

2L Figure 4.13: Pressure versus centre node displacement for dented pipe. Also, 6.0. Pipe 
was initially dented to, 0.15. Points 'A', 'B', 'C, and 'D' were used for checking the 
plastic strain - see Figure (4,15). 

Figure 4.14. Closer view of the dented area once the limit pressure, PI, = 18.4 MPa, was 
applied to residual dent shape. Also, 2L = 6.0, and ( '-), 

n = 0.15. 17. VQ 
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Figure 4.15: Closer view of the dented area showing spread of plastic strain at different stages 
2L of pressurisation. Also, the limit pressure was, PL = 18.4 MPa =6.0, and )R=0,15. Ir. 7TO 

Points W, 'B', 'C', and ID' correspond to points on Figure (4.13). 
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Figure 4.16: Opening bending moment versus rotation for different initial pressure levels of 
PLp, (PLp = 18.4 MPa). Also, 2L = 6.0. D. 

Figure 4.17: Pressure versus centre node displacement for different Initial levels of open bending 
loading (MLp = 4412 Nm). Also, 2L = 6.0. X 
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1.0 
t P/PLP 

0.8 

FES, Pressure applied first 

TES, Pressure applied first 

TES, Moment applied first 

0.6 

0.4 
I (SID. V 01 

0.2 TESM Twice Elastic Slope 
FES ý! Five Times Elastic Slope 

0 

0 0.2 0.4 0.6 0.8 1.0 

Figure 4.18: Interaction diagrams for pressure and open bending loading for dented pipe. Also, 
2L = 6.0. U. - 

4 

2 

Figure 4.19: Closing bending moment versus pipe rotation for different initial pressure levels 
(PLp = 18.4 MPa). Also, (6), n = 0.15, and "=6.0. 7r. U. - 
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Pressure 
(Mph) 

U2-displacement 
(mm) 

Figure 4.20: Pressure versus centre node displacement for different levels of closing bending 

moment loading. Also, 2L = 6.0. 7T. 
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Figure 4.21: Interaction diagram for pressure and closing bending moment loading, Also, 
2L = 6.0. F. - 
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Chapter 5 

Numerical analysis of gouged 

dents in steel pipelines 

5.1 Introduction 

This chapter is focusing on gouged dents in mild steel pipelines. This type of 
defect has been identified as the most severe type causing most pipelines to fall [21,22]. 

Only axial gouges are to be considered. They are introduced onto the outer surface of 
the pipe. Gouges are introduced to pipe surface by removal of material. Once a gouge 
is modelled, denting and bending moment are applied in two consecutive steps. Both 

closing and opening bending moment are to be examined. This Chapter focuses on the 
finite element modelling of gouges within the indented area. The following parameters 
describing a gouge are to be included: width, length and depth. Cracks within dented 

area are also to be modelled (by Node Release Method). As in previous Chapters this 

numerical work is carried out by using PATRAN and ABAQUS codes. 

Gouges are to be introduced into the quarter model. Geometry of a quarter 
FE model with all surfaces, solids, and elements is created in PATRAN. History of 
model generation is stored in the journal file, *. jou. The journal file, *. jou, has a small 
size, and it can be stored for future needs or modifications of the model. A sample 
of journal file is attached, as an illustration, in Appendix (B). The input file, *. inp, 

generated by PATRAN is used as an input file to ABAQUS. The input file generated 
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by PATRAN contains data describing the model with node sets, and elements to which 

the loading and boundary conditions need to be applied - (see the sequence of FE 

modelling and analysis steps in Figure (B. 1). A sample of the input file is also attached 
in Appendix (B). 

5.1.1 Defect parameters and their location 

Gouges are introduced to the plain pipe's wall which is to be subsequently 

dented. Due to the symmetry conditions only a quarter model of the pipe is to be 

modelled. Geometry of a quarter gouge is depicted in Figure (5.1). Its depth is denoted 

by, e, whilst half-width and half length axe denoted by, w, and, c, respectively. Two 

gouges, placed on both sides of the dent, are also considered. Both cases are shown in 

Figure (5.2). 

It is worth noting that two gouges, on both sides of dent centre axe introduced 

because the level of stress there has been identified as very high (experimental work 

reported in [501). Another type of damage considered in this Chapter is an axial crack. 
Cracks are to be modelled by Node Release Method - see Figure (5.3) for the illustration. 

5.1.2 Modelling of 'Solids' in PATRAN 

Three types of 'solid models' were prepared in PATRAN in order to handle: 

gouged pipes and the Node Release Method. These can be seen in Figures (5.4), (5.5), 

and (5.6), respectively. It is seen from Figure (5.4) and from Figure (5.5) that denser 

meshing was introduced in the area of perceived gouges. In particular the number of 

elements through the thickness had to be adjusted. Also, this number had to dissipate 

to two layers through the thickness away from gouges. The pipe dimensions used in 

this Chapter axe the same as used in Chapters (3) and (4), i. e., the ratio of the outside- 
diameter-to-the-wall-thickness is, D-1 40.0, with pipe's total length being such that, t 
2L = 6.0. 17. 
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5.1.3 Mesh generation 

Shell and solid elements are commonly used for modelling of pressurised com- 

ponents such as vessels, pipes etc. However, for complex problems with nonlinear 

geometries such as a pipe containing dents and gouges, shell elements are not suitable, 

The element type used in this Chapter is 20-noded, isoparametric, quadratic brick el- 

ement with reduced integration points, and three translatory degrees of freedom per 

node, C3D20R. This type of element has a quadratic shape function which describes 

the geometry and deformation profile more accurately when compared to the first or- 

der elements, e. g., MD8. It is worth reporting work of Lynch [65) on comparative 

performance of elements C3D20, C3D20R, and MS. 

The author reported that, the limit pressure improved by 7.0 % when C3D20R 

rather than C3D8 elements where employed. Another investigation was carried out 
by Hsieh et al. [69). They modelled axisymmetric case with, C3D8,8-noded brick 

elements as well as with C3D20R, 20-node elements. For moment loading, the results 

showed that 8-noded model overestimated the limit load obtained from 20-node model 
by about, 20 %. Similar results for pressure loading were also reported, Limit pressure 
based on elements, C3D8, was 29 % higher than the limit pressure based on the 20- 

node elements. Wedge elements C3D15 were avoided as these produced poor results 
in structural analyses (especially when they were used in the critical regions). 

5.1.4 Pressure loading and boundary conditions 

The pressure loading applied to models is the same as described in Chapters 

(3) and (4). The axial stress due to internal pressure of magnitude, pR? is applied 

on the pipe end face. The end effect has no influence on the denting load because the 

pipe end is located away from the dent centre. In this study, the analyses were carried 

out for two pressure levels, i. e., for the design level and for 25 % of the design level. The 

boundary conditions used in this Chapter are the same as those in Chapters (3) and 
(4), (see Figure (3.5) and Table (3.2)), In the presence of cracks, some of the constrains 

were left free on the crack face. 
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5.1.5 Analysis type and post processing 

The stress analYsis of FE models was carried out using ABAQUS 6.3. The 

denting procedure was carried out on a pipe described by the full stress-strain material 

model. The maximum bending moment was obtained from the ABAQUS FE analysis 

by using the Riks algorithm. The ABAQUS Viewer was used for visualization of FE 

models and of obtained results. The Microsoft Excel was also used to process some of 

the data obtained from ABAQUS. 

5.2 Modelling of a gouge 

A quarter model of the pipe was initially modelled as a flat plate. The plain 

gouges were introduced to that flat plate by taking off part of the wall thickness as 

required for each individual case. This was done in PATRAN using Geometry parame- 

ter. A sample of two solid models axe shown in Figures (5.5) for centre gouges, and in 

Figure (5.6) for an off-centre case. It is seen from Figures (5.5) and (5.6) that gouges 

were introduced to the plain pipe before denting process took place. 

Once modelling of solids in PATRAN was completed, boundary and loading 

conditions were added to the model. Then, the solid sections were meshed using brick 

solid elements, C3D20R. The 'gouged area' was modelled with eight elements through 

the wall thickness. The number of elements through the wall thickness was reduced to 

four elements through the thickness and finally it was reduced to two elements through 

wall thickness away from the gouge and dent centre - see Figure (5.7). The ligaments 

were modelled using six elements for, 0.25. Four elements were used for, St = 0.50, t 
and two elements for, 0.75. A view of the gouged area before using, NMAP, 

parameter is shown in Figure (5.8). Figures (5.9) and (5.10), show a closer view of 
axial gouge at the centre after the NMAP parameter was used. 

5.2.1 Shape of gouges 

Shape of gouges was chosen to be rectangular. This shape of a defect was 

chosen because: 
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Defects taking a rectangular shapes are easier to model, and they are likely to be 

less troublesome when running. Also, they are easier to manufacture, and hence 

they can be used to compare FE results with experimental results. 

Electrical discharge machine can be readily used to manufacture an axial slot 

gouge of a rectangular shape, with fine dimensions. 

5.3 Analysis of cracked/dented pipes through Node Re- 

lease Method 

Cracks were introduced either at the mid-span of the pipe or at a distance, 

Da 
2, from the indenter's centre - as sketched in Figures (5.2a) and (5.2b), respectively. 

Cracks were introduced into the FE model before denting has started, A range of axial 

plain cracks were created with different dimensions. The following cases were prepared 

and analysed: 2c = 0.25,0.50,0.75, and 1.0 (where 2c =- crack length). The crack 17. - 
depths, 9 were assumed as: 0.25,0.50, and 0.75. The cracks had no width, i. e., tt 
2w 
t -= 0.0 (since the cracks were modelled using the Node Release Method). Table (5.1) 

lists the FE models which were analysed. 

Calculation of the ultimate denting load, distortion of the cross section area, 

and the residual dent depth in pipe with, and without, internal pressure were investi- 

gated for both crack locations. A sample of results, for pressure free pipe, is given in 

Table (5.2), for both mid-span and for off-centre positions of cracks. Only hemispherical 

indenter was used with a single denting depth, 0,36. As mentioned previ- 

ously, after reaching the depth of, 0.36, the pipe was unloaded and final 

depth after any spring back, was recorded. When the crack depth was, 0.5, IT. 
the length of the crack had no effect on the magnitude of the denting force. For through 

the thickness cracks the magnitude of the denting force dropped by 16 % (for crack 
2c 

, varying from 0.25 to 1.0). The amount of spring back and distortion of length, r. - 
the pipe's circular cross section remained practically unaffected by variations of crack 
depth and by vaxiation of their axial length (when compared to non-cracked pipes). 
Off-centre cracks influenced the magnitude of the denting force by a larger amount 
but only in the case of through the thickness crack, ft = 1.0. Here, the magnitude of 
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denting force dropped by 50% when the axial length of the crack grew from, 2c 
= 0.25 

2c to 1.0. 

Generally, the magnitude of denting force needed to produce the same depth 

of a central dent, in a cracked pipe, is smaller than in the case of non-cracked pipes. In 

the case of, ( 6y, = 0.36, this is in order of, 9% to 18 % (compared with results in IT. 
Table (3.8) and Table (5.2)). It is worth noting that the spring back and distortion of 

A the cross section, are neaxly the same for cracked and for non-cracked pipes, 

For a pressurised pipe (to the design level, p= 11.2 MPa), it was impossible to 

consider cracks deeper than half of the wall thickness due to the lack of FE convergence. 
Hence, only, 1=0.25, and 1=0.5 were analysed. Corresponding results are given in tt 
Table (5.3). Cracked pipes with internal pressure show different behaviour to cracked 

but pressure free pipes. Firstly, as mentioned earlier, cracks deeper than 50% of the 

wall thickness cannot sustain denting process to the depth of, = 0.36 (lack 

of convergence of the FE analysis). For the remaining crack depths the magnitude of 

the denting force is nearly the same as for non-cracked pipes (again, comparing results 
A of Table (3.8) and Table (5.3). Changes in distortion of circular cross-section, ýU ., are 

very small. The largest spring back after removal of the indenter amounts to about, 
12% of the prescribed dent's depth, 0.36. These observations apply equally 
to cracks directly underneath of the indenter as well as to their off-centre positioning, 

5.4 Analysis of gouged and dented pipes 

Seventy two FE models were prepared with different variables such as gouge 
depth, width, and length. Tables (5.4), (5.5), and (5.6) show these FE models. It is 

seen that each Table consists of 12 models (4 gouge lengths, and each having 3 gouge 

depths). Length of a gouge, 2c, is normalised by, D,, and the following values were used: 

V2' = 0.25,0.50,0.75, and 1.0. At the same time width of the gouge was normalised F. - 

by wall thickness, t, and the following values were used: 2w = 0,0,0.483,1.45, and t 
2.415. It is seen from Tables (5.4), (5.5), and (5.6) that, the ratio of the gouge depth 

to the wall thickness, f, had the following values: A=0.25,0.50, and 0.75, All of the t 
gouged FE models were to be dented with and without internal pressure in the pipe. 
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The dented models were then used for second stage of the analysis, i. e., for the case of 
loading by bending moment. 

The denting procedure for empty and for pressurised perfect pipes, i. e., with- 

out gouges or cracks, was described in Chapter (3) where typical plots of loading and 

unloading paths were obtained. The same procedure is applied here, initially for empty 

plain pipes with axial slot gouges having different width, length, and depth. 

The results obtained for mid-span gouge are plotted in Figure (5.11), and for 

off-centre gouges they are plotted in Figure (5.12). The denting load for gouged or 

cracked dents was normalised using, & (denting load for a plain pipe). As it can be 

seen from Figure (5.11), the denting load decreases as the gouge length increases from 

2c 2c 0.25 to 1.0. In addition, the denting load decreases as the gouge depth 

increases and it reaches minimum for deeper gouge, 0.75. This decrease in denting t 
load is due to the partial removal of the wall material which makes the structure weaker. 
At the same time the magnitude of denting load remains nearly constant for cracked 

pipes (results based on Node Release Method - Fig. (5.11)). 

For off-centre gouges, Figure (5.12) shows the denting load versus the gouge 

and crack depth. It is seen here that the denting load decreases as the gouge depth 

increases. Besides, the denting load decreases as the gouge length increases, from 
2c = 0.25 to 2c = 1.0. The gouge width has small effect on denting load but in D. - Y. 
one case there was a large drop of the denting load (for wider gouge, Figure (5.12b)). 

For cracked pipes the denting load is constant except for longer cracks - Figure (5.12d) 

where there is a small drop in magnitude of denting load. The denting load was constant 
for cracked pipes because there is no removal of material from pipe's wall, 

As mentioned previously as the indenter is removed, the dented area is pushed 
out slightly due to the remaining residual stress in the deformed shape. Table (5.7) 

shows the residual dent depth, for different gouge's dimensions. As it can be 

seen the residual dent depths decreases as the gouge depth increases. For off-centre 
gouges, the residual dent depth is nearly the same in most cases - see Table (5.8). 
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5.4.1 Reduction of thickness in ligaments 

The reduction of the ligament thickness, for gouges at the mid-span, increases 

as the gouge depth increases - see Table (5.9). For deeper gouge, 9=0.75, there was a t 
significant reduction of the wall thickness. Table (5,10) shows that for off-centre gouges 

the reduction of the wall thickness is not as large as that in mid-span gouges, 

5.4.2 Gouged and dented pipes, (p = 2.8 MPa) 

Numerical results show that the presence of the internal pressure increases 

the strength of pipes. The ultimate denting load, for example, becomes larger than for 

empty pipes. The results obtained for mid-span gouges are plotted in Figure (5,13). 

They show decrease in denting load as the gouge length and gouge depth increase. The 

gouge's width is becoming another important variable. As the gouge width increases 

the denting load decreases. For off-centre gouges, Figure (5.14) shows similax trends 

in the denting load as for mid-span cases. The denting load decreases as the gouge 

width and depth increase. This decrease in the denting load is due to the long running 

cracks or gouges, which make the structure weaker. Convergency problem for deeper 

and larger gouges occurred as can be seen in Figure (5.14c) and in Figure (5.14d). 

The presence of the internal pressure during the denting process stiffens the 

pipe and it increases the spring back after indenter is removed. Magnitude of the 

spring back, in the case of pressurised pipes, was larger than for non pressurised pipes 
(since the internal pressure pushed the indented area out). Table (5,11) shows the 

residual dent depths after removal of the indenter and release of the internal pressure. 
For off-centre gouges, similar conclusion can be applied to the residual dent depth 

which increases as the gouge depths increases - see Table (5.12). The reduction of 
the ligament thickness for mid-span gouges, underneath the indentor is larger when 
compared with the reduction in off-centre gouges. The results obtained for mid-span 
gouges are presented in Table (5.13), and for off-centre gouges they are presented in 
Table (5.14). 
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5.4.3 Changing shape of a gouge 

During numerical analysis a convergency problem occurred during pressuri- 

sation and denting of a pipe having larger and deeper gouges. This problem was 

investigated further. Instead of having a flat bottom, some additional material was 

added these - see Figure (5.15) for different profiles of the ligament. 

2c These models had axial slot gouges with a constant length, 0,50. Differ- 

ent cross-section shapes of gouges were used in computations and they are sketched in 

Figure (5.15). The figure shows gouge ligament with the following, different thickness 

profiles: model (a) has a rectangular defect with, f=0.625; model (b) has rectangu- t 
lax defect with, 0.75; models (c) and (d) have rectangular defect with, 0.75 

tt 
and their bottom is reinforced with additional material; model (e) simulates a V-notch 

defect (with maximum gouge depth, ft = 0,75). 

The above models were dented to, ( ýHmax = 0.36, with p=0.0 and with 77., 

p=2.8 MPa. Figure (5.16) shows top view of the gouge before and after denting 

procedure. The rectangular slot gouge was expanding in both directions as the the 

denting load increased. The maximum width, WE, and length, LE, of bulges are given 

in Tables (5.15) and (5.16). Figure (5.17) shows the FE model, in which the gouge 

has the V-notch shape. The deformed V-notch model is plotted in Figure (5.18). It is 

worth noting the following: 

The bottom of gouges expands in hoop and axial directions due to the denting 

load. This expansion is maximum at the dent centre. As the denting load in- 

creases these expansions increase until puncture occurs. The largest extension 

was recorded for the model simulating the V-notch. 

o The largest reduction of the ligament's thickness was recorded in the dent having 

a mid-span gouge. For, p=2.8 MPa, the maximum reduction of the thickness 

of ligament was 79.4%. For, p=0.0, the maximum reduction of thickness of 
ligament was 74.0%. As the ligament width decreases, the reduction of the wall 
thickness increases specially for larger S. The weakest of analysed FE models t 
were models with gouges having V-notch shape. 
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5.5 Analysis of dented and gouged pipes subjected to 

bending 

The bending moment is to be applied to gouged plain, and gouged dented 

pipes with and without internal pressure. Also, the bending moment will be of opening 

or closing type - as sketched in Figure (4.1). Due to the large amount of results from 

the parameter study, only a sample of them is presented in graphical format. The 

remaining results are given in tabular format. 

It has been shown in Chapter (4), for example in Figure (4,11), that plastic 
bending moment can only be obtained for the opening bending moment. It is immaterial 

whether this is based on two or five times elastic slope approach. But for the closing 

moment acting on a dented pipe it was impossible to adopt any of these two criteria. 
Therefore, in this Chapter, it was decided to use the ultimate bending moment values 
instead of plastic loads used previously. Two typical graphs showing bending moment 

versus pipe end rotation are shown in Figure (5.19). This figure illustrates two limit 

loads, i. e., 'P1' and 'PT, obtained through the application of the Riks method to the 

opening and closing bending moment, respectively. It is seen here that failure at 'Pil 

and at 'P2' corresponds to two different modes of failure. These modes can be seen in 

Figure (4.9) and in Figure (4.10) where it is seen that buckling/bulging is the failure 

mode associated with 'Pl'. The buckle occurs on the other side of the dent. Growth 

of the dent and squashing of the mid-span cross-section corresponds to the mode, IP2'. 

Bending moment can cause failure growth of 'a buckle' near the pipe's end. 
This is illustrated here by plotting magnitude of bending moment versus pipe end 
rotation for pressurised pipe, - see Figure (5.20), and examing the deformed shape at 
the ultimate bending moment, 'PI', - see Figure (5.21b). When pipe remains empty 
its shape at failure, corresponding to IPT - see Figure (5.21b), is depicted in Figure 
(5.21a). 

Figure (5,22) shows a sample of results for the opening bending moment and 
for closing bending moment when plain pipe had axial gouges but it remained not 
dented. Figure (5.22a) depicts results for mid-span gouge whilst Figure (5.22b) for 

an off-centre gouge. Additional results axe provided in this figure for dented pipe, to 
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0.36, and having gouges. Figure (5.22c) shows results for mid-span gouge, 

and Figure (5.22d) is for an off-centre gouge. The denting procedure was carried out 

for both empty and for pressurised pipe, p=2.8 MPa. The objective of this task 

was to compare the results for dented and gouged pipe with results for plain pipe 

without defects. The results show that the presence of internal pressure strengthens 

the structure (especially for opening bending moment). The value of angular rotation, 

for opening moment at failure is larger than the corresponding value for closing moment 

loading. Also, there is not much difference between the ultimate bending moments for 

plain pipes with axial slot gouges at both locations, i. e., mid-span and off-centre. The 

remaining results of the ultimate moment values for both opening and closing moment 

for empty and for pressurised pipes axe tabulated and they are as follows: 

9 For mid-span gouges, values of the ultimate opening and closing moments (from 

Node Release Method) are given in Tables (5.17) - (5.20). Values of the ultimate 

opening and closing moments (using removal of material) are given in Tables 

(5.21) - (5.32). 

For off-centre gouges, values of the opening and closing moments (from Node 

Release Method) are given in Tables (5.33) - (5.36). Values of the ultimate open- 

ing and closing moments (using removal of material) are given in Tables (5.37) - 
(5.48). 

Results for gouged pipes can be compared with results for gouges free pipe 

given in Table (5.49). The latter Table has relevant results for internal pressure, p 

= 2.8 MPa, and p=5.6 MPa. Samples of deformed shapes of gouged plain pipes at 

the ultimate bending moment are shown in Figure (5.23), and in Figure (5.24) for mid- 

span gouges. Figure (5.25), and Figure (5.26) show similar results for off-centre gouges. 
Deformed pipes, which contained mid-span gouges and dents, at the ultimate bending 

moments, are depicted in Figure (5.27) for closing moment, and in Figure (5.28) for 

opening bending moment. Similar results are plotted in Figure (5.29) and in Figure 

(5.30). 
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5.6 Closure 

It is worth noting the following: 

9 Cracks deeper than 50% of the wall thickness could not sustain denting to the 

depth of, (. g'5, )max = 0.36, in pipes subjected to pressure equal to the design level 7T. 
(due to the lack of convergence of the FE analysis). 

e The amount of spring back and distortion of the pipe's circular cross section 

remained practically unaffected by variation of crack depth and crack axial length. 

a During denting the reduction of the wall, or ligament, thickness increases as the 

gouge depth becomes larger. 

* The magnitude of the ultimate closing bending moment increases in presence of 
internal pressure. Presence of dents weakens the structure and buckling/bulging 

or collapse occurs faster when compared to non dented pipes. 
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Variable (! 
-') = 0.25 D. 

( 2c) 
= 0.50 D,, 

(! 
-') = 0.75 1 

D,, = 1. Do 
0 

0.2 Yes Yes Yes Yes 
0.50 Yes Yes Yes Yes 
0.75 Yes Yes Yes Yes 
1.0 Yes Yes Yes Yes 

Table 5.1: List of Finite Element models to be analysed using Node Release Method (zero 
4 2L 
width' cracks). Also, 6.0, and 0.0. t 

(2 )ý I( 
-ý' 

) 
-* 0.25 0.50 0.75 1.0 

t D, 
F,,,. (kN) 24.2 24.2 24.2 24.3 

0.5 6 
D. R. 

0.340 
II 

0.340 0.340 0.339 
) ( 18.2 1 18.2 18.1 19.7 

Centre A. 

F,,,,, (kN) 1 23.6 22.6 21.5 20.3 

1.0 45 
Do 0.348 0.347 0.345 0.334 

(A) 18.3 18.5 19.2 19.5 
I Ao II I 

F, n. 4ýý 
(kN) 24.4 24.3 24.1 23.9 

0.5 0.339 0.338 0.338 0.338 

18.1 18.0 18.0 18.0 
Of fcentre - 1 F,,, am (kN) 25.5 

. 
24.3 23.6 16.9 

1.0 iZ n 
0.338 0.338 0.338 0.329 

A 
; j; 

) 17.9 18.8 19.5 19.2 

Table 5.2: Results for cracked pipe subjected to denting depth, (7,75 0.36, and for mid- 5,; 
span and off-centre positions of cracks. All results are for pressure free pipe, p=0.0. Node 
Release Modelling was used and model length was 2L = G. O. '5. - 
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0.25 0.50 0.75 1.0 Do 
Fmax kN) 70.2 70.2 70.0 70.0 

0.25 
6 (Do 

R. 
0.219 

I 
0.217 0,216 0.216 

A 
Z 

( ) 6.9 6.9 6.8 6.8 
Centre Ao 

F,. 
a,, (kN) 1 70.3 70.2 69.9 69.9 

0.50 0.218 0.215 0.210 0.210 

6.9 6.7 6.5 6.3 

F, aý, 
(kN) 69.6 69.6 69.5 69.5 

0.25 0.209 0,209 0.208 0.209 

A 6.3 6.3 6.3 6.3 
Off centre Ao 

F,,, a., (kN) 69.6 69.5 69.4 69.3 

0.50 's (Do 
n 

0.209 0.207 0.204 0.202 
A 6.2 6.4 5.8 Ao 

Table 5.3: Results for cracked pipe subjected to denting depth, 0.36, and for mid- 
span and off-centre positions of cracks. All results are for pressurised pipe, p= 11.2 Wa. 
Node Release Modelling was used and model length was 2L = 6,0. U. - 

Variable 20 )=0.25 
D, 

2c 0.50 (1-c) 
= 0.75 Do 

(-ý') 
= 1.0 A, 

0.25 Yes Yes Yes es y' 
0.50 Yes Yes Yes s ye' e 

j 

0.75 Yes Yes Yes 
EY 

esS 

Table 5.4: List of Finite Element models to be analysed. Also, 6.0, and 2P = 0.483. 

Variable 2c 0.25 
(2c 0.50 

Do 
2c 0.75 2c 

V. - 1.0 
-6.2 

.5 Yes Yes Yes Yes 
07 0.50 Yes Yes Yes Yes 

-(f) 
0.75 Yes Yes Yes Yes 

Table 5.5: List of Finite Element models to be anal sed. Also, 2L = 6.0, and 2" = 1,449. y 'g. - t 
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Variable -2') = 0.25 2c 0.50 2c 0.75 D. 
: 2c 

0.25 Yes Yes Yes Yes 

. 50 0 Yes Yes Yes Yes 
0.75 Yes Yes Yes Yes 

Table 5.6: List of Finite Element models to be analysed. Also, 6.0, and 2' = 2.415, t 

variable 
1 1 

-! '- 
1 

D. 
e 17=0.25 0.5 0 st = . 7, 

0.25 0.342 0.341 0.341 
2w 0 50 0.50 0.342 0.341 0.341 

= . t 0.75 0.341 0.341 0.341 
1.0 0.341 0.341 0.341 

0.25 0,341 0.34 0.34 
2w 1 45 0.50 0.34 0.34 0.27 

= . t 0.75 0.34 0.34 0.27 
1.0 0.34 0.34 0.27 

0.25 0.34 0.34 0.32 
2w 2 42 

0.50 0.34 0.33 0.32 
= . t 0.75 0.34 0.33 0.32 

1.0 0.34 0.33 0.32 

Table 5.7: The residual dent depth, )R, after removal of the indenter. Pipe had mid-span V; 
gouge and it was dented to: 0.36. Also, P=0.0,2T, = 6.0, and 1.0. M. U. - 

variable 
(2c) 

Do 0.25 t f=0.50 t 0.7 t 
0.25 0.342 0.342 0.342 

2w 
=0 50 0.50 0.342 0.342 0.342 

. t 0.75 0.342 0.342 0.342 
1.0 0.342 0,342 0.342 

0.25 0.342 0.342 0.342 
2w 

=1 45 0.50 0.342 0.342 0.342 
. t 0.75 0.342 0.342 0.343 

1.0 0,341 0.340 0 . 34 
0.25 0.342 ___ 0.342 0.342 

2w 
=2 42 0.50 0.342 0.342 0.346 

. t 0.75 0.342 0.342 0.343 
1.0 0.340 0.340 0.34 

Table 5.8: The residual dent depth, for the off-centre gouge. Pipe was dented to: 
8 )max = 0.36. Also, p=0.0,21, = 6.0, and 1.0. 
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variable (1'-) 1 
Do 

1f=0.25 f=0.50 t ý2 = 0.75 t 

0.25 5.4 10.3 10.0 

50 0 0.50 5.3 11.0 10.0 
. t 0.75 5.5 11.0 11.0 

1.0 5.6 11.0 12.0 
0.25 4.85 9.4 12.0 

2w 45 1 0.50 5.1 9.3 11.0 
. = t 0.75 5.0 9.3 13.0 

1.0 5.0 9.0 13.0 
0.25 4.7 8.0 10.0 

2w 42 2 0.50 4.7 7.0 10.0 
. = t 0.75 4.8 8.0 10.0 

1.0 4.8 9.0- 11.0 

Table 5.9: The reduction of the ligament thickness at the centre of the gouge; mid-span gouge, 
0.36, p=0.0,2L = 6.0, and a=1.0. Results are given as 1x 100 V. - bt 

variable 2'-) 1 (Do e 1 
j=0.251 

--- t =0.50.. l t=0.75 t 

0.25 3,5 3.58 3.5 
0 5o 0.50 3.56 3.43 3.33 

. t 0.75 3.7 3.50 3.3 
1.0 5.27 3.50 3.3 

0.25 3.55 3.6 3.4 
2w 

=1 45 0.50 3.6 3,5 3.3 
. t 0.75 3.41 3. TO- 3.0 

1.0 5.0 3.20 3.0 
0.25 3.50 3.50 j-. 40 

2-' =2 42 0.50 3.60 3.40 4.44 
. t 0.75 3.40 3.0 3.0 

1.0 4.67 3.0 3.5 
Table 5.10: The reduction of the ligament thickness at the centre of the gouge; Off-centre gouge, 

45 )max 

= 0ý36' p=0.0,2L = 6.0, and 1.0. Results are in: 
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variable 
(! 

-') 
1 

Do 
e 17=0.25 0.50 t 

E=0 
. 75 t 

0.25 0.323 0.320 0.1313 
2w 0 50 0.50 324 0.318 0.316 

= . t 0.75 
: 
0324 . 324 0.320 0.316 

1.0 . 324 0.324 0.325 011- 
0.25 0.323 0.321 0.31 

2w 1 45 0.50 0.322 0.318 0.30 
= . t 0.75 0.353 0.321 0.30 

1.0 0.323 0.322 0.27 
O. 25 0.32 0.31 0.30 

42 2w 2 0.50 0.50 0.32 0.31 0.30 
. = t 

E 

0. 0. 75 0.75 

j 

0.32 0.31 0.27 
111.0 . 0 .0 0.34 0.32 0.30 

Table 5.11: The residual dent depth, (18i ), R, after releasing of the internal pressure; mid-span V. - 
gouge, 0.36, p=2.8 MPa. AISO, 2L = 6.0, and a=1.0. 

V. - V 

l 
variable 

[1 ( 2e) 
D, 

1e 
= 0.25 0.50 t 0.75 t 

0.25 0.323 0.323 0.323 

2w 0 50 
0.50 0.324 0.321 0.318 

t= . 0.75 0.324 0.320 
1.0 0.324 0.318 

02 5 0.324 0.323 0.323 

2w 1 45 
0.50 5 0.50 0.329A4 0.321 0.318 

. t 

j 

0.75 

g 

0 0.75 0.324 0.320 
1. 0 1.0 1.0 0.322 0.316 

0.25 0.324 0.323 0.323 
2w 2 42 0.50 0.323 0.322 0.318 

. t 0.75 , 31: 2: 41 0.321 
1.0 0.0 0 20 0.320 , 0,310 

* =- no convergency during denting 

Table 5.12: The residual dent depth, after releasing of the internal pressure; off-centre 
gouge, )max = 0.36, p=2.8 MPa. Also, 6.0, and 1.0. 
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variable 1 1 (-k-) j 
Do 

ý2=0.25 
t ý2 = 0.50 t ý2 = 0.75 t 

0.25 7.0 12.1 12.0 
2w 0 50 0.50 7.0 12.0 12.1 

= . t r7 -5 7.0 12.0 12.1 
7.0 11.0 12.0 

0.25 7.0 12.0 12.0 
2w 1 45 0.50 8.0 11.0 11.0 

= . t 0.75 7.0 12.0 9,4 
1,0 7.0 12.0 9.0 

0.25 7.0 8.3 9.0 
2w 2 42 0.50 7.0 7.4 9.0 

= . t 0.75 7.0 8.4 9.0 
1.0 7.0 10.0 12.0 

Table 5.13: The reduction of the ligament thickness at the centre of the gouge; mid-span gouge, 
0.36, p=2.8 MPa , 

2L = 6.0, and 1.0. Results are in: 

variable e=0.25 
iI 0.50 t t 

0.25 4.8 10.0 4.4 
2w 0 50 0.50 

- 
4.8 4.62 4.5 

t= . O. ff 4.8 4.43 
1.0 7.0 16.0 

0.25 4.8 4.8 0.342 

=1 45 0.50 4.8 4.6 0.342 
. t 0.75 4.6 4.0 

1.0 7.0 12.0 
0.25 4.9 4.9 4.8 

2w 
=2 42 0.50 4.8 4.5 4.3 

. t 0.75 4.3 3.7 
1.0 7.0 10.0 

* =- no convergency during denting 

Table 5.14: The reduction of the ligament thickness at the centre of the gouge; Off-centre gouge, 
( '5 = 0.36, p=2.8 Mpa, 2L = 6.0, and '=1.0. Results are in: 157 25. - F 
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CHAPTER (5): NUMERICAL ANALYSIS OF GOUGED DENTS IN STEEL PIPELINES 

Model F,,,.. (kN) (-L) I 
Do a 

(tt) X 100 1 
to LE WE 

model (a) 37.2 0.312 11.3 33 78 
model (b) 34.9 0.226 12.2 24 62 
model (C) 35.7 0.302 16.4 4.7 50 
model (d) 35.4 0.296 79.4 

- 
4.7 

- 
56 

_model 
(e) 35.0 1 0,295 ' .O 19 F F 50 LE: Growth of gouge bulging Mn-axial direction, WE: Growth o gouge widt 

2w Table 5.15: Summary of FE results for different gouge shapes; p=2.8 MPa, 0.0594, 
2c 
Y. = 1-0, a= 1-0, (6 )max = 0.36, and '2L 

= 6.0. TXY. 

Model 1 I 1 F,,, ý (kN) I 
U. - 

( ). 
n 

I (tt) X 100 to LE. (%) WE 

model (a) 24.7 0.332 10.6 8.5 10 
model (b) 22.7 0.320 11.10 9.5 68 
model (c) 23.5 0.328 15.9 12 76 
model (d) 23.2 0.333 74.0 33 74 

Lmodel (e) 1 1 225 0.335 71.3 19 
LE: Growth of gouge bulging in axial direction, WE: Growth of gouge width 

Table 5.16: Summary of FE results for different gouge shapes; p=0,0,2w = 0.0594 , 
2c = 1.0, 

1.0, (60.36, and 2L = 6.0. D. - IT. - 
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CHAPTER (5). NUMERICAL ANALYSIS OF GOUGED DENTS IN STEEL PIPELINES 

Model type t 0.25 D. So 2c 0. 
D. 

(2c) 0.75 1.0 

0.25 5.09 5.09 5.09 5.09 
Plain pipe 0.50 5.09 5.09 5.09 5.09 

-6.7-5 5.09 5.09 5.09 5.09 
0.25 4.80 4.50 4.80 4.80 

Dented pipe 0.50 4.80 4.80 4.80 4.80 
0.75 

ý- 
4.81 4.81 1 4.80 1 4,83 

Table 5.17: Values of the ultimate opening bending moment for plain pipe, and for dented pipe, 
(4 ..... 0.36, p=2.8 MPa, and 2L = 6.0. Node Release Method, 0.0. Results are in: 
kNm. 

Model type t 
(-R-') 

= 0.25 1 
Dý 

(2-) 
= 0.50 D. 

2c 0.75 D. 
(: 

j297'- 

0.25 5.07 5.09 5.07 5.08 
Plain pipe 0.50 4.90 5.06 4.93 5.0 

_0.75 
4.55 4.64 4.64 4.64 

0.25 3.51 3.51 3.51 3.51 
Dented pipe 0.50 3.51 3.51 3.51 3.51 

0.75 3.52 3.52 3.52 3.50 

Table 5.18: Values of the ultimate closing bending moment for plain pipe, and for dented pipe, 
0.36, p=2.8 Wa, and 2L = G. O. Node Release Method, &=0.0. Results are in: t 

kNm. 

Model type 1 
t 

111 c)=0 25 D. 
11. R- (). 50 D,, 

2c 0.75 D, 
(2c 1.0 D, 

0.25 4.47 4,47 4.47 4.47 
Plain pipe 0 . 50 4.47 

- 
4.47 4.47 4.47 

0.75 T4-7 4.47 4.47 4.47-ý 
0.25 4.22 4.22 4.22 4.22 

Dented pipe 0.50 4.22 4.22 4.22 4.23 
0.75 4.20 4.21 4.23 4.24 

Table 5.19: Values of the ultimate opening bending moment for plain pipe, and for dented pipe, 
0.36, p=0.0, and 2L = 6.0. Node Release Method, 0.0. Results are in: kNm. 

Model type t 
11 o 25 

D. 
11. U- 0.50 

D. =. 0.75 D. 
0.25 4.47 4.47 4.47 4,47 

Plain pipe 0.50 11 4.47 j 4.47 4.47 4.47 
0.75 4.47 4.47 4.47 4.47 
0.25 2.93 2.93 2.93 2.93 

Dented pipe 0.50 2.93 2.93 - F-2.93 2.95 
0.75 2.92 2.92 1 2.92 1 2.94 

Table 5.20: Values of the ultimate closing bending moment for plain pipe, and for dented pipe, 
0.36, p=0.0, and 2L = 6.0. Node Release Method, 2-" = 0.0. Results are in: kNm. 
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CHAPTER (5): NuMERICAL ANALYSIS OF COUGED DENTS IN STEEL PIPELINES 

Model type 1 1f1 
t 

11 ( 2, ý ) 
=0.251 ff. 

(-R-)_=0.50 1 
DO 

_(2) 
=0.75 

1 
D. 

(-R-) 
= 1.0 

D. 
0.25 5.04 5.03 5.03 5.03 

Plain pipe 0.50 5.04 5.04 5.03 5.04 
0.75 5.04 5.04 5.0 3 5.04 

0.25 4.75 4.73 4.74 4.72 
Dented pipe 0.50 4.73 4.71 4.74 4.75 

0.75 4.64 4.11 4.74 4.76 

Table 5.21: Values of the ultimate opening bending moment for plain pipe, and for dented pipe, 
(8=0.36, Z- = 0.5, p= 2S MPa, and 2L = 6.0. Results are in: kNm. 7T. tX 

Model type 11 11 1 
t 

1( 2' 0.25 D. 
(2-) = 0.50 D, 

( 2' 0.7 D. 5 

0.25 4.82 4.91 4.86 4.88 
Plain pipe 0.50 4.53 4.69 4.86 1 4.62 

0.75 4.40 4.27 4.38 _ 4.31 

. 25 3.46 3.19 3.45 3.46 
Dented pipe 

M 

. 50 3.46 3.50 3.48 3.46 
0.75 0.75 3.44 3.50 3.48 3.45 

Table 5.22: Values of the ultimate closing bending moment for plain pipe, and for dented pipe, 
6 0.36, Z- = 0.5, p=2.8 MPa, and 2L = 6.0, Results are in: kNm. D. - t V. - 

I Model type 1 1 it ý1 t 
_( 

2c )=0.1 1 25 D. 
(-? 

-') = 0.50 1 
D. 

__ 
51 (-Z'-) 

= 0.7 ( 2c )=1.1 0 W. - 

0.25 4.42 4.42 4.42 4.42 
Plain pipe 0.50 4.42 4.42 4.41 4.41 

0.75 4.42 4.42 4.41 4.41 
0.25 4.14 4.15 4.14 4.16 

Dented pipe 0.50 4.15 4.16 4.15 4.17 
0.75 4.17 4.19 4.15 4.18 

Table 5,23: Values of the ultimate opening bending moment for plain pipe, and for dented pipe, 
0.36, !-=0.5, p=0.0, and 2L = 6,0. Results are in: kNm, t ff. - 

Model type 1 
t 

111 0. 1 

-(2 
25 D. 0.50 D. D. 

(2c) 
Do 

0.25 4.42 4.42 4.42 4.42 
Plain pipe 0.50 4.42 4.41 4.41 4.41 

0.75 4.41 4.40 4.40 4.40 
0.25 2.86 2.87 f 2.87 2.88 

Dented pipe 

j 

. 50 0.50 2.87 2.87 2.89 
o 0 . 75 . 75 2.94 3.10 1 2.85 2.92 

Table 5.24: Values of the ultimate closing bending moment for plain pipe, and for dented pipe, 6 )rnax = 0.36,2' = 0.5, p=0.0, and 2L = 6.0. Results are In: kNm. M. tx 
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Model type t 0.25 D. 
0.50 

D. 
2' 0.75 D. 

j2' 

0.25 5.04 5.03 5.04 5.03 
Plain pipe 0.50 5.04 5.04 5.02 5.02 

0.75 . 70 5.04 5.01 5.02 
0.25 4.54 4.73 4.73 4.73 

Dented pipe 0.50 4.74 4.70 4.71 4.73 
0.75 4.74 4.67 4.74 4.72 

Table 5.25: Values of the ultimate opening bending moment for plain pipe, and for dented pipe, 
0.36,2' = 1.45, p=2.8 MPa, and 2L = 6.0. Results are in: kNm. t U; 

Model type 1 1s11 
t 

1 (-2-) 
= 0.25 D. 

(-? 
-) = 0.50 D. 

(2e-) 
= 0.75 D,, 

( 2) 
= 1.0 

D. 

0.25 4.92 4.62 4.71 4.69 
Plain pipe 0.50 4.65 4.46 4.42 4.44 

0.75 4.54 4.40 4.34 4.33 
0.25 3.59 3.45 3.45 3.46 

Dented pipe 0.50 3.59 3.46 3.45 3.45 
3.70 3.60 3.57 3.55 

Table 5.26: Values of the ultimate closing bending moment for plain pipe, and for dented pipe, 
( '5 = 0.36,2' = 1.45, p=2.8 MPa, and 6.0. Results are in: kNm. 77. t 

Model type t 0.25 D. 0.50 D. =, 0.75 D. 
2c 
D. 

Eýý 

0.25 4.41 4.42 4.41 4.41 
Plain pipe 0.50 4.42 4.41 4.41 4.41 

0.75 4.42 4.41 4.40 4.40 
0.25 4.14 4.16 4.16 4.15 

Dented pipe 0.50 4.15 4.1 4.15 4.18 
4,18 1 4.19 4.20 1 4.20 

Table 5.27: Values of the ultimate opening bending moment for plain pipe, and for dented pipe, 
0.36, L- = 1.45, p=0.0, and 2L = 6.0. Results are in- kNm. t V; 

Model ty e1 1t 11 
D. 0.25 11 DO. 1=0.50 1 

D. 
( 2c = 0. D. 75 

)=1.0 1 
D. - 

0.2 4.41 4.40 4.40 4.40 
Plain pipe 0-50 4.41 4.38 4.36 -437 

0.75 4,38 4.37 4.30 4.32 
0.25 2.86 2.86 2.87 2.88 

Dented pipe 0.50 2.86 2.86 2.86 2.89 
0.75 2.79 3.04 3.06 3.04 

Table 5.28: Values of the ultimate closing bending moment for plain pipe, and for dented pipe, 
(6 )ma. = 0.36, !-=1.45, p=0.0, and 2L = G. O. Results are in. - kNm. 151-1 t V; 
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CHAPTER (5): NUMERICAL ANALYSIS OF COUGED DENTS IN STEEL PIPELINES 

Model type f 1,1 t 
1( 2c ) 0.25 1 (-2-c) 

= 0.50 D. 0.75 D. 
(; &'ý- ý=1.0 

0.25 5.04 5.04 5.02 5.03 
Plain pipe 0.50 5.02 5.036 5.01 5.51- 

0.75 5.01 5.03 5.0 5.0 
0.25 4.72 4.72 4.72 4.72 

Dented pipe 0.50 4.72 4.71 4.69 4.74 
0.75 4.61 4.77 4.71 4.72 

Table 5.29: Values of the ultimate opening bending moment for plain pipe, and for dented pipe, 
0.36, U- = 2.42, p=2.8 MPa, and 21 = 6.0. Results are in: kNm. t 7T. 

Model type 1 
t 

11 S, 1 1 (2-c-) = 0.2 D. 5 50 2c = 1 (D. ) 0' 2c 0.7,. 5 
ý2c 

0.25 r r, 4.55 4.58 -1 4.43 4.57 
Plain pipe 0.50 

- - 
4.40 4.40 4.38 4.39 

5 
. 75 1 4.30 4.28 4.30 4.29 

0.25 3.45 3.45 3.45 3.45 
Dented pipe 0.50 

- 
3.50 3.50 3.12 3.46 

E 75 3.55 3.59 3.10 3.55 

Table 5.30: Values of the ultimate closing bending moment for plain pipe, and for dented pipe, 
(8 )m,, = 0.36,2-1 = 2.42, p=2.8 MPa, and 6.0. Results are in: kNm. Ir. t 

Model type 1 1S11 
t 

1-) 2e 
D. = 0.25 1 ( 2c 0.50 Dý 

2c 0.75 1 (_?, )= 1.0 D. 
0.25 4.42 4.42 441 4.41 

Plain pipe 0.50 

] 

4.42 4.41 4.40 4.40 
0.75 4.41 4.41 4.39 4.38 
0.25 4.15 4.16 4.16 4.17 

Dented pipe 1 0.50 4.12 

1 

4.17 -4.18 4.18 
0.75 4.28 4.17 4.20 4.20 

Table 5.31: Values of the ultimate opening bending moment for plain pipe, and for dented pipe, 
( '5 = 0.36,2' = 2.42, p=0.0, and 21, = 6.0. Results are in: kNm. 7T. t rI-I 

Model type t11 0.25 
1 ý. 2- 

D,, 
2c 0.50 (. 2c 0.75 D. 

0.25 4.41 4.39 1 438 4.38 
Plain pipe 0.50. 4.37 4.35 -j - 4.31 - 4.33 

0.75 4.32 CU 4.23 4.26 
0.25 2.86 2.86 2.87- 2.89 

Dented pipe 0.50 2.87 2.86 2.87 2.89 
3.01 3.06_ 3-. 06 3.0 

Table 5.32: Values of the ultimate closing bending moment for plain pipe, and for dented pipe, 
(5), nax = 0.36,2-w = 2.42, p=0.0, and 2L = 6.0. Results are in: kNm. Ir. t U. - 
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Model type 1 1f11 
t 

1( 2') = 0.25 = 0.50 
D. 

2) = 0.75 D. 
(2S) = 1.0 D. 

0.25 5.09 5.09 5.09 5.09 
Plain pipe 0.50 5.09 5.09 5.09 5.09- 

5.09 5.09 5.09 5.09 
0.25 4.83 4.80 4.83 4.83 

Dented pipe 0.50 4.86 4.80 4.80 4.81 
0.75 4.79 4.81 4.83 4.83 

Table 5.33: Values of the ultimate opening bending moment for plain pipe, and for dented pipe, 
(-g8 = 0.36, p=2.8 MPa, off-centre gouges, Node Release Method, 2tE = 0.0. Results are IT; t 
in- kNm. 

Model type 1 1111 
t 

1, 
= 0.25 D. 

2c 0,50 1 
D. - 

(2c )=0.75 
D. 

(-2c )=1.0 
D. 

0.25 5.07 5.09 5.07 5.08 
Plain pipe 0.50 5.09 5.09 4.93 5.0 

7-5 4.55 4.64 4.64_ 4.65 
0.25 3.51 3.51 3.51 3.51 

Dented pipe 0.50 3.53 3.52 3.51 3.51 
0.75 3.52 3.53 3.52 3.52 

Table 5.34: Values of the ultimate closing bending moment for plain pipe, and for dented pipe, 
0.36, p=2.8 MPa, off-centre gouges. Node Release Method, k- = 0.0. Results are t 

in: kNm. 

I Model type 1 1fý., I 
t 

IJ 2o )=0.25 1 
D, 

( ZC-) 0.50 D. 
2' 0.75 -3-c 0 (D. ) 

= I-() 

0.25 4.47 4.47 4.47 4.47 
Plain pipe 0.50 4.47 4.42 4.47 4.47 

0.75 4.47 4.47 4.47 4.47 
0.25 4.21 4.21 4.21 4.21 

Dented pipe 0.50 4.22 4.22 4.23 4.23 
0.75 4.22 4.25 4.26 4.26 

Table 5.35: Values of the ultimate opening bending moment for plain pipe, and for dented pipe, 
0.36, p=0.0, off-centre gouges. Node Release Method, Zr' = 0.0. Results are in: t 

kNm. 

'pe 
1 1 11 1 

t 
1( 2c )=0.5 1 2 

( 2c )=0.50 1 
D. 

(2-C) 
= 0.75 Do) = 0.75 

0.25 4.47 4.47 4.47 4.47 
Plain pipe 0.50 4.47 4.47 4.47 4.47 

0.75 4.47 4.47 4.47 4.47 
0.25 2.93 2.94 -- -- F 2.94 T - 2.93 

Dented pipe 0.50 
- - 

3.0 3.0 1 3-ý= 3.0 
V. 7 5 3.0 3.0 1 3.0 . 1 3,0 

Table 5.36: Values of the ultimate closing bending moment for plain pipe, and for dented pipe, 
7 6)max = 0.36, p=0.0, off-centre gouges, Node Release Method, 2" = 0.0. Results are in: r. t kNm. 
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Model type 11 '11 t 
1( 2" 0.25 D. 

(1-) 
= 0.50 1 

Do 
(-! 

-') = 0.75 D. 
(-ý') 

= 1.0 D. 

0.25 5.04 5.04 5.02 5.04 
Plain pipe 0.50 5.04 5.04 L 5.03 5.03 

0.75 5.04 5.04 5.02 5.04 
0.25 4.80 4.80 4.73 4.78 

Dented pipe 0.50 4.77 4.82 4.73 4.80 
0.75 J 1 4.77 4.81 * 

* -= convergency problem during denting 

Table 5,37: Values of the ultimate opening bending moment for plain pipe, and for dented pipe, 
0.36, R'- = 0.5, p=2.8 MPa, off-centre gouges. Results are in: kNm. 

t 

Model type iI 11 
t, 

1 
-1-' 

1 1( 
Dý 

)=0.25 (-2-') = 0.50 D. 
(2-') = 0.75 Dý 

( 2) = 1.0 
Do 

0.25 4.82 4.89 4.85 4.90 
Plain pipe 0.50 4.60 4.64 4.55 

0.75 4.40 4.41 4.38 4.41 
0.25 3.46 3.47 3.46 3.46 

Dented pipe 0.50 3.47 3.48 3.47 3.46 
0.75 3.47 3.47 * 

* -= convergency problem during denting 

Table 5.38: Values of the ultimate closing bending moment for plain pipe, and for dented pipe, 
(8),,. = 0.36,2-' = 0.5, p=2.8 MPa, off-centre gouges. Results are in: kNm- Ir. t 

Model type 1 1 st 
Do = 0.25 9-c- ) 0.50 0.75 1.0 

0.25 4.42 4.42 4,42 4.42 
Plain pipe 0-50 4.42 4.41 4.41 4.41 

'75 0-75 4.42 4.41 4.41 4.40 
0.25 4.17 4.17 4.17 4.17 

Dented pipe 0.50 4.16 4.19 4.1-(9. --- T- 4.16 

, 
0.75 4.16 4.18 4.19 

* =- convergency problem during denting 

Table 5.39: Values of the ultimate opening bending moment for plain pipe, and for dented pipe, 
0.36,2' = 0.5, p=0.0, off-centre gouges. Results are in, kNm, t 

Model type t 
(2c )=0.25 

D. 
2) = 0.50 D. 

( 2c 5 0.7 ý2, 
D 

0.25 4.42 4.42 4.41 4.41 
Plain pipe 0.50 4.42 4.41 4.41 4.40 

0.75 4.41 4.40 4.40 4.38 

. 25 2,91 2.92 2.91 2.91 
Dented pipe 

H 

. 50 2.93 2.97 3.0 2.90 
0 0.75 . 75 2.93 3.0 -3-. 0 

*a convergency problem during denting 

Table 5.40: Values of the ultimate closing bending moment for plain pipe, and for dented pipe, 3 0.36, Z'- = 0.5, p=0.0, off-centre gouges. Results are in: kNm. V. - t 
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CHAPTER (5): NUMERICAL ANALYSIS OF GOUGED DENTS IN STEEL PIPELINES 

Model type t 
iI (2-) 

= 0.25 
D. 

2) = 0.50 
D. 

2' 0.75 Dý 
(-! 

-') = 1.0 D. 
0.25 5.03 5.04 5.04 5.03 

Plain pipe 0.50 5.02 5.03 5.02 5.02 
-ij. 7-5 5.0 5.02 5.0 5.0 

0.25 4.75 4.73 4.73 4.73 
Dented pipe 0.50 4.75 4.78 4.79 4.72 

0.75 4.75 4.81 
* -= convergency problem during denting 

Table 5.41: Values of the ultimate opening bending moment for plain pipe, and for dented pipe, 
.. ax = 0.36,1.45, p=2.8 MPa, off-centre gouges. Results are in-, kNm. 

Model type 1 1f11 
t 

1 (IS) 
= 0.25 Do 

2c )=0.50 
D. 

(IS) 
= 0.75 D. 

(-? 
-) = 1.0 D. 

0.25 4.65 4.66 4.78 4.75 
Plain pipe 0.50 4.41 4.46 4.46 4.44 

0.75 4.36 4.34 4.33 4.35 
0.25 3.47 3.47 3.46 3.45 

Dented pipe 0.50 3.47 3.48 3.46 3.44 
7-5 3.47 3.49 

* =- convergency problem during denting 

Table 5.42: Values of the ultimate closing bending moment for plain pipe, and for dented pipe, 
0.36,2j'- = 1.45, p=2.8 MPa, off-centre gouges. Results are in-, kNm. t 

Model type 1 111 
t 

1 (IS) 
= 0.25 1 

Do 
( 2e 0.50 1 

D. 
(-2-) 

= 0.7 D. 5 (A-) 
= 1.0 

0.25 4.42 4.41 4,41 4.41 
Plain pipe 0.50 4,41 4.40 4.40 4.40 

0.75 4.41 4,40 4.39 4.38 
0.25 4.17 4.17 4.16 4.17 

Dented pipe 0.50 4.16 4,18 4.19 4.20 
0.75 4.17 4.18 4.19 4.20 

Table 5,43, Values of the ultimate opening bending moment for plain pipe, and for dented pipe, 
0.36,2-' = 1.45, p=0.0, off-centre gouges. Results are in: kNm. t 

Model ty pe e 2, c 0.25 2c 0.50 
D. -D. 

) OM '2c 

I 

-2- e E. -F 1-11 0.25 1 1 4.41 4.40 4.40 4.40 
Plain pipe 0-50 1 1 4.40 4.38 4.37 4.37 

0.75] 1 4.38 4.34 4.33 4.31 
0.25 2.90 2.92 2,. 92 1 2.91 

Dented pipe 0.50 2.92 3.0 3.0 3.0 
0.75 2.94 3.0 3.0 3.0 

Table 5.44: Values of the ultimate closing bending moment for plain pipe, and for dented pipe, 
(6 0.36,1.45, p=0.0, off-centre gouges. Results are in: kNm. t 
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Model type 111 t 
1( 2c )=0.25 

D. 
(. Lc )=0.50 1 1 

D. 
( 2c ) 

5- = 0.75 I 
-) = 1.0 D. 

( ZC 

0.25 5.02 5.04 5.01 5.02 
Plain pipe 0.50 5.0 5.02 5.0 5.03 

0.75 5.0 5.0 4.96 5.0 
0.25 4.75 4.75 4.78 4.73 

Dented pipe 0.50 4.74 4.75 4.79 4.75 
0.75 4.75 4.74 

* =- convergency problem during dentin-g 

Table 5.45: Values of the ultimate opening bending moment for plain pipe, and for dented pipe, 
6 0.36, L- = 2.42, p=2.8 MPa, off-centre gouges. Results are in: kNm. "Er. t 

Model type 
1 1. 

L., 
(-Lc 0.25 D. 

(-Rc 0.50 Do 
c (-! 
-) = 0.75 D. 

21c 10 j7 .0 

0.25 4,56 4.58 4.71 4.64 
Plain pipe 0.50 4.40 4.39 4.38 4.40 

0.75 4.30 4.30 4.30 4.27 

0.25 3.47 3.47 3.46 3.45 
Dented pipe 0.50 3.47 3.48 3.46 3.45 

0.75 3.47 3.49 
* -= convergency problem during denting 

Table 5.46: Values of the ultimate closing bending moment for plain pipe, and for dented pipe, 
= 0.36, Z- = 2.42, p=2.8 MPa, off-centre gouges. Results are in: kNm. D. t 

Model type t 0.25 D. 0.50 D. 0.75 D. 
2' 1.0 
Dý 

0.25 4.41 4.41 4.40 -- 4.40 
Plain pipe 0.50 

-1 - 
4.41 4.39 4.38 4.38 

6.7 5 4.40 4.26 4.36 4.36 
0.25 4.17 4.18 4.16 4.18 

Dented pipe 0.50 4.17 4.18 4.20 4.20 
0.75 4.17 3.35 4.20 4.19 

Table 5.47: Values of the ultimate opening bending moment for plain pipe, and for dented pipe, 
J 0.36,2j'- = 2.42, p=0.0, off-centre gouges. Results are in: kNm. (-D- t 

odel type Lm- e 
t 

2c 0.25 U-. 
1 

D. 
(2- 

. "50 C) =0 Do =0 75 C) 

0.25 4.40 4.39 4.39 4.38 
Plain pipe 4.37 4.34 4.33 -4.33 

0.75 4.33 4.17 4.27 4.30 
0.25 2.91 -2-94 2.94 2.92 

Dented pipe 0.50 2.91 3.0- 3,0 3.0 
0.75 2.94 2.80 3.0 3.0 

Table 5.48: Values of the ultimate closing bending moment for plain pipe, and for dented pipe, 
0.36 Zt- = 2.42, p=0.0, off-centre gouges. Results are In: kNm. 

113 



CHAPTER (. 5). NUMERICAL ANALYSIS OF GOUGED DENTS IN STEEL PIPELINES 

(M) F 
Do U_ JI, 

A I A_ (%) I 
Ao 

2.8 40.57 0.36 0.327 14.8 
5.6 52.85 0.36 0.290 12 

Table 5.49: Results for dents in gouge free pipe for two value of pressure. Also, 
0.36, and 2L = 6.0. 

114 



CHAPTER (5): NUMERICAL ANALYSIS OF GOUGED DENTS IN STEEL PIPELINES 

t 

Figure 5.1: Geometry of axial gouge with its parameters, e, w, and c. 

Centre 

cc 

Do --------- ......... Do 
Centre 

DGouge --7c 

t of Dent 

(a) (b) 

Figure 5.2: Sketch showing size and location of a single, axial gouge - Fig. 5.2a. Two axial 
gouges placed symmetrically around the mid-length are shown in Fig. 5.2b. 

ei 

I 
on Released Node 
ema Connected Node 

Figure 5.3. Sketch showing section through the pipe wall illustrating the node release method 
for ft = 0.5. 
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Figure 5.4: Closer view of a quarter solid FE model without defect (PATRAN). 

Figure 5.5: Closer view of a quarter solid FE model (PATRAN). Note how material has been 
removed in order to create a gouge at pipe's mid-span, 

Figure 5.6: Closer view of a quarter solid FE model (PATRAN). Note how material has been 
removed to create an off-centre gouge. Gouge of length is, 2c. Also, illustration of denser 
meshing of solids. 
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C/t - 0.5) 

(a) 

(b) 

-0,75) 

(C) 

Figure 5,7: Illustration of mesh arrangements for transition of number of elements through the 
wall thickness; Fig. 5.7a illustrates transition from 4 to 8 elements through thickness; Fig. 5-7b 
shows transition from 8 to 4 layers through thickness, and Fig. 5.7c shows transition from 2 
layers in ligament to 8 layers, and then from 8 layers, to 2 layers through thickness, 
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Figure 5.8: Close view of FE model with an axial gouge at the mid-span after meshing solids 
in PATRAN. Note that there are 8 brick elements through the wall thickness in gouge vicinity, 
and four layers of brick elements at the bottom (ligament) of the gouge. 

Figure 5.9: Close view of FE model with axial gouge at the centre after flat model was trans- 
formed into pipe (through the application of NMAP parameter). 

Figure 5.10: View of another gouge having two layers at the bottom (ligament). Note how 
layers of brick elements were reduced to two layers away from the gouge. 
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L FIR 
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0.9 - 2wlt w 0.50,1.45 and 2.42 
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0 .8 
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NR, 2wit a00 

2w/t m 1.45 
2wlt w 2.42 

e/t 
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(c) 0.75 D. 

ý FIF. 
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(d) 2c = 1j) D. - 

Figure 5.11: Plot of dimensionless denting force, 
., 

versus depths of gouges, Results for 
four widths of gouges: 0.0,0.5,1.45, and 2.42 are shown, Also, 1.0, and 2L = 6.0. t M. Gouges are placed at mid-span, underneath the indenter. F,,: is denting load for plain pipe 
without gouge (F,, = 26.5 U). NR 

-= 
Node Release Method. 
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, F/F. 

1.0 NR, 2w/t a 0.0 - 
2w/l 0.50 

0.9 5 
2wtt-1.45 

J 

0ý 
0.56-, P-0"ý 

2w/t - 2.42 

fJ 

elt 
0 0.25 0.50 0.75 

IS = 0.25 D, 

0.9 

0.7 

01 
0 

FIF. 
NR, 2wlt w 0.0 
2WIt a 0.50 

21wIt - 1.45 

2wIt 02 

j(SID. ). a 0.36, PSO DI 

0.25 0.50 0.75 
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(d) 2-C = 1.0 D, 

Figure 5.12: Plot of dimensionless denting force, F f-, versus depths of gouges, i. Results for four tU 
widths of gouges: 0.0,0.5,1.45, and 2.42 are shown. Also, 1.0, and 6.0. Gouges 
are placed off-centre by -D-. F,,: is denting load for plain pipe without gouge (& = 26.5 kN), 2 
NR =- Node Release Method. 

120 



CHAPTER (5): NUMERICAL ANALYSIS OP COUGED DENTS IN STEEL PIPELINES 

A F/F. 2wits 0.50 

1.0 
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0.9 2wtt a 1.45 
2 wlt . 2.4 42 
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018 
[-(81D, ). 

Mu 
0.36, 

_pz2.8 
MPa 

e/t 

0 0.25 0.50 0.75 

(b) 2c = 0.50 
Do 

FIF. 

1.0 

0.9 - 
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0.36, PýNIBMPa 
Ott 

0 0.25 0.50 0.73 

(d) -IS = 1.0 D. 

Figure 5.13: Plot of dimensionless denting force, versus depths of gouges, 1, Results for 
four width of gouges, k=0.0,0.15,1,45, and 2.42 are shown. Also, 1.0, and 2L t D-. = 6.0. 
Gouges are placed at mid-span, underneath the indenter. Fo: is denting load for plain pipe 
without gouge (FO = 40.57 U). NR _= Node Release Method. 
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Figure 5.14: Plot of dimensionless denting force, 7ýr, versus the depths of gouges, !,, Results 
for four width of gouges 0.0,0.5,1.45, and 2.42 are shown. Also, 1.0, and 2L = 6.0. 
Gouge are placed at off-centre by DI. F,,: denting load for plain pipe without gouge (F. 2 
40-57 kN). NR 

-= 
Node Release Method. 
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HIIIIIIIHH 
(b) 

HLflii1111HHH (d) 

_____ I__I_I_I__I I 
(C) 

FIII (e) 

Figure 5.15: Sketch showing a cross-section of axial slot gouges having different shapes, (a) a 
rectangular surface defect with 3 layers of elements in ligament, !=0.625; (b) a rectangular t 
surface defect with 2 elements in ligament 0.75; (c) a rectangular surface defect with 2 t 
layers of elements in ligament; (d), and (f) are similar to case (b), and case (e) represents a 
notch defect with 2 elements in ligament, 1=0.75. 

I 

I , rGouge and dent contre 

14 
,-- 2w F------ Yý- -- ý-ý ----I-"- 2c 

Plain gouge before denting 

LE 

WE 

LE : Length Extension WE: Width Extension 

(b)Plain gouge after denting 

Figure 5.16: Axial, mid-span gouge Fig. (5,16a), Growth of width, WE, and its axial length, 
LE, Fig. (5.16b). 
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Figure 5.17: FE model with axial slot gouge illustrating the V notch geometry with two elements 
through thickness (as modelled). Also, 2=1.0, and 2L = 6,0. bX 

Figure 5.18; FE model with axial slot gouge after denting. Note how the bottom surface of the 
gouge is extended in hoop direction (( '5 = 0.36, p=2.8 MPa, and 2r, - 6.0). 7T. M. 

124 



CHAPTER (5): NUMERICAL ANALYSIS OF GOUGED DENTS IN STEEL PIPELINES 

L Moment 
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p 11.2 Mq 1.21 

di g Opening bending moment 

ýI P-: 

dinel 
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I (8/D. ); - 0.15 ] 

Closing bending moment 

I Rotation 

0 L- j 
(rod) 

0 0.1 0.2 

Figure 5.19: Plot of bending moment versus pipe's end rotation for empty, and for pressurised 
2L 

pipe, p=2.8 Wa. Pipe has a dent but it has no gouge. Also, 6.0. Points TV, and TV 
denote the ultimate moment values. 

Moment 
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'P2' 
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lp = 0.01 
2 

'Pil 
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Figure 5.20: Plot of bending moment plot versus pipe's end rotation for empty, and for pres. 
surised pipe, p=2.8 MPa. Perfect pipe. Also, 2L = 6.0. Points TV and IPT, denote the 
ultimate moment values. 
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(a) p=0.0; Point 'P2' -Fig. (5.20). 

(b) p=2.8 MPa; Point TV - Fig. (5.20). 

Figure 5,21: View of bent pipe at the collapse bending moment. Fig. 5.21a corresponds to point 
'P2'In Fig. 5.20. Fig. 5.21b corresponds to point 'PI'in Fig. 5.20. Also, no gouge, and no dent 
were present in the pipe. 
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(a) Gouged pipe at mid-span. 
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(b) Gouged pipe at off-centre (as In Fig. 5.2b), 
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(c) Gouged pipe at mid-span. 
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(d) Gouged pipe at off-centre (as In Fig. 5.2b). 

Figure 5.22- Comparison of results for opening and for closing bending moments (undented 

and dented 
pipes). Results for two locations of gouges are shown. Also, 

= 0.36, and 

2L 
= 6.0. 
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I Gouged but not dented I 

(a) Closing bending moment, p=2.8 MPa. M Closing bending moment, p=0.0. 

Figure 5.23: Close view of deformed pipe when subjected to the ultimate closing bending 
I=0.5,2c 2L moment, mid-span gouges 1.45, = 0.5, and 6.0). ttU. - 

Gouged but not dented I 

(a) Opening bending moment, p, = 2.8 MPa. (b) Opening bending moment, p=0,0. 

Figure 5.24: Close view of deformed geometry when subjected to the ultimate opening bending 
moment, mid-span gouges (! '-' = 1.45, f=0.5,2' = 0.5, and 2L = 6.0). ttU. - Y. 
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I Gouged but not dented I 

(a) Closing bending moment, p=2.8 MPa. (b) Closing bending moment, p=0.0, 

Figure 5.25: Close view of deformed geometry at the ultimate closing bending moment for 

off-centre gouges (2- = 1.45,1 = 0.5,2,2L 
tt IT. = 0.5, and V. - = 6.0). 

I Gouged but not dented 
i 

(a) Opening bending moment, p=2.8 MPa. (b) Opening bending moment, p=0.0. 

Figure 5.26: Close view of deformed geometry at the ultimate opening bending moment for 
off-centre gouges (L- = 1.45,0.5,2c 2L = 6.0). t M. = 0.5, and F. - 
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I Gouged and dented I 

(a) Closing bending moment, p=2.8 MPa. (b) Closing bending moment, p=0.0. 

Figure 5.27: Close view of deformed Pipe when subjected to the ultimate closing bending 
moment, mid-span gouges (2w = 1.45,1 = 0.5,2, =0.5, and 2L = 6.0), ttX IF. 

I Gougod and donted I 

(a) Opening bending moment, p=2.8 MPa. (b) Opening bending moment, p=0.0. 

Figure 5.28: Close view of deformed geometry when subjected to the ultimate opening bending 
moment, mid-span gouges (2' = 1.45,0.5,2c = 0.5, and 2L = 6.0). tXU. - 
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lGouged 
and dented] 

(a) Closing bending moment, p=2.8 MPa. (b) Closing bending moment, p=0.0. 

Figure 5.29: Close view of deformed geometry of the FE model when subjected to the ultimate 
closing bending moment for off-centre gouge (Z-' = 1.45,1 = 0.5,2' = 0.5, and 2L 6.0). tt5. - U. - 

I Gouged an 
ýented 

(a) Opening bending moment, p=2.8 MPa. (b) Opening bending moment, p=0.0. 

Figure 5.30: Close view of deformed geometry of the FE model when subjected to the ultimate 
opening bending moment for off-centre gouges (lul = 1.45,1 = 0.5,2c = 0.5, and 2L 6.0). ttU. - D-. 
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Chapter 6 

Experimental programme: 

Denting of pipes 

6.1 Introduction 

This Chapter contains information on a number of tests in order to benchmark 

the FE results. Details are provided about obtaining tensile properties, manufacturing 

of test specimens, their pre-experiment measurements and testing. 

6.2 Pre-experimental arrangements 

6.2.1 Manufacturing of experimental models 

All models were made by machining mild steel pipe from inside and from 

outside to secure the outside diameter-to-wall thickness ratio, Da 40. The initial 

length of pipe was about 610 mm, and it was cut into three pieces, PI, P2, and P3 - 
as shown in Figure (6.1a). This was done in order to minimise the pipe's vibrations 
during CNC machining. Length of the middle portion was nominally, 3D,,, with the 

other two parts having equal length of, 1.5D.. Nominal wall thickness of all three parts 
was the same, i. e., t=2.1 mm. All three parts were subsequently welded and two 

additional extensions, 250 mm long and 6.75 mm thick, were added at both ends. The 
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above arrangements are shown in Figure (6.1b). Six such pipe models were prepared 

and they are designated here as SP1, SP2, .., SP6. Sketches illustrating geometry of 

gouges, and location of gouges are depicted in Figure (5.1) and in Figure (5.2). 

The first three specimens were machined without surface gouges whereas the 

remaining three pipes were manufactured with surface gouges running axially. A single 

axial gouge was introduced at the Centre of anticipated dent in the fourth model, SP4. 

Two gouges, of the same dimensions were introduced on peripheries of anticipated dent 

in the fifth pipe specimen, SP5. Electrical discharge machine was used to create gouges 

in SP4, and SP5, The sixth pipe, SP6, had a large axial defect introduced at the Centre. 

The latter was introduced by standard machining. 

Once the machining was completed, the test specimens were grided with per- 

manent lines which were used for measuring the wall thickness and pipe's diameter. A 

sample of this survey is presented in Table (6.1) for thickness measurements, and in 

Table (6.2) for outside diameter measurements. As it can be seen from both Tables, 

fifteen points in the longitudinal direction x eight points in the circumferential direc- 

tion were taken giving a total of 120 points for thickness and 60 points for diameter 

measurements. Table (6.3) shows all test sections P I, P2, and P3 with their dimensions 

before welding. The standard deviation equation (6.1) was used for both thickness and 
diameter measurements, i. e. 

N )0.5 

At = E(taverage - ti)21(N - 1) (6.1) 
(i=l 

where N is number of measurements. The same procedure was adopted for 

all test pipes. The results which were obtained are given in Table (6.4). The thickness 

measurements were obtained by using either Teledictor ultrasound probe or by using 
Mitutoyo linear gauge. The outside diameter was measured using Vernier callipers and 
micro-meter tools. The highest coefficients of variance obtained were 0.20 % and 0,14 % 
for thickness and for outside diameter, respectively. The above dimensions were used 
in the FE modelling of experiments. 

Pipes were also checked for straightness and for any ovallsation once surface 
gouges were introduced and welding took place, More details about dimensions of 
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defects and their location, dimensions of models, and welding details can be found in 

the attached technical drawings, in Appendix (C). Other experimental details are as 

follows: 

e The test specimens were machined using either Computer Numerical Control 

machine (CNC-Anilam 4200T), or by using Binns & Berry centre lathe machine. 

* The welding of parts P1, P2, P3, and extensions was conducted using Tungsten 

Inert Gas technique with weld prep made according to BS 5500 [70]. 

e The surface defects were introduced using electric discharge machine. In one case, 
SP6, a high speed milling machine was used (Bridgeport machine). 

6.2.2 Machining of electrodes and introduction of gouges 

Nominal dimensions of defects introduced by the electrical discharge machine 

were chosen to have the dent-to-wall-thickness ratio, 1 ý'- 0.47, the length-to-outside- t 
2, diameter ratio, 0,25, and the width-to-wall-thickness ratio, k- 2ýý 0.50. Nominal t 

dimensions of the machined gouge had these ratios given by: 0.23,2C 0.81, and t 
2tv 
t 1.20. All gouges were to be introduced to part P2 prior to welding, i. e., gouges 

were introduced into the near perfect pipe's geometry. 

Manufacturing of gouges in the pipe's outer surface is a complicated procedure. 

It is difficult to manufacture very thin cracks or gouges with a width of less than 1.0 MM 

using high speed milling machine or CNC machine. Therefore, the first step was to 
devise a method which would allow manufacturing of a naxrow gouge. This was done by 

using electrical discharge machine which uses an electrode to create damage of a given 

profile. The material used for the electrical discharge machine was Erodex (purchased 
from Erodex UK limited, Park Road, Halesowen, West Midlands, B63 21111), in the 
form of 1.0 mm thick sheet. 

Profile of an electrode was cut using a three axis milling machine (Bridgeport 

machine). Figure (C. 1), in Appendix (C), shows the drawing detailing the Brodex 

template which in turn defines dimensions of the surface defect. Slot-type gouges 

were manufactured by an outside firm (OMEGA Tooling, Toolmakers and Precision 
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Engineers, 15 Cornhill, Liverpool, Ll 8DZ). Each gouge required a new electrode. 
Figure (6.2) shows the electrode machined from Erodex. 

The electrical discharge machine, (AGIG, A GICTRON 3U), was used to 

create a single axial slot gouge in SP4, at mid-span. Two axial gouges were created 

in SP5 and these gouges were at off-centre by distance, 422 as detailed in the drawing 21 

shown in Figure (C. 2) and in Figure (C. 3), in Appendix (C). The specimen was placed 
horizontally and covered with dielectric fluid, (Dielectric 200T, BP OIL), in electro- 
discharge machine. The Erodex electrode was mounted in the machine holder as can 
be seen in the sketch shown in Figure (6.3). 

The spark erosion generated the slot gouge which can be seen in Figure (6.4). 

This procedure is very accurate and it gives a high quality of finished surface in the 

slots. The high speed milling machine (Bridgeport) was used to create a wider axial 

gouge in SP6 - see Figure (CA) in Appendix (C), for more details of this gouge. The 

ends of this slot had circular shape with radius equal to 1.0 mm due to the bull radius 

used during machining. Further pieces of relevant information are as follows: 

The axial slot gouges were introduced to the pipe's surface under zero internal 

pressure. 

All gouges produced by electrical dischaxge machine had rectangular shape and 
they had nearly the same dimensions. 

Gouges were at the centre or off-centre (off-set distance was equal to, -D2-a) P 

All gouged pipes were later subjected to denting with presence of internal pres- 

sure. 

6.2.3 Dimensional survey of gouges 

Once the preparation of gouges was completed, their dimensional survey was 
carried out. Acrylic casting - see Figure (6.5a) was used to check dimensions of de- 
fects. Liquid acrylic was used to obtain mould of a gouge. This male mould was then 

measured (width, depth, and length), at points shown in Figure (6.5b). Results of 
these measurement are given in Table (6.5) for SP4. It is seen from Table (6.5) that 
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width varied by less than 2% and variation in gouge's depth was less than 4%. In 

addition, the electrode itself was measured before and after being used. The results 

are given in Table (6.6). They show a small reduction in electrode's wall thickness and 

this reduction was of about 4 %. As a result the electrode could not be used twice. 

Similar measurements were carried out for two gouges in model, SP5. Results 

are given in Table (6.7) and in Table (6.8). The results show small variation in depth 

and width of both gouges. The average depth was 0.95 mm for slot (A) and 0.98 mm 
for slot (B). The electrode itself was measured before and after being used and the 

results are given in Table (6.9) for slot (A), and in Table (6.10) for slot (B). 

Table (6.11) shows measurements of gouge width and depth at eight points 

along the gouge length, for model SP6. The results show small variation in depth and 

in width. The average values were 2.50 m7n for the width, and 0.48 mm for the depth 

of the gouge. Finally, the average values were normalised using the pipe's wall thickness 

and pipe's outside diameter. These values for gouges in SP4, SP5, and in SP6 are given 

in Table (6.12). 

6.2.4 Welding of the test specimens 

Parts P1, P2, and P3 were weld preped according to the BS 5500 [70), and 

as detailed in Figure (C. 5), in Appendix (C). Two extensions were machined to fit the 

PI+P2+P3 specimens and they had similar welding prep. Details about one of the 

ends are sketched in Figure (C. 6), in Appendix (C). The welding of all components 

was carried out using Tungsten Inert Gas at Central Steel Fabrications Ltd, (39-41 

Speakland Road, Liverpool, L7 6HY). The final shape of a welded test specimen with 

extensions can be seen in Figure (6.1a). The details of all dimensions, including gouges 

are summarised in Table (6.13). 

6.2.5 Machining pipe's support and indenter 

The ground support was made in a form of saddle made from a piece of wood 

- for more det"s see Figure (C. 7) in Appendix (C). The saddle has a span angle of 
0 120 , and it was machined to support full length of the pipe during denting. Details 
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of the wood support and its dimensions are provided in Figure (C. 7). The indenter, 

hemispherical, was machined from steel. It had the diameter Dindenter = 34.7 MM, and 

hight equal to Hi,, dnt,, = 80.0 mm - see Figure (6.6). The indenter was smoothed and 

polished so that the contact between the indenter and pipe's surface was as smooth as 

possible. 

6.2.6 Material properties of pipe models 

The material properties of tested pipes were obtained from tensile tests. The 

tensile test specimens were designed according to the BS EN 10002 -1: 1990 [71]. 

A section of 400 mm pipe length was cut for this purpose, This pipe was initially 

machined from outside surface to facilitate extraction of flat test coupons - see Figure 

(C. 8). Four axial tensile test specimens were then cut from this section as sketched in 

Figure (C. 8). Next, pipe pieces were machined flat from both sides as can be seen in 

Figure (6.7). Figure (6.8) shows a sample of the tensile test specimen before and after 
being tested. The tensile test specimens were measured for their thickness and width 
before testing. Results of these measurements are summarised in Table (6.14). 

Two of tensile specimens (coupon number 1 and 3) were tested with strain 
gauges (four strain gauges for each specimen, two gauges for each side). Strain gauges 

measured longitudinal and transverse strain so that any bending could be taken into 

account. The strain gauges were placed at 900 to each other. The tensile specimens 

with strain gauges were tested twice. First, to obtain elastic constants of the material. 
The second test was caxried out until neck was formed and fracture occurred. The 

other two tensile specimens (coupons number 2 and 4) were equipped with an exten- 

someter allowing calculation of the strain values. Displacement rate of 2.0 mm/min 
(equivalent to a strain rate of 220 pels) was used for tensile specimens number 1 and 3. 

Displacement rate of 0.5 mm/min (equivalent to a strain rate of 20 pEls) was applied 
to tensile specimens number 2 and 4. 

The results showed that there were no significant differences between the re- 
sults for these three tests, as shown in Figure (6.9), i. e., for tensile tests 1,2, and 3. 
The tensile test number 4 showed a reduction, approximately 15%, in the lower yield 
stress. A reduction of the yield stress would be expected for mild steel with a reduced 
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strain rate, as explained by Lynch et al. [65). Therefore, it was decided to exclude 
the tensile test specimens number 4 and the average results for the other three spec- 
imens are shown in Figure (6.10). The nominal stress-strain curve was converted to 

true stress-strain curve as described in Chapter (3). This conversion was explained in 

details by Dieter [72] using two equations, i. e., (6.2) for the stress, and the equation 
(6.3) for strain: 

O't -: ý O'nom(l + Cnom) (6.2) 

ct = In(I + Cn. ) (6.3) 

where are nominal stress and nominal strain, respectively; at, and 

ct are true-stress and true-strain, respectively. The results of this conversion are plotted 
in Figure (6.11). The latter figure was used in ABAQUS input file through a set of 
19 line segments, as shown in Figure (6.12). This material properties are applicable to 

pipes SP3, SP4, SP5, and SP6. Results shown in Figure (3.7b) are applicable to pipes 
SP1, and SP2. A summaxy of both materials is given in Table (6.15). 

6.3 Instrumentation 

6.3.1 Strain gauges 

A number of strain readings were carried out during different phases of this 

study. The strain gauges used were "EA-06-062AP-120", manufactured by MM (Micro- 
Measurements Group, Inc., USA). The strain gauges were bonded to pipe surface, and 
oriented in both hoop and longitudinal directions at selected points, Details about their 
location, for each individual experiment, are plotted in Figures (C. 9), (C. 10), (C. 11), 
(C. 12), and in Figure (C. 13). In addition, all gauges were coated after installation using 
strain gauge protective epoxy coatings. 
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6.3.2 Displacement and pressure transducers 

During pressurisation, denting of pipes, and their bending, displacement trans- 

ducer was used to measure the diameter change. The displacement transducer (WSM 

type: HS 10) with a range of displacement (0 - 11.2) mm was used for this purpose. 
The linear calibration, to give an output of 1000 yc/mm, was conducted with the assis- 

tance of a barrel-micrometer (resolution = 0.00254 mm) and the Brfiel Kjaer (B&K) 

strain indicator. A dead weight testing machine, and a (B&K) strain indicator, were 

used to calibrate the pressure transducer with an output of 145 pEIMPa. 

6.3.3 Pressure accumulator 

Pressure accumulator manufactured by Fawcett Engineering Ltd, UK was used 
throughout experimental tests when pipes were pressurised. The pressure accumulator 

was used to compensate for any change of the pressure inside the pipe. This was needed 

during denting and bending procedures. The accumulator was connected to the pipe, 

pressure transducer and to hand pump to monitor any change in the pressure. The 

medium used in the accumulator was nitrogen and oil whilst medium inside the pipe 

was oil. 

6.3.4 Recording instruments 

The strain gauge, and pressure transducer data were displayed, collected and 

stored using data acquisition system which was developed at the University of Liverpool. 

A quarter bridge arrangement was used for strain gauges and full bridge arrangement 
for displacement and for pressure transducer. The Dartec load and displacement were 

also stored for the whole test. The results were stored in columns and each column 
represented a separate type of input. This file could be easily transferred to any outside 
software for post-processing, 
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6.4 Test arrangements 

6.4.1 Checking test specimens before pressurisation 

All test specimens were checked for any cracks caused by machining, by dent- 

ing process, or during springback. None of specimens have shown any external signs of 

cracking. Some dented specimens had signs of wall thinning at the centre of the gouge. 

6.4.2 Denting of empty pipe, SP1, without surface defect, p=0.0 

Specimen, SPI, has been dented under zero internal pressure. It was sup- 

ported along its full horizontal length by saddle support made from pine wood as 
described in Section (6.2.5). Hemispherical indenter made from steel was placed on 

the top, at mid-span of the pipe, and pushed down in vertical direction into the pipe. 
This was achieved by using compression machine (Dartec). Denting load and the cor- 

responding displacements were monitored during the test and the relevant results were 

stored. The denting speed was 0.1 mm/min. Once the denting process was completed, 
the indenter was removed and springback occurred. The results obtained were analysed 

and they are compared with the FE predictions in Table (6.16). Other measurements, 

e. g., residual dent depth, were stored in a column format during each load step. Post- 

processed results are summaxised as follows: 

9 Figure (6.13) shows loading-unloading curve for denting of, SP1. The maximum 
denting depth was 0.16. It is seen that a good agreement was obtained 
between FE and the experiment. The maximum difference in load magnitude was 
0.41 U, i. e., 12.11-11.70 x 100) = 3.38 %. The difference in residual dent depth 12.11 
after springback was less than 0.5 mm. This figure also shows small difference 

in loading paths at the beginning of the denting. This is attributed to the fact 

that in the experiment the support was made from wood. In the FE analyses it 

was assumed that the wood was rigid. Section (6.5.3) addresses this problem in 

a greater detail. 

e Figure (6.14) shows profile of residual dent along the the pipe length. The ex- 

perimental profile of the dent was obtained by measuring the deformed specimen 
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using linear transducer gauge (shown in Figure (6,15), and in Figure (6.16)). It 

is seen from Figure (6.14) that good agreement between experiment and FE was 

obtained. 

6.5 Denting of pressurised pipes, p=5.6 MPa, and p= 

11.2 MPa 

Experimental axrangement for a pressurised pipe is sketched in Figure (6.17). 

The test specimen was filed with oil. In order to keep the pressure inside of the pipe 

constant during denting, the test specimen was connected to pressure accumulator. 

Three displacement transducers were used to monitor the surface behaviour during 

denting. Figure (6.18) shows the experimental arrangement for denting a pressurised 

pipe. The control unit of Dartec was connected to the computer controller for storing 

the loading data. Strain gauges, and pressure transducer were connected to B&K 

strain indicator which in turn was connected to the computer controller. 

6.5.1 Pipes without surface defect 

Two test specimens, SP2, and SP3, i. e., without surface defects were filled 

with oil and they were pressurised to the design level, p= 11.2 MPa, using a hand 

pump. The internal pressure was kept constant during the denting test by using the 

pressure accumulator. If necessary pressure was increased using hand pump. Lowering 

of the pressure was also possible. The test specimens were supported by wooden saddle 

support along their length, 6D,,. The test specimens were placed horizontally, and the 

hemispherical indenter moved vertically. Arrangements for testing are shown in Figure 

(6.18). The denting procedure was quasi-static, the hemispherical indenter moved with 

speed, 0.1 rnm/min. Figure (6.19) shows a close view of the contact between indenter 

and pipe surface. The indenter pushed the surface into the required displacement 

through Dartec control unit of the cross-head displacement. The results of the test can 
be seen in Figure (6.20) for SP2. Closer view of the dent is shown in Figure (6.21) for 
SP3. 

Experimental loading-unloading curve and the residual dent profile are com- 
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pared with the FE predictions in Figures (6.22) and (6.23) for SP2. Figures (6.24) and 
(6.25) show results obtained for SP3. It is seen here that as the dent depth increases, 

the denting load also increases until it reaches maximum. Once the prescribed depth 

of the dent was achieved, the indenter started to move upwards in small steps until no 

contact occurred. Once the indenter was removed, the internal pressure was released. 
Subsequently the residual profile of the dent along the pipe length was measured. The 

corresponding plots are shown in Figure (6.23) and in Figure (6,25) for SP2, and SP3, 

respectively. 

The comparison between the FE and experimental results is reasonable. The 

difference in maximum denting load is 18.3% for SP2 and it is 15.0% for SPI The 

residual profile of the dent was measured experimentally by using linear gauge trans- 

ducer as shown in Figure (6.15) and in Figure (6.16). The measured profiles were of the 

same shape and of the same trend as predicted by FE. The only problem which needs to 

be investigated is the discrepancy at the beginning of loading. This is to be addressed 
in Section (6.5.3), as it has already been mentioned. Reduction in wall thickness at 
the dent centre was measured for both SP2, and SP3 and the values were compared 

with the FE predictions. The results showed that for the corresponding dent's depth 

equal to, 0.23, and with internal pressure equal to p= 11.2 MPa, there was 
5.2% reduction in wall thickness. 

6.5.2 Denting of pressurised pipes with surface defect 

Test specimens, SP4, with a single axial gouge, and SP5 with two axial gouges, 

and SP6 with a large axial gouge were tested under internal pressure equal to, p= 
5.6 MPa. Assumed dent depths was, (D'5. -), nax L' 0.16. Some preliminarily calculations 
have shown that SP4, SP5, and SP6 may not survive denting and bending if they were 
to be pressurised to design level, p =11.2 MPa. On the other hand, pressure p=5.6 
MPa, looked to secure their integrity throughout denting and bending, Hence, the 

adopted level of pressure loading. Denting procedure was the same as for specimens, 
SP2, and SPI The residual depth of the dent after releasing of the internal pressure 
for specimens SP4, SP5, and SP6 is shown in Figure (6.26), Figure (6.27) and Figure 
(6.28). 
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Experimental and FE results are compared in Table (6.16). Figure (6.29), and 
Figure (6.30) show comparison between experiment and FE for SP4. Figure (6.31), and 
(6.32) show comparison between experiment and FE for SP5. Figure (6,33), and Figure 

(6.34) show compaxison between experiment and FE for SP6. The maximum difference 

in denting load is 10%, 9%, and 6%, respectively - see Table (6.16). Figure (6.30), 

Figure (6.32) and Figure (6.34) compare experimental measurements of dent's profile 

with FE prediction for pipes SP4, SP5, and SP6. The results show good agreement in 

terms of residual dent depth and dent shape. 

6.5.3 The initial load-displacement curve 

Figure (6.13), (6.22), (6,24), (6.29), (6.31), and Figure (6.33) show small dif- 

ferences between FE and experiment in the first portion of the loading curve. Two 

specimens were used, SP1 for empty pipe and SP2 for pressurised pipe to investigate 

these differences. It is seen from the above mentioned figures that there is a systematic 

error during the initial loading, on the load-deflection curves, One possibility could be 

associated with non-uniform wall thickness. Three steps were carried out to understand 
this issue and they were as follows: 

For SP2, three FE models were constructed with different thicknesses: t 

2.0 mm, t=2.10 mm, and t=2.19 mm. The results showed small drop in the denting 

load as the thickness decreased but there was no noticeable change in the slope at the 
beginning of the denting process - see Figure (6.35). 

Next, the effect of pipe ovalisation was checked. This was done by constructing 

three separate FE models with different diameters. Three elliptical shapes with different 

diameters were used as sketched in Figure (6.36). In vertical direction the diameters 

were: D,, = 82.82 mm, D. = 83.10 mm, and D,, = 83.47 mm. In horizontal direction 

they were: D,, = 83.82 mm, D,, = 84.10 mm D,, = 84.47 mm. FE results showed 
decrease in denting load as the pipe's horizontal width increased but there was no 
difference in the initial slope - see Figure (6.37). 

Finally, attention turned to validity of the rigid support. Instead of rigid 
support, it was decided to use a set of spring elements along the pipe length to model 
the wooden support. This was done by using nonlinear springs between pipe nodes 
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and ground in X and Y direction. Before calculation could proceed one needs to know 

values of stiffness of wood which was used for the support. A compression test was 

carried out to find stiffness of the wood. This was done by testing a piece of pine wood 

with dimensions 25.8 mm X 26.1 mmm x 25 mm. The piece was tested in compression 
by using Instron machine. The results obtained are plotted in Figure (6.38). At the end 

of the test the piece staxted to crack. The zoomed area of the global, load-displacement 

curve, was used to model the spring stiffness for the FE models. Computations have 

shown that the initial values of wood stiffness played important role in bringing better 

correlation of experimental and FE results. 

A set of stiffness values extracted from the load-displacement curve were input 

into the nonlinear springs, The results were excellent for empty pipe, SP1, Figure (6.39). 

Good results were also obtained for pressurised pipe, SP2, Figure (6.40). This confirms 
that the rigid model of the support did not account for elastic behaviour of wooden 

support, 

6.6 Repeatability of test results 

Specimens, SP2, and SP3 were subjected to the same denting. Their material 

properties were slightly different as they were from different batches of pipes. The 

change in yield stress was, (332-316) X 100 = 4.8 %. Their nominal dimensions were close 332 

- see Table (6.13). Loading/unloading versus depth of the dent is shown in Figure (6.41). 

Profile of residual dent in both pipes is shown in Figure (6.42). Results shown in Figures 

(6.41) and in Figure (6.42) are very close. This in turn confirm good repeatability of 
testing on denting. 

6.6.1 Initial pressurisation 

Details about strain gauges, i. e., locations and directions on pipe's surface 

are shown in Figures (C. 9), (C. 10), (C. 11), (C. 12), and Figure (C. 13) in Appendix (C). 
Specimens, SP2 and SP3, were pressurised to the design level p= 11.2 MPa. The axial 
strain obtained at the end of this pressurisation step was averaged for all strain gauges 
and they were compaxed with the FE prediction. The average axial strain for SP2 was 
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257 Me, and 233 tte for SP3. The FE prediction was 220 pe for both, SP2, and SP3. 

The average hoop strain was 848 pe for both, SP2, and SP3, and the corresponding FE 

prediction was 898 pe. 

Specimens SP4, SP5 and SP6 were pressurised to the half of the design level, 

i. e., p=5.6 Wa. The gauges were placed close to edges of the gouges. The average 

axial strain from strain gauges was 120 Me for SP4,123 Me for SP5, and 119 Me for 

SP6, The FE predictions were 116 Me for SP4,112 Me for SP5 and 88.3 Me for SP6. 

The average hoop strain from strain gauges was 460 Me for SP4, and 70 tic for SP6. 

The FE values were 412 Me for SP4 and 98 lie for SP6, (there was no hoop strain gauge 

for SP5). The difference in the hoop strain values might be due to the presence of the 

gouges and the fact that strain gauges were close to edges of gouges. 

Also, values of the FE strain were obtained as average values at nodes. This 

could overestimate the strain values at the surface due to the extrapolation of the 
I 

results. And generally it can be concluded that the strain gauges gave reasonable 

results when compared to the finite element prediction for pressurisation step. 

6.6.2 Denting 

Once the pressurisation was completed, the denting process started and the 

same strain gauges were used to record any change in the strain distribution during 

this part of the experiment. Typical plot of experimental strain and FE-strain is shown 
in Figure (6.43), and in Figure (6.44) for SP4. The axial strain distribution for, SP2, is 

shown in Figure (6.45) for both gauges G02 and G04. Both gauges were on axial axis 

as sketched inside the Figure (the dashed line indicates the indenter's outline). The 

magnitude of axial strain increased as the dent depth, J, increased. All axial strains 

were tensile. The hoop strain distribution for the same specimen is shown in Figure 

(6.46). 

Distribution of axial strain for, SP3, is shown in Figure (6.47) for gauges G02, 

G04, and G06. Position of these gauges was shifted 60' in hoop direction - as sketched 
inside the Figure. Results showed tensile strains and their magnitude increased as 
the dent depth increased - as shown in Figure (6.48). The hoop strains axe tensile at 
the beginning of the indentation and they change to compression as the dent depth 
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increases (especially for gauge, G05). 

The hoop strain distribution for SP4 is shown in Figure (6.49) for gauges G07 

and G02. The hoop strains were compressive and their magnitude increased with the 

increase of thedent's depth. Distribution of the hoop strain for gauges G03 and G05 

is shown in Figure (6.50). The hoop strain distribution was tensile and the magnitude 
increased with the increase of the dent's depth. The axial strain distribution, for gauges 
GOI, 006 and G08, is shown in Figure (6.51). It is seen that magnitude of tensile strain 
increases as the dent's depth increases (especially for gauges closer to the gouge tip). 

For specimen SP5 with double axial gouges, the axial strain distribution ob- 

tained from gauges G04 and G05 is shown in Figure (6.52). The axial strain was a 

tensile strain at the beginning of the indentation procedure and it changed to compres- 

sive strain as the dent's depth increased. Figure (6.53) shows axial strain distribution 

for gauges G01, G02, and G03 which were located on central axis of the pipe - as 

sketched inside the figure. Magnitude of the axial strain increased with the increase 

of the dent's depth, and maximum strains were recorded by gauges closer to the dent 

vicinity or closer to the gouge tip. 

Distribution of the axial strain for, SPG and from gauges GOI, G02, and G03 

is plotted in Figure (6.54). The axial strain was tensile at the beginning and changed 
to compressive as the dent's depth increased. The magnitude was larger for gauges 

closer to the dent, as well as, gouge vicinity or gouge tip. In addition, the axial strain 
distribution for gauges C01, G02, and G03 positioned on the central axis is given in 
Figure (6,55), The axial strain was a tensile strain and it is magnitude increased as the 
dent's depth increased. Also, its magnitude was larger for gauges closer to the gouge 
tip. Most of the strain gauges were located close to the dent region to capture the 

change in the strain distribution around dent and gouge vicinity. 

6.7 Contact area 

The contact area described in Chapter (3) was confirmed here experimentally 
for one sample. The experimental test was carried out on specimen, SP3, by using a 
thin pressure sensitive membrane called PressureXR (SENSOR Product Inc., USA). 
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This sheet of film was put between the hemispherical indenter and the pipe during 

denting. As depth of the dent increased the contact area changed. This change of the 

contact area was mapped onto the film. Once the denting procedure was completed 

the film was sent to the manufacturer for processing. Results are depicted in Figure 

(6.56a), and in Figure (6.56b), for 2D, and 3D, respectively. The result is re-plotted in 

Figure (6.56c) which also shows the outer perimeter of the indenter. These contours 

can be compared with results obtained from ABAQUS in Figure (6.56d). The contact 

area measured experimentally for half circle is A,. ýpt = 286 rnrn2 and from FE, the 

contact area is AFE = 235 MM2. The difference in the contact area is 17.8% which 

is reasonable for this sensitive test. This test also confirms that the contact surface 

between indenter and shell is not a total contact. There are areas where these two 

surfaces do not interact. This is a very interesting observation- firstly the FE based, 

and then verified experimentally. 

6.8 Observations 

During experimental tests carried out on specimens SP1 to SP6 the following 

observations can be made: 

* The presence of internal pressure stiffens the pipe hence there is an increased 

magnitude of denting load when compared to non pressurised pipes. 

* No failure has occurred during pressurisation. or during indentation for all speci- 

mens (whether empty or pressurised). 

* Shapes of dents were smooth and there were no signs of any scratches or any 

surface defects. 

e The presence of axial gouges had a small effect on the load-displacement path 
and on springback. 

* The internal pressure was monitored and it was always constant. Small variation 
in the pressure was compensated by pressure accumulator. 

* Reduction in wall thickness at the dent centre was measured for, SP2, and SP3, 

and it was compared with the FE prediction. The results showed that for dent 
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depth equal to 0,23, with internal pressure equal to p= 11.2 MPa, 

there was ýý 5.2% reduction in wall thickness. 

* Strains measured by gauges gave results which compared reasonably well with 

the FE predictions for the pressurlsation step. 

6.9 Summary 

* Gouges were introduced into surfaces of plain pipe using electrical discharge ma- 

chine or high speed milling machine. 

* The ground support for pipes in the form of a wooden saddle was used. The 

indenter was hemispherical and it was machined from a solid mild steel bar. 

* Tensile tests were carried out in order to obtain material properties of tested 

pipes. 

The experimental model used a saddle support made from pine wood. Stiffness of 

this wooden support was measured experimentally. The measured stiffness was 

subsequently used in the FE model with nonlinear springs. This approach gave 

very good results, i. e., numerical and experimental results agreed very well. 

9 Repeatability of experimental tests was checked, and good results were obtained 
(the case of SP2 and SP3). 

* Strain gauges were used during denting of specimens SP2 to SP6 in order to 

predict the axial and hoop strain distribution around vicinity of the dent. 

Contact area and its shape was measured experimentally. It compared well with 
the FE prediction. This test confirmed that there is no continuous contact be- 

tween indenter and pipe during denting. 
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CHAPTER (6): EXPERIMENTAL DENTING PROCEDURE 

Specimen Pl , nT. l)7 Exten. (2)] 
spi -1 255 - - - 
SP2 130 255 130 255 255 
SP3 128 254 128 255 255 
SP4 132 255 132 255 255 
SP5 140 255 140 252 252 
SP6 124 ý54 124 250 250 

Extension (1) with end closed and bxtenslon (; d)wltn oil inlet. 

Table 6.3: Axial length of different parts, i. e., P1, P2, and P3 after machining. Length of two 

extensions (1) and (2) is also included. Data is in (rnm). 

Specimen A, (mm) I AA, % variance t (mm) At % variance7 
spi 84.20 0.012 0.140 2.07 0.0030 0.15 
SP2 84.10 0.016 0.020 2.10 0.0043 0.20 
SP3 84.06 0,012 0.015 2.09 0.0030 0.14 
SP4 84.08 0.056 0.066 2.08 0.0027 0.13 
SP5 83.94 0.027 0.030 2.08 0.0019 0.09 
SP6 83.97 0.019 0.023 2.05 0.0042 0.20 

Table 6.4: Values of the average wall thickness, and of the outside diameter, (within parts P1, 
P2, and P3) for all test specimens. 

location Width (2w) I 
_ 

Depth (e) Length (2c) 

1 0.97 1.07 21.0 
2 0.99 1.05 21.0 
3 0.99 1.05 21.0 

- 4 0.99 1.05 21.0 
5 0.97 1.06 21.0 
6 0.95 1.06 21.0 

Average 0.98 1.06 21.0 

Table 6.5: Dimension of gouges obtained from measurements of acrylic mould for SP4. Data is 
in (mm). 

location Before use (mm) After use 
_(mm) 1 1.0 0.96 

2 1.0 0.96 
3 1.0 0.96 
4 1.0 0.96 

Average 1.0 0.96 

Table 6.6: The measurements of the electrode's thickness before and after being used for mid- 
span gouge in, SP4. Length of electrode is 2c = 21.0 mm. Data Is in (mm). 
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location Width ýepth (e) Length (5-cT'ý 
1 1.08 0.96 21.0 
2 1.06 0.94 21.0 
3 1.06 0.98 21.0 
4 1.06 0.94 21.0 
5 1.08 0.94 21.0 

Average 1.07 0.95 21.0 

Table 6.7: Dimensions of gouge obtained from measurements of acrylic mould for SP5. Off- 
centre gouge, (slot A). Gouge length is 2c = 21.0 mm. Data is in (mm). 

location Width )epth (e) Length (2c) 

1 1.02 0.98 21.0 
2 1.04 0.98 21.0 
3 1.06 0.98 21.0 
4 1.08 0.98 21.0 
5 1.06 0.98 21.0 

Average 1.05 0.98 21.0 

Table 6.8: Dimensions of gouge obtained from measurements of acrylic mould for SP5. Off- 

centre gouge, (slot B). Gouge length is 2c = 21.0 rnm. Data is in (mm). 

location 1 1 Before use (m ,r use (m 
1 1.0 0.960 
2 

-1.0 
0.960 

3 1.0 0.960 
4 

- 
1.0 

- 
0.900 

Averagf , 
_7 

F- 1.0 T 0.960 
Table 6.9: The measurements of the electrode thickness before and after being used for the 
off-centre gouge, SP5, (slot A). The electrode length is 2c = 21.0 tnm. Data is in (mm). 

location Before use (mm) After use (mm) 
1 1.0 0.960 
2 1.0 0.960 
3 1.0 0.960 
4 1.0 0.960 

Average 1.0 0.960 

Table 6.10: The measurements of the electrode thickness before and after being used for off- 
centre gouge, SP5, (slot B). The electrode length is 2c = 21.0 mm. Data Is in (mm). 
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E12-cat-ion Width (2w) Depth (-eý--T -Length (2c) 
1 2.48 0.42 68.0 
2 2.52 0.44 68.0 
3 2.46 0.50 68.0 
4 2.52 0.50 68.0 
5 2.56 0.46 68.0 
6 2.54 0.50 68.0 
7 2.46 0.50 68.0 
8 2.46 0.50 68.0 

ý-Average 2.50 0.48 68.0 

Table 6.11: Dimensions of gouge obtained from measurements of acrylic mould, for SP6. Gouge 

length is 2c = 68.0 mm. Data is in (mm). 

Specimen I I 2c (m) 
.1 s 0.470 0.50 0.25 

SP5 0.464 0.51 0.25 
SPO 0.230 1.20 0.81 

Table 6.12: Summary of normalised dimensions for depth, width and length of gouges, These 
dimensions were used to construct the FE models. 

[- D,, I-tILI e/t I 2c/D. I 2w/t I Pdenting 
I 

I No: j I (mm) (mm) I (mm) I M M (%).. 1 
_ 

(MPa) I Couged Be 

SP1 84.20 2.07 505.2 - 0.0 NO NO 
SP2 84.10 2.10 504.6 - 11.2 NO YES 
SP3 84,08 2.08 504.5 - - - 11.2 NO YES 
SP4 84.06 2.09 504.4 47 24.98 47.85 5.6 YES YES 
SP5 84.8 2.08 504.5 47 1 24.98 

_] 
48.08 5.6 YES YES I 

SP6 83.97 2.08 
_503.8 

23 1 81.0 1 
_120.2 

5.6 1 YES YES 

Table 6.13: Geometry of six mild steel pipes. Models SP1, SP2, and SP3 had plain dents in 

them whilst models SP4, SP5, and SP6 were gouged. Note: * model no. SP5 had two axial 
gouges of the same geometry and placed symmetrically with respect to mid-length, 

1 Specimen 11 1 (t) (mm) 1 At (mm) 1 (w) (rnm) 1 Aw (MM) j A (MM2)_l 

1 2.31 0.00222 20.03 0.0035 46.25 
2 2.38 0.00682 12.34 0.0042 29.60 
3 2.37 0.00115 20.01 0.0012 47.51 
4 

___2.37 
0.00106 12.01 0.0024 28.45 

Table 6.14: The average wall thickness and width of tensile test specimens with the correspond- 
ing standard deviations. A is the cross-section area. 
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E (GPa) 1 1 crvp (MPa) CrUTS (MPa) v Applicable to models 
210.0 316 *0 460.0 0.30 SP1, SP2 (Fig. 3.7b) 
205.0 332.0 459.0 0.284 SP3, SP4, SP5, SP6 (Fig. 6.12ý] 

Table 6.15: Average material properties of tested pipes obtained from uni-axial tests on flat 

coupons. 

F .. ax (kN) T61D,, ),,, 
a.,, 

(%) (61D,, ). R (%) 

No: j Expt FE Expt FE Expt FE 

spi 11.7 12.1 16.0 16.0 11.91 12.3 
SP2 37.0 45.0 23.0 23.0 11.99 13.4 
SP3 39.0 46.0 23.0 23.0 11.77 12.3 
SP4 20.0 22.0 15.0 15.0 9.20 1 10.7 
SP5 21.5 23.9 16.6 16.6 10.10 11.5 
SP6 21.0 22.4 16.0 16.0 10.20 11.8 

Table 6.16: Comparison of experimental and computed results for denting of plain and gouged 
pipes. 
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Fit, mrc 6.3: Sketch of the electrical discharge Illachille jusext fol. Inallufactill-ing of axial goliges. 
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I 

Figure 6., 1: Part, P2, of' pipe, SP5, in the spark crosion machille. The case of two axial gouges 
is shown. 

4 
2w 

2c 

--*, 

I+ 

(SidC $ iCIA) 

NIt. 1stirvillent poilits 

(I "I. , iv") 

(a) (b) 

Figure GA The Inale illold, ill acrylic, of a narrow axial gouge, Figure (6.5u); sko, ch showing 
position of measuring point's oil the inale mould, Figure (6). 5b). 
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33 

Figure 6.6: View of' hemispherical ilideliter = 3-1.7 iiim, and Ilindcritcr ý 80.0 'mm). 

Flat 

Flat 11 
Pigure 6.7: View of the pipc being pirtially Illachillo(I (1,01. ext'ractioll of' Hat Wilsile test speci- 
III(IMS). 

- �- 

y 
"""-- 

Figure G. S: The tensile test, spvchilvil 1wFore andaft(II, 1)(, illg 
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Figure 6.9: Plot of engineering stress-strain obtained for flat specimens 1,2, and 3. 
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Figure 6.10: Plot of engineering stress-strain (averaged results from specimens 1,2, and 3). 
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Figure6.11: Plot of true stress-strain curve (based on average stress-strain curve, Figure (6-10)). 
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Figure 6.12: Nineteen linear segments of the true stress-strain curve used in the FE models. 

159 

10 20 

10 20 



CHAPTER (6): ExPERIMENTAL DENTING PROCEDURE 
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0 

Und 

Figure 6.13: Plot of the experimental and FE loading-unloading curves versus depth of the 
dent for specimen, SP1. The specimen had no surface defect. Also, 10 2L = 3.0, 

0.16, p=0.0, and )R = 0-1191- 
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a 

12 

Figure 6.14: Comparison of the residual dent profile along pipe's length for specimen, SPJ. 
The specimen had no surface defect. Also, 1.0 2r, = 3.0, (50.16, p=0.0, 

0.1191. 
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Figure G. 15: The Mit utoy() lillear gilligc t rallý, dllcer lised I'm. ilicasill-ollicills ()f deld pi. ()file ; 11()Ilg 
the pipc's Icilgill 1, I)v Illodel SP3. 

l, 'igurc GAG: Sk(, t, (-Ii of the expvrill wl it'll schip wwd t, o oblaill Ihe doill's pn)filo. 
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Ni: '; PAC 

A 

) :' 
Figure 6.18: The experimental set, 111) for denting a J)il)(!. Also, arrangements for pressurising 
the pipe. 
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Figure 6.19: Close View of pipe, With double axi'll gouges, ill Contact With hemispherical illdoll- 

ter. Photograph Shows the case: 0.166,1.0, -2' = 0,215,1ý = 0.47, -2"' = O., IsO,,, ), D, ý D,, It 
and p=5.6 AlPa. 

Figm c 6.20: View ()1' 11 it ý residual Ic I It d(-pt 11 ()11 pi I)("-, surfitce I'm-, -)' 1 '2. The ca. ý, (, sI iowi I is It) I-: 
0.23, "ý1.0, and 1) 1 t. 2 AI Pa. T 

Fi Aii re 6.2 1: Picture of' the residlial dent dept 11 oil pipe's sill-facv fol., 
r(-fers to: 0.23, "=1.0, and 1) 11.2 Al Pa. Note I hat the pipe ljo b 

gouges. 
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40 

20 

Figure 6.22: Plot of experimental and FE denting load versus depth of the dent, y for, 

SP2. The specimen has no surface defect and the indenter was hemispherical, 1.0. Also, 
2L 6.0, ("L) .... .=0.23, and p= 11.2 MPa. 

0 IT. 

10 

1! 

Figure 6.23: Comparison of the residual dent profile along pipe's length for specimen, SP2 

after releasing internal pressure. The specimen was without surface defect. The indenter was 
2L hemispherical, '=1.0. Also = 6.0, (6=0.23, and p= 11.2 AIN. W U. - IT. 
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40 

20 

Figure 6.24: Plot of experimental and FE denting load versus depth of the dent, 

SPI The specimen has no surface defect. Also, a=1.0,2L = 6,0, )max = 0.23, and 

p= 11.2 Wa. 

0 

5 

to 

Figure 6.25: Comparison of the residual dent profile along pipe's length for specimen, SPI The 
specimen had no surface defect. Also, 1.0,2L = 6.0, (8),, nax - 0.23, and p= 11.2 MPa. 
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Figure 6.27: Laboratory scale pip, %villi I\k'() gollges after 1wing S1, F). variahles, wero: 

....... Li = 1. (), 2c 0.2 F), L=0. -, 17,2,,, =: 0.4808, and 1) -- 5.6 AII)a. 
1,1)" tt 
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Figure 6.28: Laboratory scýilc pipe With large goligo lifter heing deliled, lill(j, 

....... = 0.1(;, 1.0,0.81, L=0.23, -2"' = 1.20, and 1) = 5.6 AI Pa, tt 
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20 

10 

Figure 6.29: Experimental and FE denting loading-unloading versus depth of the dent, (SP4 
model). The specimen has a single gouge at mid-span. Also, 'V = 1.0,2L W=6.0, (V8 ),.. = 0.15, 
and p=5.6 MPa. 

12 

Figure 6.30: Comparison of the residual dent profile along pipe's length for specimen, SP4. 
The specimen had single axial gouge at the centre. The indenter was hemispherical, '=1.0, 

2L 3 
p=5.6 MPa, 6.0, and p=5.6 MPa. 
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20 
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0 

Figure 6.31- Plot of experimental and FE loading-unloading versus depth of the dent for 

specimen, SP5. The specimen had two gouges at the centre. Also, 1=1.0,2L = 6.0, b 
0.166, and p=5.6 MPa. 
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12 

Figure 6.32: Comparison of the residual dent profile along pipe's length for specimen, SP5. 
The specimen had two gouges at the centre. Also, a=1.0,2h T 6.0,0,166, and 
p=5.6 MPa. 
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20 

10 

0 

Figure 6.33: Plot of experimental and FE loading-unloading versus depth of dent for specimen, 
SP6. The specimen had a large gouge at the centre. Also, a=1.0,2L = 6.0, (6) max = 0.16, 

and p=5.6 MPa. 
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Figure 6.34- Comparison of the residual dent profile along pipe's length for specimen, SPG. 

, 
2L = 6.0, The specimen had a large axial gouge at the centre. Also, 43 = 1.0, P=5.6 MPa 

8 0,16, and p=5.6 MPa. -D. - 
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Figure 6.35: Denting load versus displacement for both experiment and FE analyses. FE results 
2L 

with different values of thickness are plotted, Also, Y. = 6.0,1.0, and p= 11.2 Af Pa. V 

R. n 41.41 MM R. a 41.55 mm Ra41.735 mm 

R. a 41 . 91 mm FLn 42.05 mm R. u 42.235 mm 

(A) (13) (C) 

Figure 6.36: Shapes simulating ovalisation of pipe's cross. section to be modelled in the FE 

calculation. 
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Figure 6.37: Plots of denting load versus displacement for different magnitudes of pipe ovalisa- 
a tion. Also, 2L = 1.0, and p= 11.2 Wa. 
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Compression 
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Figure 6.38: Compression test of the pine wood. 
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L laad 
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61D. 

0.16 

Figure 6.39: Comparison of denting loading-unloading versus displacement for specimen, SPI. 
being differently supported. Three types of support were used: rigid saddle, wooden saddle and 
a set of nonlinear springs. Also, ,=1.0,2L = 6.0, p=0.0, and 0.16. b V. - 
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Figure 6.40: Comparison of denting loading-unloading versus displacement for specimen SP2 
being differently supported. Three types of support were used: rigid saddle, wooden saddle and 
a set of nonlinear springs. Also, a=1.0,2L = 6.0, p= 11.2 IVIPa, and (5=0.23. 'F 7T. 7r. 
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Figure 6.41: Plot of experimental loading-unloading curve versus dent's depth for specimens 
SP2 and SPI Also, the indenter was hemispherical, a=1.0,2L = 6.0, p= 11.2 MPa, and 

0.23. 

10 

Figure 6.42: Plot of the residual dent profile along pipe's length for specimens SP2 and SP3 
after releasing the internal pressure. The indenter was hemispherical, 10 2, = n 6.0, ad 

0,23.0 

174 

0 0.1 0.2 



CHAPTER (6): EXPERIMENTAL DENTING PROCEDURE 

(mm) 

-20000 . 15000 . 10000 -5000 

411111 
Axial strain 

I 
:+I----- -- 

GO4ý' 

Experiment, CO4 --I 
i 

I SP4, p- Si-ANI 7Pa 1 

Figure 6.43: Axial strain versus dent depth, 6, for gauge number G04. The specimen, SP4, has 

a single axial gouge at the centre. Also, p=5.6 MPa, q=1.0,2L = 6.0, and (5). ax = 0.15. E r. - 77. - 
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Figure 6.44: Hoop strain versus dent depth, 6, for gauge number GO5. The specimen SP4 has a 
single axial gouge at the centre. Also, p=5.6 MPa, 1.0,2 1, = 6.0, and 0.15. 
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Figure 6.45- Distribution of axial strain in specimen SP2 (gauges C02 and G04). Both gauges 
were off-centre as sketched in the figure. Dashed circle indicates the indenter's location, (top 

view of the specimen). 
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Figure 6.46- Distribution of hoop strain in specimen SP2 (gauges GOI and C03). Both gauges 
were off-centre as sketched in the figure. The dashed circle indicates the Indenter's location, 
(top view of the specimen). 
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Figure 6.47- Distribution of hoop strain in specimen SP3 (gauges G02, G04, and G06). All 

gauges were off-centre as sketched in the figure, (side view of the specimen). 
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Figure 6.48: Distribution of axial strain in specimen Sp3 (gauges GOI, C03, and C05). All 
gauges were off-centre as sketched in the figure, (side view of the specimen), 
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Figure 6.49: Distribution of hoop strain in specimen SP4 (gauges G02 and G07). Both gauges 
were off-centre as sketched in the figure. Dashed circle indicates indenter's location, (top view 
of the specimen). 
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indenter's location, (top view of the specimen), 
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Chapter 7 

Experimental programme: 

bending of dented pipes 

7.1 Introduction 

The combined effect of pressure and bending on the behaviour of a dented 

pipe is addressed in this Chapter. The bending moment is applied to dented pipes. 
Procedure for inducing this moment is carried out by using four point bending tech- 

nique. Some of dented pipes have surface defect, i. e., gouges. This Chapter is focussing 

on experimental bending tests and on comparison of obtained results with the FE 

predictions. 

7.2 Outline of FE analysis and testing 

A brief outline is provided next on the FE analyses and experimentation which 

are carried out in this Chapter. 

7.2.1 Pressure loading and boundary conditions 

Loading by internal pressure is the same as mentioned in Chapters (3), and 
(4). The magnitude of pressure during bending is different from pressure applied during 
denting of SP2, and SP3, The FE boundary conditions applied to bent models are the 
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same as detailed explicitly in Table (3.2) (see Figure (3.5)), 

7.2.2 Post-denting assessments 

Once denting was completed for specimens, SP2 to SP6, the pressure was 

released. Measurements of residual dent profile, straightness, and circularity of the pipe 
took place. After end of the denting all pipes showed no sign of any external cracks. 
Shape of dents was smooth for all specimens and all specimens had no scratches or 

any other external visible defects. Also, all dented specimens had residual strains and 

stresses due to pressurisation and denting. 

7.2.3 Strain gauges 

The strain gauges used during denting were checked for any damage. Some 

new gauges were added. Details about strain gauges are provided in Figures (D. 1) to 
Figure (D. 5), in Appendix (D). 

7.3 Experimental set-up 

7.3.1 Four point bending test 

The test specimens which already have been dented, i. e., SP2, SP3, SP4, SP5, 

and SP6 are subjected to bending moment using four point bending approach. The 

objective is to apply a constant moment to the dented pipe. This moment can be in 

either direction towards opening or closing the dent - see Figure (4.1), A feature of this 
test is that the bending moment M is uniform over the central portion of the pipe and 
there is no shear force over this portion as shown in Figure (7.1). New arrangement for 
bending was designed, (four points bending test), as shown in Figure (7.2). The Dartec 
head was 'divided' to two-point loading. Rolled solid bar allows the test specimen to 

move or deform easily when subjected to vertical displacement, The bending moment 
test consists of the following steps: 

* Test specimen is placed horizontally in Dartec machine as sketched in Figure 
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(7.3). 

9 All measuring instruments, i. e., measuring diameter growth, measuring system 

for angle rotation and pressure transducer are installed. 

e Next, the dented pipes is pressurised to the required pressure level, p=5.6MPa. 
The dented specimens are connected to pressure accumulator to compensate any 

change in pressure during the test. Figure (7.4) shows a typical plot of pressure 

versus centre node displacement for, SP2, during pressurisation. 

e Vertical displacement using Dartec machine is applied in steps equal to 0.1 mm. 
As the displacement increases the angle of rotation starts to increase. Figure 

(7.5) shows loading-unloading curve for specimens, SP2, during bending test. 

The test specimen is subjected to Dartec displacement until buckling/bulging 

occurs. 

7.3.2 Measuring of angular rotation 

The arrangement for measuring and recording the angle of rotation is shown 

schematically in Figure (7.6). Photograph depicting actual pipe being bent is shown 
in Figure (7.7), The system was designed by using two bars which were attached to 

the dented pipe. These measuring arms were tack welded onto the test specimen. 
In unloaded state the measuring arms were parallel as can be seen in Figure (7.6). 

Two displacement transducers were then attached between these two bars, identified 

as transducer (1) and transducer (2). Both transducers could only move in horizontal 

direction. The distance between both arms was kept constant and equal to ý-= 3D,, (in 

order to eliminate recording of local deformations). Assuming that the rotation of the 
dented pipe was small one can assume that transducers were horizontal. Figure (7.8) 

shows displacement of the transducers versus time of the test (for specimen SP2). Both 

curves, from transducers (1) and (2), are similar to each other. The difference between 

them is the magnitude of transducer extension. This is expected since extension of 
transducer (2) is laxger then that of transducer (1). The angular rotation was calculated 
using equation (7.2) (schematically explained in Figure (7.9)): 
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Sin 
0X gab - Jed 

"T 2Y 

0=2 sin-' 
6ab - bcd 

(7.2) 
2Y 

where Sab is the extension of line AB for transducer (1), 6cd is the extension of line CD 

for transducer (2), and Y is the vertical distance between transducers before denting, 

and this equals 250 mm. The diameter growth was also measured for all test specimens 

using diameter growth gauge. 

7.4 Application of bending moment 

7.4.1 Dented pipes with no gouges (opening bending moment)-SP2 
& SP3 

The dented specimens, SP2, and SP3 which have no surface, gouges, were 

subjected to opening bending moment with internal pressure equal to, p=5.6 AfPa. 

The pressure was constant during the bending test - see Table (7.1) for other details. 

The opening bending moment was applied in a such way that the dent was located 

on the tension side of the specimen - see Figure (4.1). Results obtained from four 

point bending fixture were post-processed, and plots of applied moment versus angle 

of rotation were obtained for both SP2, and SPI Experimental results were compared 

with the FE prediction. Comparison is shown in Figure (7.10) for SP2, and in Figure 

(7.11) for SPI As can be seen from both figures, there is a good agreement between 

both sets of data for up to 0.1 rad (about 6" 6'), after which both curves diverge. 
The first portion of the curve is adequate for the limit analysis since twice elastic slope 
and five times elastic slope can be applied. The ultimate bending moment with its 

corresponding angular rotation for both experiment and FE are given in Table (7.2). 
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7.4.2 Dented pipes with gouge(s) (opening bending moment)-SP5 Sz 

SP6 

The dented specimens SP5 and SP6 which have surface defects were subjected 

to opening bending moment with internal pressure p=5.6 Wa. This pressure was 

constant during the bending test. The moment was applied by using four point bending 

test facility. The results obtained from recording instruments were post-processed and 

they are shown in Figure (7.12) for SP5, and in Figure (7.13) for SP6. Plots of moment 

versus angle of rotation obtained from the FE analysis are also shown in these figures. 

As can be seen from both figures, there is a good agreement between both sets of results 
for up to 0.1 rad (about t-7-- 6), after which gap increases between FE and experiment. 
The ultimate bending moment with the corresponding angular rotation is also given in 

Table (7.2). 

7.4.3 Dented pipe with a single gouge (closing bending moment)-SP4 

The dented specimens, SP4, was subjected to closing bending moment with 
internal pressure equal to p=5.6 MPa. This pressure was constant during the bending 

test - see Table (7.1). The closing bending moment was applied in a such way that 

the dent was located on the compression side of the specimen - see Figure (4.1). The 

moment was applied by using the same four point bending test facility which was 
described previously. 

The resulting moment versus angular rotation for SP4 is plotted in Figure 
(7.14). Again, the FE results are added to this figure as can be seen from this figure, 

there is a good agreement between both methods for up to 0.065 rad (about LýO 3.5"), 

after which gap increases between FE and experiment. This difference is due to the 
fact that the closing bending moment accelerates the dent thus causing quicker buck- 

ling/bulging. The ultimate bending moment with its corresponding angular rotation is 

given in Table (7.2). For pipe, SP4, the ultimate bending moment is 5.16 kNm. This 

value is compared with the FE results, 4.2 kNm. This gives the percentage difference 

of 18.6%. 
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7.5 Buckling/bulging of bent pipes 

The experimental bending tests were stopped once buckling/bulging appeared. 
As an example, a general view of the dented pipe, SP3, is shown in Figure (T. 15). The 

combination of opening bending moment and internal pressure pushed out the dent, 

and a closer view of this case is shown in Figure (7.16) for SP2. Figure (7.17), on the 

other hand, shows different stages of the experiment, starting from manufacturing the 

pipe's defect through denting and than bending (for SP5 and SP6). For closing bending 

moment bulges appeared on both sides of the dent as shown in Figure (7.18a) for SP4. 

In the case of opening bending moment buckles/bulging appear on the opposite side 

of the dent around the welding region (Figure (7.18b) for SP5). In the FE results, for 

opening bending moment, the buckles occurred at the pipe's end. Therefore, further 

investigation was carried out here. The welding rings were included the new FE model 
by giving stiffer material for the ring and the results are seen in Figure (7.19). In 

this case bulges 'returned' to both ends - exactly as in the experiment. The ultimate 
bending moment was also computed for model with and without welding rings. Several 

points, W, V, W, and V were checked along the opening moment curve - see Figure 

(7.20). Deformed profiles corresponding to points W, V, V, and V are shown in 

Figure (7.21). It is seen here how inclusion of 'welding rings' into the FE model affects 
location of pipe failure. 

Similar examination of the closing moment versus end rotation plot has been 

done for model SP4 - see Figure (7.22). A section through the pipe at various stages 

of loading, i. e., at points: V, V, and V has been extracted. Shapes corresponding 
to these points are sketched in Figure (7.23). Bent configurations at the collapsing 
moment are shown in Figure (7.24) (for SP5), and in Figure (7.25) (for SP4). Both of 
these FE-generated shapes closely resemble photographs shown in Figure (7.18). 

7.5.1 Repeatability of experiments (SP2, SP3) 

It is seen from Table (6.13) that models SP2, and SP3 are nominally identical. 
They had no surface defects and after being dented to the same depth, ('L), aý = 0.23, D. 
with the same internal pressure, they were subjected to the same bending moment. 
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Both specimens have the same conditions in terms of dent depth, inside pressure and 

dimensions. The results obtained for moment loading versus angular rotation can be 

seen in Figure (7.26). The results compare well. Small discrepancy at larger rotation 

could be due to a small differences in the material properties. The percentage difference 

in the ultimate bending moment is (6-15-6-0) = 2.44 % and the percentage difference in 
6.15 

the angular rotation is (0.214-0.20 6.5 %. It could be concluded here that both tests 0.214 

gave neax the same results. 

7.6 Strain gauge results I 

Strain gauges were used to record any change in strain distribution in and 

around the dent and gouge vicinity during bending. Details about positions of strain 

gauges for specimens SP2, SP3, SP4, SP5, and SP6 are provided in Appendix (D). A 

sample of the data obtained from the strain gauge reading as a function of the opening 

bending moment is given Figures (7.27) and (7.28). These figures show tension and 

compression for axial strain. These strains increase with the increase of the bending 

moment. The strain data was collected up to ultimate bending moment. The results 

are presented separately for each specimen and they are as follows: 

Distribution of the axial strain for SP2 is shown in Figure (7.29) for gauges G01, 

G02, G03 and G04. These gauges were located on axial axis as sketched inside 

the figure. The dashed line indicates the dent area. The axial strain increases as 

the opening bending moment increases and it is a tensile strain for gauge GOI and 

other gauges give compression strain. The maximum axial strain was predicted 

by gauge GOI which was closer to the dent centre. Distribution of the axial strain 

seems to be very sensitive in the dent region. Distribution of the hoop strain for 

gauges G09, GIO, GII, and G12 is shown in Figure (7.30). This figure shows 
increase in the hoop strain as the opening bending moment increases, Also, hoop 

strain increases as it moves away from the dent centre. This confirms the high 

stress region (two stationaxy crescent-shaped regions of high external strains at 

the axial extremities of the dent were predicted by Lancaster et al. [68) for dented 

pipes), 
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Figure (7.31) shows distribution of axial strain for gauges G13, G14, and G16 in 

SP2. The axial strain increases as the moment loading increases. The maximum 

axial strain increases away from dent centre. The maximum is at the dent rim. 
This maximum, predicted by gauge G16, is located within the high strain region 

as predicted by Lancaster et al. (68]. In addition, Figure (7.32) shows hoop 

strain distribution in circumferential direction. The hoop strain increases as the 

opening bending moment increases for GOG to GO8. This increase is smaller for 

gauge G05. Gauge G08 gives compression hoop strain as the opening bending 

moment increases. 

For specimen SP3, the strain gauges were located off-centre by angle equal to 60' 

as shown in appendix (D), Figure (D. 2). Distribution of the axial strain increases 

as the opening bending moment increases. This strain increases significantly for 

G05 as shown in Figure (7.33) ( as there are in high tension region). The hoop 

strain is compressive and it increases as the opening bending moment increases - 

see Figure (7.34). 

Distribution of the axial strain for SP4, which has an axial gouge at the dent 

centre, is shown in Figure (7.35) for gauges G01, and G06. The axial strain 
increases as the opening bending moment increases and changes from tensile 

strain to compression strain. This figure shows also maximum strain at the dent 

rim. The hoop strain distribution in for gauges G02 and G07 is shown in Figure 

(7.36). Both tensile strain and hoop strain increase as the closing bending moment 
increases. Figure (7.37) shows hoop strain distribution in circumferential direction 

for gauges G03, G04, and G05. The hoop strain increases with the increase of 

closing bending moment for gauge G03. 

Distribution of axial strain for SP5, which has two axial gouges, is shown in Figure 

(7.38) for gauges G01, G02, and G03. The results show compressive axial strain 

closer to the gouge edge for gauge GOI. There is tensile stress away from the 
the gouge edge (from gauges G02, and G03). Distribution of the axial strain is 

shown in Figure (7.39). This figure shows increase in ýxial strain as the opening 
bending moment increases (for gauges located closer to the dent region). 

& Distribution of the axial strain for SP6, which has a large axial gouge is shown 
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in Figure (7.40) for gauges G04, G05, and GOG. The results show compressive 

axial strain close to the gouge edge (for gauge G04). Tensile stress was recorded 

away from the the gouge edge by gauges G05, and GOG. Strain distribution in 

circumferential direction is presented in Figure (7.41). This figure shows increase 

of strain as the opening bending moment increases. 

7.7 Burst tests 

Once the four point test was completed on a dented pipe, the internal pressure 

was released. The test specimens were then taken to special pressure chamber facility 

for burst test. Figure (7.42) shows a sketch of the test arrangement. 

The test specimen was filled with oil and pressurisation started in steps using 

hand pump until failure was reached. The burst pressures are summarised in Table 

(7.1). The burst pressures for specimens SP2 and SP3 which had no gouges were 

23.6 MPa and 24.3 MPa, (2.8%). The burst pressure for SP4, which has single gouge 

at the centre, was 25 MPa. 

The lowest failure pressure was 17.7 MPa. This was for SP5, which has two 

axial gouges. This was followed by 22 MPa for the wider axial gouge for SP6. A 

sample photograph of failed pipe, SP5, is shown in Figure (7.43) for two axial gouges. 

Figure (7.44) is for model SP6, and Figure (7.45) is for model, SP2. 

7.7.1 Comparisons of burst pressure 

The results obtained from experimental burst was compared to the results 

obtained from equations of burst for plain and gouged pipes but without dents or 
bending. The first equation (Eq. 7.3) was introduced by Ref. [531 for burst pressure of 

gouged pipe and the results were given in Table (7.3). Note that the first three values 

of pressure of this column was high since there is no gouge. These values were similar 

to values obtained for perfect pipe. The second equation (Eq. 7.4) was introduced by 

Ref. [301 for burst pressure of perfect pipe and the results were given in Table (7.3). 

The last equation (Eq. 7.5) is obtained from ASME code [17) for failure pressure of 

perfect pipe when pressurised internally, The results were given in Table (7.3). It is 
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seen that the presence of dents and gouges decrease the burst pressure significantly. 

(t Pf = O'f T. - 

where: and 1-(Q 

Pb=Uý 
tý 

ýR,, j 

Pf=( 
K-1 

CUTS OAK + 0.4) 

7.8 Observations 

M= 
ýl 

+ 0.26 

where bý = 
(atp + allTS) 

2 

for K< L5, and K=R. 
Ri 

(7.3) 

(7.4) 

(7.5) 

e The presence of internal pressure stiffen the pipe geometry hence it increases the 

bending load when compared to empty pipes. 

Buckling/bulging occurred in all opening bending tests. These were located away 
from the dent vicinity by cý' 1.5D,, on the compression side of the pipe. For 

closing bending moment test bucking/bulging occurred in the dent vicinity on 
the compression side of the specimen. 

9 No failure has occurred during bending moment tests for all specimens. 

* The presence of the axial gouges has small effect on the bending moment-rotation 

curve. 

e The bending moment-rotation curve for all specimens, had similar trends. The 

bending moment increases with the increase of the angular rotation. All speci- 
mens had similar magnitude of the ultimate bending moment. 

7.9 Summary 

The measuring system for angular rotation proved to be adequate. It was able 
to measure large rotations. Good repeatability of tests was demonstrated for specimens 

191 



CHAPTER (7): ExPERiMENTAL BENDING OF DENTED PIPES 

SP2 and SPI None of the bent specimens failed during the tests. The experimental 

results agreed well with the FE predictions. 
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D,, t e/t I 2w/i -2ýC-Mo Mending Pburst Bendin ty e No: l Fm--) MI M M ýWa3 (MPa) g p 

SPI 84.20 2.07 - - 24.55 not bent 
SP2 84.10 2.10 - 5.6 23.6 Opening 
SP3 84.08 2.08 - 5.6 24.3 Opening 
SP4 84.06 2.09 50 24.98 47.85 5.6 25.2 Closing 
SP5 84.08 2.08 50 24.98 48.08* 5.6 17.7 Opening 
SP6 83.97 2.08 25 80.98 120.2 5.6 22.0 Opening 

Table 7.1: Details about pipes subjected to bending. Models SP2, and SP3 had plain dents in 
them. Models SP4, SP5, and SP6 were gouged. Note: * model no. SP5 had two axial gouges of 
the same geometry and placed symmetrically with respect to the mid-length. SP1 was dented 
but not bent. 

I (BM).,, ý,,, (kNm) (Rot. )..,. (rad) 
No: j Experiment FE Ex eriment FE 
SP2 6.15 5.0 0.200 0.220 
SP3 6.0 4.96 0.214 0.220 
SP4 5.16 4.20 0.216 0.055 
SP5 5.79 4.60 0.176 0.206 
SP6 5.85 4.90 0.200 0.230 

Table 7.2: Comparison of experimental and computed results for bending of dented plain 
and gouged, pipes. Note: (BM),.,, =- maximum bending moment, Le., at the collapse, and 
(Rot. ),,,,, =- maximum end rotation, i. e., at collapse. 

F-Rx7p. (gouged & bent pipes) Num. (gouged pipe) Num. (perfect pipe) 
No: j Pburst pf Q. (7.3) Pbur. t EQ. (T -4) ý -pfEQ. (7.5) 

spi 24.6 28.6* 22.6 29.1 
SP2 23.6 29.0* 23.0 29.6 
SP3 24.3 28.8* 23.1 29.3 
SP4 25.2 21.3 23.3 29.4 
SP5 17.7 21.4 29.3 
SPO 22.0 23.1 23.2 29.3 

pf -= failure pressure, * -= no gouge , Num. =- numerical analysis, and Exp. 
-= experiment 

Table 7.3: Comparison of the burst test obtained from experiment with the calculated burst 
and failure pressure for plain and for gouged pipe. Results are in (MPa), 
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Figure 7.20: The bending moment versus pipe's end rotation for SP5. Also, p=5.6 MPa, 
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pression side and at different stages of bending (corresponding to points 'b', V, W, and V in 
Fig. (7,20)). 
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Figure 7.25: View of the bent pipe. FE shape shows buckling/bulging occurring on the com- 
pression side of the pipe when subjected to closing bending moment - see photograph in Figure 
(7.18a). 
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Figure 7.42: Arrangements for experimental burst test. 
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Chapter 8 

Conclusions and future work 

8.1 General 

This Chapter summaries significant observations and conclusions from the 

previous Chapters which need to be considered during the risk assessment investiga- 

tions. Recommendations for future work axe also provided. It should be noted that the 

conclusions presented herein are based solely upon the geometries investigated. 

8.1.1 Literature survey 

Major points from the literature survey are given here to highlight the current 

state of knowledge. They are as follows: 

* Despite much data obtained from experimental tests, there is still need for the 
finite element analysis to be used specially for combined defects such as dents and 
gouges. 

j 9 Pipeline with dents of up to, 24%, can survive and operate under normal 

operating pressure. Dents can be removed by pressurisation which leaves residual 
ripples in short dents, 

Most experiments on denting of small and full size pipes were carried for empty 
pipes. The failure pressure for combined dents and gouges are lower then for 

pipes with dents or gouges occurring separately. 



CHAPTER (8): CONCLUSIONS AND FUTURE WORK 

@ It appears that no work has been published on the effect of bending moment and 

pressure loading on dented/gouged pipes. 

8.1.2 The finite element analysis 

Due to the symmetry of the problem it was sufficient to use a quarter FE 

model. Throughout this study 3D solid reduced brick elements, C3D20R were. used. 

This type of element was used successfully to model dents, gouges and cracks. Shell 

elements were excluded from the analysis since they axe not suitable for modelling 

surface defects such as gouges. In all finite element calculations, it was essential to 

use the full-stress-strain curve rather than the elastic / perfectly plastic modelling of 

material. 

8.1.3 The denting procedure without surface defects 

a The finite element packages ABAQUS 6.3 was successfully used to simulate the 

denting process for empty and for pressurised pipes. The load-displacement curves 

obtained from the FE analysis were similar to those obtained from experiments. 

*A numerical study of a pipe subjected to transverse denting revealed the following 

features: 

1. For a pressure free pipe, there is not much difference in the response curves 

corresponding to different shapes of indenters, e. g,, hemispherical or elliptical. 

2. For pressurised pipe, the magnitude of denting force can be several times higher 

and its actual value is strongly affected by ishape of the indentor, i. e., whether it 

is of prolate or of oblate elliptical profile. 

3. Pipes are likely to withstand deeper dents when they remain pressure free. On 

the other hand, depth of dents can be about 50.0 % smaller when the internal 

pressure is kept equal to the design level. 

4. Permanent distortion of pipe's circular cross-section will propagate along pipe's 
length. This distance can be as high as ten times Pipe diameter. At the same 
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time the cross-section area underneath the indenter can be reduced by as much 

as 18.0 %. 

5. Growth of contact area between rigid indenter and pipe varies linearly with dent's 

depth. Contact area can change shape and some parts which were in contact 

may become contact free during denting. This has subsequently been confirmed 

experimentally. 

6. Contact area between pipe and rigid saddle support not only changes its shape 

but drifts axially during denting process. 

8.1.4 Denting of pipes with surface defects 

Modelling of axial defects such as gouges and cracks was achieved successfully. 

The gouges were modelled by removing part of the wall material whilst the cracks 

were modelled using node release method. The surface defects in all FE models 

had rectangular shape. Wide parameter study was carried out for gouged and 

cracked dents in pipes, Results of this study can be summarised as follows: 

1. For denting of empty pipes, the denting load decreases as the gouge depth 

and length increase. 

2. For cracked models, the denting load was nearly constant. 

3. The gouge width, 11, has little effect on denting of empty pipes. t 

4. For denting of pressurised pipes, the denting load increases with presence 

of internal pressure, Also, springback is larger for pressurised pipe than for 

empty pipes. 

5. Cracks and gouges deeper than 50% of the wall thickness cannot sustain 
denting to the depth of )max = 0.36 with pipe's pressure equal to the 
design level. 

6. The amount of springback and distortion of the pipe's circular cross section 

remain unaffected by presence of variatious of defects, depth and their axial 
length when compared to the springback of non-defected pipes. 

220 



CHAPTER (8): CONCLUSIONS AND FUTURE WORK 

8.1.5 Bending of dented/gouged pipes 

Main findings of this phase of computing are as follows: 

1. Behaviour of dented pipes under moment loading is only dependent on whether 

the dent is on the compression (closing bending), or tension, (opening bending), 

side of the pipe. Dented pipes are stronger under opening bending than under 

closing bending. 

2. Plastic load interaction diagrams for combined internal pressure and moment 
loading have been computed for both opening and closing bending moments. 
When pressure was applied first, the interaction diagrams were of essentially 

circular form whereas, when bending moment was applied first, the interactions 

were linear in form. 

3. The presence of axial defects such as gouges and cracks did not affect the global 

moment-angular rotation to any great extend. 

8.2 Experimental work 

8.2.1 Manufacturing of test specimens 

Various aspects of setting-up experiments have been successful. This includes 

the following tasks: 

1. Specimens were successfully machined and welded. 

2. Saddle support, machined from pine wood, performed well in all tests. 

3. Axial gouges were successfully introduced to the pipe's surface using both elec. 
trical discharge machine, and milling machine. 

4. Tensile tests on flat samples cut-out from the pipe were prepared and tested. This 

provided reliable material data for the FE analyses. 
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8.2.2 Experimental denting and comparison with the FE results 

Major conclusions for experimental denting and the corresponding FE corn- 

puting can be summarised as follows: 

1. The denting was successful for (empty and pressurised pipes). Experimental 

loading-unloading curves, residual dent depths and dent's profiles were compared 

with prediction Of the FE method. Results given by both methods agreed well. 

2. Repeatability of experimental tests was carried out and good results were obtained 

for SP2 and SP3. 

3. Strain gauges were used during denting and pressurisation process for specimens 

SP2 to SP6 to predict the axial and hoop strain distribution around the dent. The 

strain gauges gave reasonable results when compared with the FE predictions for 

pressurisation. During denting the strains increased as the dent depth increased. 

The maximum strain occurred on the dent rim as predicted by Lancaster [501 

and (31]. 

4. In FE analyses the rigid support of the pipe gave higher slope than obtained 
from experiment. The use of a set of springs, with stiffness corresponding to 

wood closed the dispaxity between the experiment and FE. 

5. The presence of axial gouges had little effect on the load-displacement curve and 

on springback. 

6. Reduction in wall thickness at the dent centre amounted to Lý' 5.2% (SP2, 

0.23). 

8.2.3 Experimental bending and comparison With the FE results 

Main conclusions from this paxt of experimentation and computing are as 
follows: 

1. The measuring system for angular rotation proved to be adequate. 

2. Repeatability of tests was good (SP2, and SP3). 
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3. All bent specimens, although pressurised, did not fail during bending. 

4. Bending moment versus rotation curves had similar shape for all specimens. 

5. The presence of gouges decreases the ultimate moment values. 

6. Experimental and computed curves of bending moment versus rotation compared 

well for the initial rotation. Both curves diverged for rotation larger than about 
6°. 

8.2.4 Burst tests 

Major observations from this part of experimentation are as follows: 

1. Two pipes, SP2, and SP3, have undergone the same denting and moment loading. 

Their burst pressures were 23.6 MPa, and 24.3 MPa. This can be regarded as 

confirmation of good repeatability of tests. 

2. Pipes having axial gouges and subjected to opening bending moment burst at 
17.7 MPa, and 22.0 MPa which illustrates detrimental role of gouges in dents 

(SP5, and SPB). 

3. A single model with an axial gouge, SP4, and subjected to a closing bending 

moment failed at 25.2 MPa (which is higher than burst pressures for dented and 
dented/gouged pipes SP2, SP3, SP5, and SP6), 
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8.3 Recommendations for future work 

In view of gained insight into the performance of dented, gouged, bent and 
burst models, it appears that the following problems should be addressed in the future: 

1. Consider plain dents with circumferential gouges. 

2. Experiments on pipes with combined dents and gouges need to considered for 

other geometries, e. g. 2t 
, and for other type of materials. 

3. Contact between various components should be explored further using a thin 

film to identify processes between contacting surfaces. This appears to be very 

interesting avenue for research. 

4. Further experimental work is also needed for bending of dented and gouged pipes. 
There is simply not enough experimental data in this important area from prac- 

tical point of view. 

5. Sequencing of surface defects is an open issue. Is the introduction of surface gouge 

to perfect pipe, followed by denting the same, as the introduction of gouges in 

already dented pipes?. Some of the FE results give confidence in the method, 

perhaps some preliminarily FE computing could provide a tentative answer first. 
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APPENDix A: KNOWN EXPERIMENTS ON DENTS AND COUCES 
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APPENDix B: PATRAN AND ABAQUS FILES 

Sample of the Patran journal file (*. db. jou) with the model data being truncated 

$$ Creating journal file /tmp/ibrahini/joumal. db. jou 

_ ile_rebuild. start("lapps/patran2OOl/patran2OOlr2/template. db", @ uil fi 
"/tmp/l*brahinVjoumal. db") 
$$ -------------- Global tolerance ------------------------------------------------------------------ 

pref geo_set_vl(0,0.0099999998,3) 
pref_global_set-v2( TRUE, 3, "0.0003 ") 
pref-env-seUogical( "revert_enabled", FALSE) 

$$ -------- ------- Creating points ------------------------------------------------------------------ 

STRING asmcreate-griLxyz-preateLids[VIRTUALI 
asm_const_griLxyz( "1", "[0.0410 01", "Coord 0", @ 
asm_preate-grid_xyz-created-ids 
$# 1 Point created: Point I 
asm. const-grid-xyz( "2", "[0.0410.1288052988 0]", "Coord 0", @ 
asffLcreate_griLxyz_created_ids 
$# 1 Point created: Point 2 
asm-const-grid-xyz( "Y', 10.0410.1288052988 0.2523)", "Coord 0", 
asffi. create-grid-. xyz-created-ids 
$# 1 Point created: Point 3 
asm. const-griLxyz( 'W', "[0.0410 0.2523)", "Coord 0", @ 
asm. create-grid-xyz-preated-ids 
$# 1 Point created: Point 4 
asm_Qonst_grid-xyz( "Y', "[0.0410.004 0.004]", "Coord 0", @ 
asm_create-, grid-xyz-createLids 

asm_const_grid-xyz( "29", "[0.0410.0858701992 0]", "Coord 0", @ 
asm_preate-grid-xyz-created-ids 
$# 1 Point created: Point 29 
asm-ýconst-grid-xyz( "30", "[0.0410.083 01", "Coord 0", @ 
asm_preate-grid-xyz-createLids 
$# 1 Point created: Point 30 
asm_const_grid-xyz( "31", "[0.0410.0644026494 0]", "Coord 0", @ 
asm_create-grid-xyz-createdids 
$# 1 Point created: Point 31 
asm_const_grid. xyz( "32", "[0.0410,0644026494 0.2523]", "Coord 0", @ 
asm-create_grid_xyz_created_ids 
$# 1 Point created: Point 32 
asm. const_grid-xyz( "33", "[0.041 0.0644026494 0.035 Y. "Coord 0", @ 
asm_create_grid_xyz_created_ids 
$# 1 Point created: Point 33 

$$ ------ - ----------------- Create curves ----------------------------------------------------------- 

STRING sgm-create-curve-2d-, Preated-ids [VIRTUAL) 
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sgm. const_curve_2d_arc2poinLv2( 11 1 ", 1,0., FALSE, FALSE, 1, Toord 0.1 ", 0 
"Point V. "Point 8", "Point 17", FALSE, sgm_create_curveý_2d_created-ids 
$# 1 Curve Created: Curve I 
sgm_., const_curveý_2d_arc2point_v2( IT', 1,0., FALSE, FALSE, 1, Toord 0.1", 0 

"Point 9", "Point IS", FALSE, sgm_createý_curve-2d created ids "Point I" 
- - , $# 1 Curve Created: Curve 2 

sgm_const_curve_2d_arc2point_v2("3", 1,0., FALSE, FALSE, 1, Toord 0.1", @ 
"Point V, "Point 10", "Point 19", FALSE, sgm_create_curve-2LcreateLids 
$# 1 Curve Created: Curve 3 
sgm_consLcurve_2d_arc2point_y2( 'W', 1,0., FALSE, FALSE, 1, Toord 0. V. @ 
"Point I ", "Point II", "Point 20", FALSE, sgm-ýcreate-Survo-2d-created_ids 
$# 1 Curve Created: Curve 4 
sgni_consLcurviý_2d_arc2poinLv2( "S", 1,0., FALSE, FALSE, 1, "Coord 0.1 ", @ 
"Point I", "Point 12", "Point 21 ", FALSE, sgm_Sreate_curve-2d-created-ids 
$# 1 Curve Created: Curve 5 
sgm. consLcurve_2d_arc2point_v2("6", 1,0., FALSE, FALSE, 1, Toord 0.1". @ 
"Point V, "Point 13 ", "Point 22", FALSE, sgm_create_curveý-2d_created_ids 
$# 1 Curve Created: Curve 6 
sgm_const_., curveý_2d_are2point_v2( "T', 1,0., FALSE, FALSE, 1, Toord 0.1", @ 

create "Point 1", "Point 14", "Point 16", FALSE, sgm curve 2d created ids 
- _ _ _ - $# 1 Curve Created: Curve 7 

sgm_ponst_curveý_2d_4rc2point_v2( "811,1,0., FALSE, FALSE, 1, Toord 0.1", @ 
"Point V, "Point 16", "Point 15", FALSE, sgm-createý-curve-24-created-ids 

asm_constjine-2point( "66", "Point 27", "Point 32", 0, "", 50., 1, @ 
asmjine-2point-createdids 
$# 1 Line created: Line 66 
asm_constjine_2point( "67", "Point 32", "Point 23", 0,1110,50., 1, @ 
asm. linejpoint_createdids 
$# 1 Line created: Line 67 
asm_ponst_line_2point( "68", "Point 23", "Point 4", 0, "", 50., 1, @ 
asm_line_2point-created-ids 
$# 1 Line created: Line 68 

$$$ ------------------------ Create surfaces -------------------------------------------------------- 

STRING sgm_surface_4edge-created-ids[VIRTUAL] 
sgm-const-surface-4edge( "I", "Curve 24", "Curve 23", "Curve 22", "Curve 21", @ 
sgm_surface_Aedge-createdjds 
$# 1 Surface Created: Surface I 
sgrn_const-surface-4edge( "T', "Curve 19", "Curve 39", "Curve 24", "Curve 25", @ 
sgrn_surfaceý_4edge-created. jds 
$# 1 Surface Created: Surface 2 
sgrn. const. surface_4edge( "T', "Curve 17", "Curve 40", "Curve 19", "Curve 26", @ 
sgm_surface_4edge. Sreated_ids 
$# 1 Surface Created: Surface 3 
sgm_ýconst_surface_4edge( 'W', "Curve 15", "Curve 41", "Curve 17", "Curve 27", 0 
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sgrn. surface_4edge_createdjds 
$# 1 Surface Created: Surface 4 
sgm_consLsurface_4edge( "Y', "Curve 13", "Curve 42", "Curve 15", "Curve 28", 
sgrn_surface_4edge_createdjds 

sgm. const-surfaceý-4edge( "21", "Curve 65", "Curve 53", "Curve 62", "Curve 55", @ 
sgm. surface-4edge-created_ids 
$# 1 Surface Created: Surface 21 
sgm. const-surface-4edge( "22", "Curve 62", "Curve 52", "Curve 48", "Curve 54", @ 
sgm_surface-4edge-created-ids 
$# 1 Surface Created: Surface 22 
sgrn_const-surface-4edge( "23", "Curve 64", "Curve 51", "Curve 63", "Curve 53", @ 
sgm_surfaceý_4edgeý-createdjds 
$# 1 Surface Created: Surface 23 
sgm_const-surface-4edge( "24", "Curve 63", "Curve 50", "Curve 49", "Curve 52", @ 
sgm_surfacc_4edge-created_ids 
$# 1 Surface Created: Surface 24 

$$ ---------------------- Create solids --------- ----------------------------------------------------- 

STRING sgm-sweep-solid-ext_created_ids[VIRTUAL]\\ 
sgm_const_solid_extrude("I", "<O. 0010500>", I., O., "(OOOI", "CoordO", 
"Surface 1: 24", sgm-ýsweep-solid-exLcreatedjds 
$# 24 Solids Created: Solids 1: 24\\ 
sgm_const_solid_extrude( "25", "<-0.00105 0 0>", L, 0., "[0 0 0]", "Coord 0", ft 
"Surface 1: 24". sgm-sweep_solid_ext_createdjds 

$# 24 Solids Created: Solids 25: 48A 

$$ -------------- Create boundary conditions ---------------------------------- - ----------------- 

loadsbcs_create2( "PLANEX", "Displacement", "Nodal", "", "Static". I @A 
"Solid 23.126: 30.136: 38: 2.1 1.2 16: 48: 32.2 2: 6.3 12.3 14: 47: 33.3 24.4 251, // @A 
": 40: 15.4"], "Geometry", "Coord 0", 1.11, if< >111, [fill, vivo IA 
$# Load/BC set "PLANEV createdA 
loadsbcs_create2( "PLANEZ", "Displacement", "Nodal", "", "Static", 
"Solid 7: 11.2 13.2 15.2 18: 24: 2.2 25.2 1.4 31: 35.4 37.4 39.4 42: 48: 2.4"], @A 
"Geometry", "Coord 0", [11< >19, It< 11, >11 I'l 1111 , fill $# Load/BC set "PLANEZ" created. A 
loadsbcs-create2( "NMPC", "Displacement", "Nodal", "", "Static", ( @A 
"Solid 40.141: 47: 2.1 16.3 17: 23: 2.3"], "Geometry", "Coord 0", ["< 
, "< J. >111,11,11, "1 x 
$# Load/BC set "NMPC" created. A 

$$ --------------- Create pressure surface ................ . ....................................... 

loadsbcs_create2( "FACE", "Pressure", "Element Uniform", 'W", "Static", 
"Solid 40.141: 47: 2.1 16.3 17: 23: 2.3"], "Geometry", 111], ['Ott] 
*# Load/BC set "FACE" createdA 
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loadsbcs, 
_create2( 

"INSIDE", "Pressure", "Element Uniform", "31)", "Static", 
"Solid 25: 48.6"], "Geometry", "", "1.11, ["2"], 
$# Load/BC set "INSIDE" createdA\ 
loadsbcsý-create2( "GROUND", "Pressure", "Element Uniform", "31)", "Static", 
"Solid 23: 24.6"], "Geometry", '", ["3"), 
$# Load/BC set "GROUND" createdA 
loadsbcs, 

_create2( 
"Al", "Pressure", "Element Uniform", "31)", "Static", 

"Solid 1.6 2-. 7: 5.6"], "Geometry", "", 'T", [110.1111, [1111] 
-A\ 
-A 

loadsbcs-create2( TV, "Pressure", "Element Uniform", "31)", "Static", 
"Solid 6: 11: 5.6"], "Geometry", [110.5"], [""1 
$# Load/BC set "134" createdA\ 
loadsbcs_create2( "135", "Pressure", "Element Uniform", "31)", "Static", 
"Solid 12: 13.6"], "Geometry", "", 'T", ["0.6"], 
$# Load/BC set "BY createdA\ 
loadsbcs_create2( "136", "Pressure", "Element Uniform", "31)", "Static", 
"Solid 14: 15.6"], "Geometry", "", 'T", [T. T'], 
$# Load/BC set T6" createdA\ 

$$ -------------- Create mesh seed through thickness ------------ - ----------------------------- 

mesh_seed_create( "Solid 47.1.1 1,1,0., 0., 0. ) 
mesh_seed_ýreate( "Solid 23.1.1 1,1,0., 0., 0. ) 
mesh_seed_create( "Solid 45.1.1 1,1,0., 0., 0. ) 
mestLseed-create( "Solid 21.1. VI, 1,1,0., 0., 0. ) 
mesLseed-sreate( "Solid MIT% 1,1,0., 0., 0, 
mesh-seed-. preate( "Solid 43.1.1 % 1,1,0., 0., 0, 
mesh_seed_create( "Solid 41.1. V, 1,1,0., 0., 0. 
mesh-. ýseed-create( "Solid 17. I. l", 1,1,0., 0., 0. 
mesh_seed_create( "Solid 15.2. V', 1,1,0., 0., 0. 
mesh-seed-create( "Solid 15.2.3", 1,1,0., 0., 0. 
mesh_seed-ýcreate( "Solid 39.2.3", 1,1,0., 0., 0. 
mesLseed_create( "Solid 37.2.3", 1,1,0., 0., 0. 

mesh_seed. create( "Solid 18.2.3", 1,1,0., 0., 0. 
mesh_seed_create( "Solid 1.1.3", 1,1,0., 0., 0. ) 
mesh_ýseed_preate( "Solid 25.2.1 ", 1,1,0., 0., 0. 

$$ ------------- Create mesh seed for length ----------------------------------------------------- 

mesh_sec4_create( "Curve 22", 1,3,0., 0., 0. 
mesh_ýseed_create( "Curve 23", 1,3,0., 0., 0. 
mesh-seed-create( "Curve 24", 1,3,0., 0,0. 
mesh_seed_create( "Curve 21 ", 1,3,0., 0., 0. 
mesh. seed_create( "Curve 32", 1,3,0., 0., 0. 
mesh_seed. create( "Curve 39", 1,3,0., 0., 0. ) 
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mesh-seeLcreate( Turve 25", 1,3,0., 0., 0. 
mesLseed-create( Turve 20", 1,7,0., 0., 0. 

mesh-seed-create( "Curve 58", 1,50,0., 0., 0. 
mesh. seeLcreate( "Curve 57", 1,50,0., 0., 0. 
mesh_seed_preate( "Curve 55", 1,50,0., 0., 0. ) 
mesh. -, seed-create( "Curve 53", 1,50,0., 0., 0. ) 
mesh-seed-create( "Curve 51", 1,50,0., 0., 0. ) 

$$ --------------- Create mesh ---------------------------------------------------------------------- 

INTEGER fem-create-mesh-., solid_ýnum_nodes 
INTEGER fem-., createý-mesh-solid-num-elems 
STRING fem_create_mesh_s_nodes_, preated[VIRTUAL] 
STRING fem_createý_mesh_s_elems_created[VIRTUAL] 
fem. create. -mesh-sol-5( 

"Solid 1: 48", "IsoMesh", "Hex20", 1, ["0.00647372111, @ 
49152,0,1,0,1,0.9 it It, 11#11 9 V", "Coord 0", "Coord 0", @ 
fem_greateý_mesh-solid-num-nodes, fem_preate-mesh-solid_num_elems, @ 
fem_create_mesh_s_nodes_created, fem_create_mesh-s-elems-Preated 

$$ -------------- Run the analysis ------------------------------------------------------------------- 
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MODELLING (PATRAN) 
Flat plate Meshing --I, - Boundary conditions --o- Loading surfaces 

MODELLING (ABAQUS) 
Mapping of flat geometry to a quarter cylinder (NMAP) 
Add material data --p- Add Indenter (rigid) Add support (rigid) 

I ABAQUS ANALYSIS I 

Step (1) 
* Position Indenter pipe and saddle support 

Step (2) 
# Pressurise tbe pipe to the required level 

Step (3) 
* Add Indenter and saddle support to the pipe 

Step (4) 
9 Remove f ixed node 

Step (5) 
* Move Indenter to pipe's surface 

Step (6) 
* Move support to pipe's surface 

Step (7) 
9 Start denting by applying vertical dispi. 

Step (8) 
9 Remove the Indenter to Its original position 

Step (9) 
* Release the Internal pressure 

End ABAQUS analysis t---+i Post-process results 

Figure B. 1: The sequence of FE modelling and analyses steps, 
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A sample of the input file used by ABAQUS with model data being truncated (model 
SP2). 

*HEADING 
*PREPRINT, MODEL--NO, HISTORY=NO, ECHO=NO 

*NODE, NSET=MASTER (Muster node for rotation of MIT) 
555555,0.0 0.0 , 0.253 
*NODE, NSET=PUNCH 
70000,0.0,0.059495 0,0 (Reference node for Indenter) 
60000, -0.080, -0.080, -0.035 (Reference node for Indenter) 

*NODE, NSET=GEOM I 
1, 0.0421, 0., -0.005 
2, 0.0421, 0., -0.00375 
3, 0.0421, 0., -0.0025 
4, 0.0421, 0" -0.00125 
5, 0.0421, 0. 
6, 0.0421, 0.00125, -0.005 
7, 0.0421, 0.00125, -0,0025 Geometry 
8, 0.0421, 0.00125 (Creating nodes) 
9, 0.0421, 0.0025, -0.005 

27344, 0.04003, 0.0258536, -0.253 
27345, 0.04003, 0.0278423, -0,253 
27346, 0.04003, 0.0298311, -0.253 

*ELEMENT, TYPE=C3D20R, ELSET=ALL 
1, 33,35, 43,41,63,65, 73, 

71, 34,38, 42,37,64,68, 72, 
67, 53,54, 57,56 
2, 3,5, 13,11,33,35, 43, 

Geometry 
(Creating elements) 

3887,7306,7308,7475,7473,9703,9705,9872, 
9870,7307,7418,7474,7417,9704,9815,9871, 
9814,9087,9088,9144,9143 
3888,14048,14050,7308,7306,14661,14663,9705, 
9703,14049,14160,7307,14159,14662,14773,9704, 
14772,14382,14383,9088,9087 

*NSET, NSET=GEOM 
GEOMI, MASTER 
*NSET, NSET=TOP 
5,70000 

*ORIENTATION, NAME=ELE SYSTEM=CYLINDRICAL 
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0.0,0.0,0.0,0.0,0.0,0.1 
3,0.0 
*SOLID SECTION, ELSET=ALL, MATERIAL--STEELORIENTATION=ELE 
*MATERIAL, NAME=STEEL 
*ELASTIC 
210.009,0.30 
*PLASTIC 
316. OE06,0.0 
328.00EO6,0.005120 (Model section & Material properties) 

598.44EO6,0.327600 
589.50EO6,0.330110 

*NSET, NSET=PLANEZ 
5,8,13,16,21,24,27,30, 

21825,21842,21851,21868,21877,, 21894,21903,21920, 
21929,21946,21955,21972,21981 

*NSET, NSET=NMPC 
7306,7417,7473,7584,7640,7751,7807,7919, 
7974,8085,8141,8252,8308,8419,8475,8586, 

27334,27335,27336,27337,27338,27339,27340,27341, 
27342,27343,27344,27345,27346 

*ELSET, ELSET=FACE 
2969,2970,3055,3056,3137,3138,3215,3216, 
3289,3290,3359,3360,3425,3426,3487,3488 

*ELSET, ELSET=FACE-1 
3507,3508,3563,3564,3581,3582,3631,3632, 

3875,3876,3883,3884, 
*NSET, NSET=PLANEX 

1,2,3,4,5, 

27114,27123,27140,27149,27166,27175,27192,27201, 
27218,27227,27244,27253,27270,27279,27296,27305, 
27322,27331 

*ELSET, ELSET=INDAREA 
2,4,6,8,10,12,15,16, 

OICS) 

(UCs) 

98, 100, 103, 104, 106, 108, 110, 112, (Creating contact area) 
114, 116, 118, 120, 122, 124, 128, 129, 
130, 132, 135, 136, 138, 140, 161, 162 

3885,3886,3887,3888 

22,23,24s 

261 



APPENDix B: PATRAN AND ABAQUS FILES 

*ELSET, ELSET=INSIDE 
1, 3, 5,7,9, 11,13,14, 

17, 19, 21,22,25,27,29,3 1, 

-- (Deflne area of pressure) 

3857, 3859, 3861,3863, 3864,3865,3869,3871, 
3873, 3875, 3877,3879, 3880,3883,3885,3886 

*ELSET, ELSET=GROUND 
282, 286, 290,294, 298,302,306,310, 
316, 318, 364,368, 372,376,380,384, 

(Creating contact area) 

3830,3832,3838,3844,3846,3954,3856,3858, 
3866,3868,3874,3876,3882,3887 

*NMAP, NSET=GEOM, TYPE=CYLINDRICAL (Rotating the plate to pipe) 
0.0,0.0,0.0,0.0,0.0, -10.0 
0.0,15.0, -10.0 
1.0,1360.9448,1.0 

*MPC 
*BEAM, NMPC, 555555 

*SURFACE, TYPE=REVOLUTION, NAME=REVSURF 
0.0,0.059495,0.0 0.0,0,077,0.0 
START, 0.01735,0.10 
LINE, 0.01735,0.0 (Creating Hemispherical Indenter) 
CIRCL, 0.0, -0.01735,0.0,0.0 
*RIGID BODY, ANALYTICAL SURFACE=REVSURF, REF NODE=70000 
*SURFACE, NAME=CSURF 
INDAREA, S1 
*CONTACT PAIR, INTERACTION=ROUGII, SMALL SLIDING, ADJUST=0.0 
CSURF, REVSURF 
"SURFACE INTERACTION, NAME=ROUGH 
*FRICTION 
0.35 

*SURFACE, TYPE=CYLINDER, NAME=RSURF 

-0.080, -0-080,0.0 , 0.090, -0.080,0.0 
-0.080, -0.080, -0.025 
START, 0.0,0.07286 
LINE, 0.0194,0.07286 
CIRCL, 0.0435,0.05893,0.0194,0.045 (Creating saddle support) 
CIRCL, O. 1165,0.05893,0.08,0.080 
CIRCL, 0.14062,0.07286,0.14062,0.045 
LINE, 0.160 0.07286 
*RIGID BODY, ANALYTICAL SURFACE=RSURF, REF NODE=60000 
*SURFACE, NAME=GRSURF 
GROUND, S1 
*CONTACT PAIR, INTERACTION=SMOOTH, SMALL SLIDING, ADJUST=0.0 
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GRSURF, RSURF 
*SURFACE INTERACTION, NAME=SMOOTH 
*FRICTION 
0.10 

*BOUNDARY 
21282,2,2 
70000,1,1 
70000,3,6 (BQ 
60000,1.6 
PLANEXJJ 
PLANEZ, 3,3 

*STEP, INC=10, NLGEOM (Step 1, separate rigid surfaces 
*STATIC 
1.0,1.0 
*MODEL CHANGE, TYPE=CONTACT PAIR, REMOVE 
CSURF, REVSURF 
GRSURF, RSURF 
*END STEP 

*STEP, INC=30, NLGEOM (Step 2, Pressurisation) 
*STATIC 
0.1,1.0 
*DLOAD 
INSIDE, P2 11.1751306 
FACE, P5, -106.8EO6 
FACE-I, P6,406.81306 
*MONITOR, NODE=5, DOF=2 
*NODE PRINT, NSET=TOP, FREQ=2 
U1 
*EL PRINT, ELSET=GAUGES, POSITION=AVERAGED AT NODES, FREQ=1 

.E *RESTART, WRITE, FREQ=l 
*END STEP 

*STEP, INC=20, NLGEOM Step 3, bring Indenter and saddle surfaces to contact) 
*STATIC 
1.0,1.0 
*MODEL CHANGE, TYPE=CONTACT PAIR, add 
CSURF, REVSURF 
GRSURF, RSURF 
*END STEP 

*STEP, INC=10, NLGEOM (Step 4, release the fixed node) 
*STATIC 
1.0,1.0 
*BOUNDARY 
70000,1,1 
70000,3,6 
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60000,1,6 
PLANEXJJ 
PLANEZ, 3,3 
*END STEP 

*STEP, INC=20, NLGEOM (Step 5, adjusting indenter and pipe's surfaces) 
**STEP2 INTERFERENCE FIT USING EXACT INTERFERENCE MAG. 
*STATIC 
0.1,1.0 
*CONTACT INTERFERENCE 
GRSURF, RSURF, 0.20 
*END STEP 

*STEP, INC=20, NLGEOM (Step 6, adjusting saddle and Pipe's surfaces) 
**STEP2 INTERFERENCE FIT USING EXACT INTERFERENCE MAG. 
*STATIC 
0.1,1.0 
*CONTACT INTERFERENCE 
CSURF, REVSURF, 0.20 
*END STEP 

*STEP, INC=250, NLGEOM (Step 7, denting) 
*STATIC 
0.1,1.0 
*BOUNDARY 
70000,2,2, -0.0196 
*MONITOR, NODE=5, DOF=2 
*NODE PRINT, NSET=TOP, FREQ=2 
U, 
RF 
*EL PRINT, POSITION=AVERAGED AT NODES, SUMMARY=YES, 
ELSET=GAUGES, FREQ=2 
E 
*OUTPUT, FIELD, VARIABLE=PRESELECT 
*ELEMENT OUTPUT, ELSET=GAUGES 
E 
*OUTPUT, HISTORY 
*NODE OUTPUT, NSET=TOP 
U 
RF 
*RESTART, WRITE, FREQ=2 
*END STEP 

*STEP, INC=200, NLGEOM (Step 8, remove Indenter) 
*STATIC 
0.1,1.0 
*BOUNDARY 
70000,2,2,0.0 
*MONITOR, NODE=5, DOF=2 
*NODE PRINT, NSET=TOP, FREQ=2 
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U, 
RF 
*EL PRINTPOSITION=AVERAGED AT NODES, SUMMARY=YES, 
ELSET=GAUGES, FREQ=2 
E 
*OUTPUT, FIELD, VARIABLE=PRESELECT 
*ELEMENT OUTPUT, ELSET=GAUGES 
E 
*OUTPUT, HISTORY 
*NODE OUTPUT, NSET=TOP 
U 
RF 
*RESTART, WRITE, FREQ=2 
*END STEP 

*STEP, INC=120, NLGEOM (Step 9, release the Internal pressure) 
*STATIC 
0.1.1.0 
*DLOAD 
INSIDE, P2 , 0.0 
FACE, P5,0.0 
FACE-1, P6,0.0 
*MONITOR, NODE=5, DOF=2 
*NODE PRINT, NSET=TOP, FREQ=2 
U. 
RF 
*EL PRINT, POSITION=AVERAGED AT NODES, SUMMARY=YES, 
ELSET=GAUGES, FREQ=2 
E 
*OUTPUT, FIELD, VARIABLE=PRESELECT 
*ELEMENT OUTPUT, ELSET=GAUGES 
E 
*OUTPUT, HISTORY 
*NODE OUTPUT, NSET=TOP 
U, RF 
*RESTART, WRITE, FREQ=2 
*END STEP 
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