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PREFACE

Pipes are of major importance for transport of liquids and gas mainly for water,
natural gas and oil. In Western Europe, the distribution of drinking water has
been achieved 20 years ago and the problem of renewal of the networks is now
considered as an accurate question in terms of money and time. From the
quantitative point of view, it has been shown that the quality of the networks is
highly perfectible: the primary rate is about 70% that means about 30% of
water is lost by leak or break. In Mediterranean countries the rate is lower and
sometimes more than 80% is lost by leaks, breaks and illegal withdrawing.
From the qualitative point of view, a degradation of the distributed water has
been pointed out, which is due to pollution of resource and damage of the
network.

Length of the water networks is greatly different from one country to another.
Total gas pipes length in the world is estimated to 1 million km for gas transport
(pipes of diameter 80—1,000 mm), in the USA 450,000 km, in Russia 235,000 km,
in Canada 71,300 km, in France 30,815 km. In China, the construction of
the natural gas pipelines has gained its initial scale. By the end of 2003, the
total length of the national natural gas pipe was about 21,000 km, represented
by such long-distance gas pipelines as WEP, Shaan-Jing (Jingbian-Beijing), Se-
Ning-Lan (Sebei-Xining-Lanzhou) and Yal3-1- Hong Kong pipelines.

The pipelines are of capital importance for the landlocked countries. Currently,
only crude exports of Russia towards Europe completely depend on the pipelines.
The pipeline of Drushba, for instance, is built on a distance of 3,640 km, from
the area of Samara in Russia to the refinery of Leuna in Germany, with 34
stations of pumping.

The pipelines of long distance have a great geopolitical importance. It is the
case, for instance, for the area of the Caspian Sea, where all the plans of export
of oil starting from this area primarily depend on the construction of pipelines.
The pipeline remains the mean of transcontinental transport least expensive
compared to the rail-bound or ground transport. It constitutes under this aspect
an important mean of transport between the USA and Canada, but also between
the various European countries where the pipelines are relatively of short dis-
tance. One of the biggest is Trans-Alaska oil pipe (TAPS) of length 1,270 km.
This pipeline connects the Arctic coast to the Western coast of Alaska. It
transports 2 million oil barrels per day.

It became increasingly paramount to ensure the safe utilisation of such
plants in order to prevent economical, social and ecological losses. From a

ix
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technical point of view, pipelines are complicated 3D structures that include
straight pipes, nozzles, pipe-bends, dissimilar welded joints, etc. In addition,
their operating conditions can be quite severe, that is, internal pressure and
cyclic loading (vibration) combined with the influence of internal and external
corrosive environments. The potential synergy of such parameters can lead to
an increase in the risk of damage and unexpected fracture of these structures
during their long-term exploitation.

Leak and fracture of pipes is assumed to be achieved by initiation and
propagation of a defect and final failure when defect reaches a critical length.
To have a precise idea of life duration of the water pipes the three following
components need to be precisely described:

1. Defect initiation
2. Crack propagation
3. Final failure

Defect Initiation

Initial defect is assumed in one case as being corrosion pitting and, in the
second case, scratches, gouges, etc., made during implementation or service
life.

When local corrosion is the principal mode of damage, due to the statistical
character of corrosion pits, it needs to be characterised by a probabilistic distri-
bution such as Weibull’s or Gumbel’s laws in order to determine the probability
of the most severe damage or the deepest corrosion crater. Scratches, gouges or
dents are now considered as more frequent damage than corrosion. They do not
appear at the beginning, but at an uncertain part of the life. They are due to
impact with foreign objects such agriculture or civil engineering equipments.
Statistical distribution on geometry and orientation are needed to determine also
the probability of the most severe defect. In both cases, this gives the initial
defect size a; for a reference time and its probability of occurrence. This initial
defect can be related with the defect detected during inspection, if it occurs.

Crack Propagation

In service, cyclic variation of internal pressure is present, but also bending coming
from soil movement or repeated vehicles passage, which generate fatigue
loading. An initial defect is growing under mechanical and environmental
conditions. The current status, in terms of prediction of failure, is based on
corrosion studies of unstressed components and fracture and fatigue of pipes
within non-aggressive environments. This approach has a number of funda-
mental limitations: corrosion effects are influenced by applied stress state and
damage is not constant over the duration of stress—corrosion interaction; the
description of the stress field around corrosion defects is not adequately
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described and therefore the fracture criterion may be non-conservative. Further-
more, corrosion science studies have shown that differences in electrochemistry
exist between a pit cavity and an open smooth surface.

Final Failure

An initial defect is growing under mechanical and environmental conditions.
Fracture occurs when defect has reached its critical size corresponding to service
conditions «..;. Under over-pressurised conditions the critical defect is a.,.»,
which has a size smaller than a..;. For a well-controlled and programmed
replacement of the water grids, it is necessary to know kinetics of crack growth
of the defect size between a.,., and a,,.;. From this, it is possible to know the
residual life duration of the examined water pipes.

A more conservative approach consists in taking into account the possibility
of crack extension of surface defects. A surface crack can be extended under
fatigue, corrosion or combined corrosion and fatigue and reach a critical size
with wall perforation behind crack front. Crack growth until this size is possible
as far as length and crack opening displacement are insufficient to ensure a
detectable leak, or until the critical crack size to lead to brittle fracture is not
reached. In any case, used method to apply the “Leak Before Break” concept
needs to ensure a given conservatism given by experimental data.

This book presents papers, which were delivered at the NATO Workshop
“Safety, reliability and risks associated with water, oil and gas pipelines” held
in Helnan Palestine Hotel, Alexandria (Egypt), 4th—8th February 2007, under
the auspices of the NATO Science for Peace and Security Program. The organisers
acknowledge the Program Committee for attribution of a support grant. Three
major defect assessment tools for pipes are presented:

(a) Failure assessment diagram and particularly the SINTAP
(b) Limit analysis
(c) Strain design approach

Repairing methods are based on results of investigation. Methods such as welded
sleeve, clamped composite sleeve, grinding and pipe replacement are described.

Professor Guy Pluvinage
Professor Mohamed Hamdy Elwany



GENERAL APPROACHES OF PIPELINE DEFECT
ASSESSMENT

G. PLUVINAGE
Laboratoire de Fiabilité Mécanique
ENIM-UPYV Metz (France)

Abstract: In this paper the three major defect assessment tools for pipes are
presented: (i) the failure assessment diagram and particularly the SINTAP
procedure, (ii) a notch adapted failure assessment diagram by modification of
the SINTAP using the volumetric method, (iii) different pipe limit analysis and
their comparison for the same kind of defects.

Keywords: failure assessment diagram, SINTAP, notch, limit analysis

1. Introduction

Pipelines have been employed as one of the most practical and low price
method for large oil and gas transport since 1950. The pipe line installations
for oil and gas transmission are drastically increased in last three decades.
Consequently, the pipeline failure problems have been increasingly occurred.
The economical and environmental and eventually in human life considerations
involve the current issue as structural integrity and safety affair. The explosive
characteristics of gas provide high wakefulness about the structural integrity.
Therefore, the reliable structural integrity and safety of oil and gas pipelines
under various service conditions including presence of defects should be warily
evaluated. The external defects, e.g., corrosion defects, gouge, foreign object
scratches and pipeline erection activities are major failure reasons of gas pipe-
lines. A typical example of a corrosion defect is given in Figure 1. According to
numerous design codes, this kind of defects is considered as a semi-elliptical
crack-like surface defect of aspect ratio a/c. The aspect ratio varies in range
[0.1-1] depending on corrosion rate anisotropy. Another example of dents
produce by impact of foreign object (IFO) is presented in Figure 2.

1
G. Pluvinage and M.H. Elwany (eds.), Safety, Reliability and Risks Associated with Water,
Oil and Gas Pipelines, 1-22.
© 2008 Springer.



2 G. PLUVINAGE

Several types of pipes failures can be distinguished as longitudinal, circum-
ferential or helicoidally failures. These types depend mainly on pipe diameter.
For small diameter pipes, where bending stresses are predominant, circumferential
failure occurs. For large diameters, hoop stresses are more important than
bending stresses and longitudinal failure appears. When bending and hoop stresses
are of the same importance, fracture path becomes spiraled.

Figure 1. Example of corrosion defect on pipe. Figure 2. Example of dent on pipe.

Pipe steels have yield stress up to 700 MPa for the most recent quality in
order to ensure enough ductility and weldability. Failures emanating from the
above mentioned defect are elasto-plastic fracture or plastic collapse. For these
two situations, defect assessment is made generally by two tools: failure assess-
ment diagram (FAD) and limit analysis.

According to numerous design codes, all defects are considered as a semi-
elliptical crack-like surface defect of aspect ratio a/c. This is a very conservative
approach. Trends are now to take into account the real geometry of the defect
and particularly its finite tip radius. For this reason, tools like the FAD need to
bee modified.

In this paper the two major defect assessment tools for pipes are presented:

1. The FAD and particularly the Structural Integrity Assessment Procedure
(SINTAP) [1]

2. A notch-adapted failure assessment diagram (NFAD) by modification of the
SINTAP using the volumetric method

3. A comparison of different limit analysis for the same kind of defect is given
in the third part.

2. Sintap Procedure for Crack-Like Defect

In a FAD, the basic fracture mechanics relationship with three parameters:
applied stress (o,,), defect size (a) and fracture toughness (Kic or Jic) is
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replaced by a two parameters relationships f(k,, S,). Stress and defect size are
combined into the applied stress intensity factor K,,, or applied J parameter J,,,,
and the parameter &, and S, are non-dimensional according to the following
initial definitions:

K o)
=P g Sr:7app (M

k
" K Rm

where Rm is the ultimate strength. In the plane {S;; k.}, a given relationship
k, = f(S,) delimits the safe zone and the failure zone (Figure 3).

Initially, the relationship between non-dimensional stress intensity factor and
non-dimensional stress was issued from a plasticity correction able to describe
any kind of failure continuously from brittle fracture to plastic collapse.

kl’
4 DBrittle facture
R —
1.00 FAILURE
/ c
Tnterpn]atin/g curve
075 +
SAFEZONE
0.50 |————~—__ B
Lo
. o . Interpolating curve -
k A % including SF=0C/OB=2 B
f--eeeenenes- 22 Assessment paint) | &
02571 "I sr=ocioa>2 | [
SECURITY ZONE | |z
ire | Vg
irr’ i } ",
(o} 0.25 0.50 0.75 1.00 L

Figure 3. Typical presentation of failure assessment diagram (FAD). Definition of safety factor.

A typical representation of a FAD is given in Figure 3. On the same figure,

the load safety factor F; is defined according to:
OB
= ()
Fs=oc

The advantages to the use of FAD are:

e The use of an unique tool for any critical situations (in other way, several
failure criteria need to be used from LFM, EPFM and LA)
e To get, for any non-critical situation the safety factor F..

The SINTAP procedure is derived from the initial FAD. However, defini-
tions of non-dimensional parameters are little different: &, parameter is derived
from the applied J,, parameter and fracture toughness Jj.
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J
P (3)
JIc

and the S, parameter is replace by the L, parameter

P Ore,
Lr_ = f

=— )
Pl ()

where P is the applied load, P, the limit load. The material behaviour is
assumed to follow the Ramberg—Osgood relationship:

n

L2, a(i) (5)

€0 o0 %0
where & and oy are respectively the reference strain and stress and #n the strain
hardening exponent. The reference stress is given by:

P
Oref 70 o0 (6)

where P, is the reference load.

The applied J parameter is obtained by assuming proportionality between
Jupp and the elastic value of J parameter J,;. The coefficient of proportionality is
derived from the constitutive non-dimensional stress—strain relationship of the
material.

The relationship between &, and L, is considered as a limit curve obtained
from numerous experimental data. This limit curve is more physically an inter-
polation curve between brittle fracture representative assessment point and
plastic collapse. In these methods, failures near plastic collapse are represented
by data in the “tail” of the diagram.

There are several similar FAD procedures, i.e., EPRI in the USA, R6 in the
UK, RCCMR in France with small and more and less conservative difference
in the safe zone area. The SINTAP is the result of a European project of a
multidisciplinary approach in order to get a unify multilevel method useful
for SME to large companies. The level hierarchy depends on knowledge of
description of stress—strain curve and fracture toughness. Lower levels are used
with simple description of stress—strain curve but with higher conservatism.

The mathematical expressions of SINTAP for the lowest and more con-
servative (default level) is given as below:
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-1

} o3+ 07xeboe)],

2

Lr
f(Lr)z[H ;

O]

2.5
for 0<L, <1 where L™ =1+ (@J
O-Y

where f(L,), L,, LT, oy, are interpolating function, non-dimensional loading
parameter, maximum value of non-dimensional loading or parameter, yield
stress, respectively.

In this paper, SINTAP Level 1 has been used to determine the safety factor
and the reliability factor for a boiler tube (Figure 4) exhibiting a longitudinal
defect inside the tube weld, applying deterministic and probabilistic methods
[2]. The influence of temperature is discussed.

The material is a steel used for boiler pipes. Its mechanical properties for
five different temperatures are reported in Table 1.

TABLE 1. Mechanical properties of a boiler steel for five different temperatures.

T [c°] 20 400 520 540 560
K [MPavm] 167.1 160.7 117.9 106.5 94.1

Ry, [MPa] 380 275 275 255 240
R,[MPa] 500 470 420 400 380

Figure 4. Example of a boiler with the different tubes.

The boiler pipe has an external diameter of 273 mm and a wall thickness
of 24 mm. The pipe is welded and the butt weld is assumed to exhibit a
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longitudinal semi-elliptic surface defect of depth a = 2.25 mm, its great axis is
2¢ =15 mm and its aspect ratio a/2¢ = 0.15.

Under the effect of internal pressure the hoop stress of 77 MPa is produced
in the tube. The stress intensity factor for a semi-elliptic surface defect is given
in code SINTAP in the following form:

B mrF(R’ZC a )

R; is the internal half diameter, ¢ is the wall thickness of the pipe and R, its
mean half diameter.
The Value of the geometrical correction for this defect is equal to

F( TR ,7) =1.445. Variations of F' with small variation are small and F is
con51dered as constant in the present study.

3. Probabilistic Approach of Safety Factor by Coupling
Sintap and FORM/SOTM Method

First-Order Reliability Methods (FORM) and Second-Order Reliability Methods
(SORM) are general methods of structural reliability theory [2]. These methods
are based on linear (first-order) and quadratic (second-order) approximations of
the limit state surface g(X) = 0 tangent to the closest point of the surface to
the origin of the space. The determination of this point involves non-linear pro-
gramming.

The FORM/SORM algorithms involve several steps:

e In the first step, the space of uncertain parameters x is transformed into a
new N-dimensional space u consisting of independent standard Gaussian
variables. The original limit state g(x) = 0 then becomes mapped onto the
new limit state g,(u) = 0 in the u space.

¢ In the second step, the point on the limit state g,(u) = 0 having the shortest
distance to the origin of u space is determined using an appropriate non-
linear optimization algorithm. This point is referred to as the design or
[S-point, and has a distance Sy to the origin of the u space.

e In the third step, the limit state g,(#) = 0 is approximated by a surface
tangent to it at the design point. Lets such limit states be g,(u) = 0 and
go(u) =0, which correspond to approximating surfaces of hyperplane
(linear or first-order) and hyperparabolic (quadratic or second-order),
respectively.
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The probability of failure Pr is thus approximated by

\=(—PuL)
Bpy ® ¢(—ﬁHL)N[[I (1-x;Byr )—1/2 9)
P(u)= \/— J exp(——é‘ )dé (10)

@(u) is the cumulative distribution function of a standard Gaussian random vari-
able, and k;' are the principal curvatures of the limit state surface at the design
point. FORM/SORM are analytical probability computation methods. Each
input random variable and the performance function g(x) must be continuous.

Until the 19th century, all constructions were conceived and carried out
mainly in an empirical way. The introduction of the steel construction required
development of strength of materials. The principle of safety initially adopted
consisted in making sure that the maximum stress in the most critical section of
construction remained lower than a working load L obtained by dividing the
resistance of material R by conventionally accepted safety factor F; The engi-
neers realized gradually the disadvantage of this design approach, and this
contributed to develop the reliability concept based on a probabilistic approach.
According to new approach, a structure is considered safe if probability of its
failure is lower than a conventional accepted value, value that depends on many
factors like the expected life of the structure, consequences generated by its
failure, risks of obsolescence, relevant economic criteria like the costs of replace-
ment, maintenance costs.

Instead of imposing a safety factor based on the material resistance or on
load or on defect size or all the three, the probabilistic approach introduces the
reliability factor as quantitative criterion of a low failure probability.

Within the chosen procedure, the following parameters are treated as random
parameters:

Fracture toughness
Yield strength

Ultimate tensile strength
Defect distribution
Pressure distribution

These random parameters are treated as not being correlated with one another.
The parameters can follow a normal, log-normal, Weibull or some special dis-
tributions (for the defects).
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The coefficient of variation CV, is an excellent indicator of the homo-
geneity of the analyzed unit. This one will be declared homogeneous if CV <
1/3, concerning the properties of materials, if the mechanical tests were carried
out carefully, the coefficient of variation is an excellent indicator of the manu-
factures quality, thus, the manufacture of low carbon steel leads to a coefficient
of variation CV = 0, 1, for ultimate strength, yield stress and fracture toughness.
The pressure distribution obeys to the same coefficient of variation. We notice
that for exponential distribution the coefficient of variation is necessary taken
as unit. The presentation of the method will be arrived out with the value of
coefficient of variation.

The fracture toughness is assumed to be a Weibull’s distribution. The
Weibull’s probability density function has the following form:

m-1 m
(K. ) :meXKp,c exp(—CXKp’c) (11)
where C (scale) and m (shape) are the Weibull’s distribution parameters. |1 (mean)

and o (standard deviation) are the input data into the program and are related to
the Weibull’s distribution parameters as follows:

c!
H:—l
m*F(l—i—)

m (12)

-2
c=Cnm {F(Hij—l“z (1+iﬂ
m m
where I'(Z) is the gamma function, defined by the following integral:

r(z)=]t* e dt (13)
0

Yield strength ultimate, tensile strength and internal pressure can be mainly
assumed as a normal distribution. The normal probability density function has

the following form:
1 1(X-p ﬂ
eXp| — = 14
ov2m p{ 2( o (14

For defect, depth a is assumed to follow an exponential distribution. The
probability density function has the following form:

F(X) =

F(X) = hexp (—Xa) (15)
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where A is the exponential distribution parameter. p (mean), the standard
deviation, o is related to A as below:

=0=— (16)
SR
We can calculate the probability of rupture by using methods FORM/
SORM. The results show that the probability of rupture decreases when the
temperature grows at constant stress. The following Table 2 gives the fracture
stress for a probability of 107° for different temperatures.

TABLE 2. Evolution of the fracture stress corresponding to a probability of failure Pf =10 with
temperature.

Stress (MPa) 150 110 100 95 90
Temperature (C°) 20 400 520 540 560

From obtained results it is possible to find the reliability factor F which
decreases with increasing temperature T according to the following equation:

F,=2.7879 T !¢ (17)

4. Modified Sintap for Fracture Emanating from Notches

In the present section, the structural integrity of corroded pipes is addressed [3].
The semi-spherical defects, semi-elliptical defects and long blunt notch are
taken into account and are not considered as crack-like defects. Pipes are made
in API X52 which is considered as following as exhibiting strain hardening
behaviour. The obtained stress distributions at defect tip yield the notch stress
intensity factor and stress parameters which are needed to assess structural
integrity by the notch-adapted SINTAP.

4.1. MECHANICAL PROPERTIES OF API X52

API X52 was the most common gas pipeline material for transmission of oil
and gas during 1950-1960. The chemical composition of API X52 is shown in
Table 3.

TABLE 3. Chemical composition of API X52 (Weight %).

C Mn Si Cr Ni Mo S Cu Ti Nb Al
022 122 024 0.16 0.14 0.06 0.036 0.19 0.04 <0.05 0.032
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In Table 4, the mechanical properties of API X52 are presented.

TABLE 4. Mechanical properties of API X52.

E v oy ou A% n K K'c
(GPa) (MPa)  (MPa) (MPa)  (MPaV.m)
203 030 410 528 32 0.164 876 116.6

where E, v, o, 6,, A%, n, K and K. are Young’s modulus, Poisson’s
ratio, yield stress, ultimate stress, relative elongation, hardening exponent, harden-
ing coefficient and fracture toughness, respectively.

4.2. VOLUMETRIC METHOD

The volumetric method [4] is a local fracture criterion, which assumed that the
fracture process requires a certain volume. This volume is assumed as a
cylindrical volume with effective distance as its diameter. Physical meaning of
this fracture process volume is “the high stressed region” where the necessary
fracture energy release rate is stored. The difficulty is to find the limit of this
“high stressed region”. This limit is a priori not a material constant but depends
on loading mode, structure geometry and load level. The size of the fracture
process reduced to the effective distance according to the above mentioned
assumptions is obtained by examination of the stress distribution.

The bi-logarithmic elastic-plastic stress distribution (Figure 2) along the liga-
ment exhibits three distinct zones which can be easily distinguished. The elastic-
plastic stress primarily increases and it attains a peak value (zone I) then it
gradually drops to the elastic-plastic regime (zone II). Zone III represents linear
behaviour in the bi-logarithmic diagram. It has been proof by examination of
fracture initiation sites that the effective distance correspond to the beginning of
zone III which is in fact an inflexion point on this bi-logarithmic stress
distribution. A graphical method based on the relative stress gradient y, associated
the effective distance to the minimum of .

The relative stress gradient is given by:

1 O
x(r) =—M (18)

oy () O

where y(r) and Gyy(r) are the relative stress gradient and maximum principal
stress or crack opening stress, respectively.
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The effective stress for fracture is then considered as the average volume of
the stress distribution over the effective distance. However stresses are multiply
by a weight function in order to take into account stress gradient due to
geometry and loading mode.

The stress distribution is given by:

1 Xeff
Ceft = TEff_[ ny(r) x (1 =1 xy(r))dr (19)

Therefore, the notch stress intensity factor is defined as a function of
effective distance and effective stress:

K =04/ 27X o (20)

where K, 6 and X are notch stress intensity factor, effective stress and
effective distance, respectively.

Description of this kind of stress distribution at notch tip and the procedure
with the help of the relative stress gradient is given in Figure 5.

1 oo, (1)

K —=
G, (1) ox 4
O max [~ Stress distribution along defect root

cft
p Oetr 4/ ZEXeﬂ' e

k Log(s,, () ¥(r) =

Q

h
i e~ g Relative stress gradient

Tracture Pl'c;:ccss Zone (FPZ
/ g )
i

X

Lirn

Notch stress intensity virtual crack Log(r)

Py

Geometrical defect

Figure 5. Schematic elastic-plastic stress distribution along notch ligament and notch stress inten-
sity virtual crack concept.
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4.3. NOTCH-ADAPTED FAILURE ASSESMENT DIAGRAM (NFAD)

An example of NFAD is given by Matvienko [5]. The parameter £, is defined as
the ratio of the applied notch stress intensity factor and fracture toughness K.

k- Ze , (21)
K e 2
( Og ) 1
-y — .
9 coh ( k, )2
The interpolation curve is taken from the cohesive zone model and the
criterion of average stress in the cohesive zone head of the notch tip as indicates
in [5]. However the critical stress intensity factor is shown as to be a decreasing
function of the elastic stress concentration factor and consequently failure assess-
ment curve is notch radius dependant (Figure 6). In order to get a NFAD inter-

polation curve independent of the notch radius, the parameter £, is defined as
follows:

_ K p, app (22)

k
: Kp,c(/o)

where the fracture toughness K, is a function of notch radius.

La
24
v —_— k=5 Ll
Al
so L A —_—— =1 1,0 Doty
i e Crack 0s w
\ 08
L& 07 %
1 0,6
2 . 05 %%
. 04
0.8 03
nz
0.4 ol
0,0 ket e el bal e
L dn0 01 02 03 04 05 06 07 08 09 10 L1 12 L3
0 0z 04 0.6 0.8 10 9, /Re Lp

Figure 6. NFAD according to Matvienko [5].  Figure 7. NFAD independent of notch radius [4].

L, parameter keeps the same definition. By assumption, the interpolation
curve is independent of notch radius and is the same that the crack’s one. Con-
sequently, the SINTAP interpolation curves were used in the NFAD (Figure 7).



PIPELINE DEFECT ASSESSMENT 13

4.4. DEFECT GEOMETRY

In Figure 8 a, b and c, the geometrical configuration of current defects is
presented. In the present paper, the defect depth for all models is equal to one
half of pipe wall thickness and the defect length over defect depth ratio is
considered as ten (L/d =10). Using the same defect depth and length-depth
ratio allows comparison of the geometrical features on the stress distribution
and stress gradient around the chosen defects.

Figure 8-a. Central semi-spherical defect Figure 8-b. Central semi-elliptical defect (t = 6.1
(t=6.1mm, d =t/2). mm, d=1t/2,d/L=0.1)

AATLALULL G4 - 2L

Figure 8-c. Central longitudinal notch (t= 6.1 mm, d =t/2, d/L=0.1, p=0.15 mm).

4.5. BI-LOGARITHMIC STRESS DISTRIBUTION AT DEFECT TIP

In Figure 9, the stress distribution along the radial and longitudinal directions of
the three kinds of defects are plotted in bi-logarithmic graphs Then the elastic-
plastic relative stress gradient method is applied to specify the effective distance
and the effective stress.

The obtained notch stress intensity factors and applied internal pressure are
utilized to define the required assessment points which are used in the failure
assessment prediction of the SINTAP.
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Figure 9-c. Blunt notch in radial direction.

The safety factor has been determined on the FAD according to the
procedure described in Figure 2. Two SINTAP level has been used (Level 0 and
Level 1). Characteristics of these two levels are given in Table 6.
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TABLE 5. Effective stress, effective distance and notch intensity factors along radial and longi-
tudinal direction using 70 bars as applied internal pressure.

Defect type Radial direction
Effective distance  Effective stress K, (MPa.\/m)
(mm) (MPa)
Semi-spherical 0.42 202.7 10.4
Semi-elliptical 0.67 343.4 223
Blunt notch 0.38 539.6 26.3
Defect type Longitudinal direction
Effective distance  Effective stress K, (MPaV.m)
(mm) (MPa)
Semi-spherical 0.72 184.4 12.4
Semi-elliptical 0.53 252.1 14.5
Blunt notch 0.63 311.4 19.7
TABLE 6. SINTAP levels 0 and 1 description.
Level Data needed When to use
Default level
Level 0 Yield or proof When no other tensile
strength data available
Standard levels
1. Basic Yield or proof For quickest result.

strength: ultimate
tensile strength

Mismatch in properties
less than 10%

The mathematical expression of the interpolation curve f(Lr) are given in

formulae (22) and (23)

LEVEL 0

f(Lr) :{

LEVEL 1

2

1+—

L | el
} [03+07xé““”}, for
2

150

oy

25
0<L <1 where L"rm:1+( j

(23)

TABLE 7. Safety factors according to the SINTAP.

Type SINTAP 0B SINTAP 1B
Semi-spherical 4.095 4.106
Semi-elliptical 3.407 3.750
Blunt notch 3.186 3.583
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-1

. o
[1+—’:| [0.3+0.7xe(“')}, 0<L <1
2

-1

1z -
[1+—} [03+07xe™ [xL™, 1<L <™
2

f(L,) =

E
where [ = min {0.001 xX—, 0.6}, (24)

GY

me 1[0, tO o
L™ =— S, N=03]1-—
2 G, o,

In Table 7, different safety factors according to the SINTAP are presented.
We notice that all values of the safety factor are above the conventional
value of 2 and consequently all the defect sizes are acceptable.

5. Assesment of Defect by Limit Analysis

The structural integrity of corrosion defects is substantially studied (see Figures
10 and 11). In Figure 10, a list of methods available for corrosion defect assess-
ment is presented. They are grouped vertically by their type, codified methods or
others and horizontally by their applicability, pressure or combined loading, etc.

5.1. ASME B31G AND MODIFIED ASME B31G

ASME B31G [6] is a code for evaluating the remaining strength of corroded
pipelines. It is a supplement to the ASME B31 code for pressure piping. The
code was developed in the late 1960s and early 1970s at Battelle Memorial
Institute and provides a semi-empirical procedure for the assessment of cor-
roded pipes. Based on an extensive series of full-scale tests on corroded pipe
sections, it was concluded that pipeline steels have adequate toughness and the
toughness is not a significant factor. The failure of blunt corrosion flaws is
controlled by their size and the flow stress or yield stress of the material. The
input parameters include pipe outer diameter (D) and wall thickness (t), the speci-
fied minimum yield strength (o ), the maximum allowable operating pressure
(MAOQP), longitudinal extent of corrosion (L.) and defect depth (d).
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According to the ASME B31G code, a failure equation for corroded
pipelines was proposed by means of data of burst experiments and expressed
with consideration of two conditions below:

Pressure only ] [ Combined loading ]

—

Fressure and
Length and depth] [Area and depth] [ e ][Area and depth]

o

8 ASME B31G

—

W Todined

= = i,

E ASNE B35

8 | onvFior || DwvFiot || DNvFI01 || DNvF101
|RSTRENG 0.85 | [ rsTrRENG E{"Ecli'ce| | Bubenik FEM |

N o T~ EZala-Bwki

2 | Mok et al, | | Leis-POORRT | | Goens model |

= g Andresy correction

P wang-SwRi

i Rosenfeld sTrain madel

(o]

Longitud ral axs of oxmoded gas pizsing

L | L |

Y
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Parabolic defos: s7ape assumpien for short defecls Crarles Mg ong gl el strapt: ssanplon for locy Jefecs Coreded rogion

Figure 11. (a) Typical illustration of corrosion defects (longitudinal axis). (b) Short corrosion
defect simplified as a parabolic curve (ASME B31G). (¢) Long corrosion defects simplified as a
rectangular defect.
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First, the maximum hoop stress cannot exceed the yield strength of the material
(oge <oy ). Second, relatively short corrosion is projected on the shape of a
parabola and long corrosion is projected on the shape of a rectangle. The failure
pressure equation for the corroded pipeline is classified by parabola and
rectangle as shown in Figure 10.

Parabolic defects
- 2(1.lcy)><t|: 1-(2/3) x (d/t) } 25)
D 1-(2/3)x (d/tyM

LY(D LY(D
where M= _/1+08| — — |, for /0.8 — — [ <4
D t D t

Rectangular defects

P, =%[1—(61/:)], (26)

where M = oo,

LY(D
for 0.8(—) (—j >4
D t

where, P;, D, d, t, M, oy and L are the failure pressure, outer diameter,
maximum corrosion depth, wall thickness, bulging factor, yield stress and longi-
tudinal corrosion defect length, respectively. Due to some problems associated
with the definition of flow stress a new flow stress was proposed as:

o =1.1xoy +69 (MPa) (27)

The modified ASME B31G including this new modified flow stress and
bulging factor is a follows:

b _2(1.10Y+69)><t|: 1-0.85x (d/t) }
! D 1-0.85x (d/tyM |’

€re . D . D s ( )
or D >
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2(1.1 69) x t 1-0.85x(d/t
b _ 2Allo, +69) { ()} 29)

' D 1-0.85x (d/tyM

LY /(D
where M =3.3+0.032| — —
D t
LY(D
for — — | >50
D t

It is necessary to recall that ASME B31G is limited to low stress con-
centration factors and internal pressure loading conditions. In the assessment
procedure, one considers the maximum depth and longitudinal extent of the
corroded area, but ignores the circumferential extent and the actual profile. If
the corroded region is found to be unacceptable, B31G allows the use of more
rigorous analysis or a hydrostatic pressure test in order to determine the pipe
remaining strength. Alternatively, a lower MAOP may be imposed.

5.2. DNV RP-F101

DNV RP-F101 is the first comprehensive and extensive code for pipeline
corrosion defect assessment. It provides guidance for internal pressure and
combined loading. It covers all loading types, e.g., pressure only and combined
loading. Furthermore, it provides codified formulations for pressure, bending
and area depth. DNV RP-101 proposes two methods to find the failure pressure.
The first is based on the partial safety factor and the second is classified as
allowable stress design. Both methods entail information on the pipe outside
diameter (D), wall thickness (t), ultimate tensile strength (o, ), MAOP, longi-
tudinal extent of corrosion (L.) and defect depth (d). The allowable stress design
method considering non-interacting defects is discussed here. The exact proce-
dures for the partial safety factor method and interacting defects can be found
within the DNV code.

To pursue the design procedure via DNV RP-101, it is required to determine
the loading type (pressure only and combined loading) and consequently, the
failure pressure can be obtained as:

2(0U)xt[ 1—(d/t) }
Pe = :
D-t |1-(dA)Q

(30)

2
where Q= \/1 + 0.31(\/%]
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where P;, D, d, t, Qand o are the failure pressure, outside diameter,
corrosion depth, wall thickness, correction factor and ultimate tensile strength,
respectively. According to DVN RP-101, the failure pressure should not exceed
the MAOP, otherwise, the corroded pipe will be repaired or replaced before

returning to service.

5.3. CHOI’'S METHOD

Based on limit load analysis assumptions and finite element analysis of
corroded pipelines, Choi et al. [7] proposed a limit load solution as a function of
R/t, dit, L/v/Rt as follows:

where

C, = —0.9847(

ayY d
C, =0.06| = | —0.1035] = |+1,
t t

ayY d ayY d
C, = —0.6913(—] + 0.4548(—j ~0.1447,C, =0.1 163(—) - 0.1053(—j +0.0292,

t

t

d d
—j+1.1101, Cy = 0.0071(—)—0.0126

0.9 C+CL+CL2
: Di le/Et 2\/R_t’

t t t

t

€2))

where Py, oy, D;, d, t and R are the failure pressure or maximum pressure,
ultimate tensile strength, inside diameter, defect depth, wall thickness and average
pipe radius, respectively. In general, the corrosion pits are idealized into a semi-
elliptical shape rather than rectangular and semi-spherical shapes.
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where

2
d d
C, =0.06 T —-0.1035 T +1,
2 2
d d d d
C, =-0.6913 T +0.4548 T —0.1447, C, =0.1163 T —-0.1053 T +0.0292,

d d
C, = —0.9847(?j +1.1101, C, = 0.0071(7) —-0.0126

(32)

The failure pressure is extracted by means of the maximum failure pressure
according to the above-mentioned codes (ASME B31G, Modified ASME
B31G, DNV RP-101 and Choi’s method).

The safety factors have been also extracted via SINTAP safety margins and
assessment points. The safety factor is determined by means of the applied
pressure P,,, over failure pressure Py as:

_ _app. (33)

In Table 8, different safety factors according to the SINTAP and limit load
analysis methods are computed using implemented MATLAB code.

TABLE 8. Calculated safety factors using mentioned coded and other methods.

Type SINTAP 0B SINTAP 1B ASME B31G
Semi-spherical 4.0 4.1 35
Semi-elliptical 34 3.7 34
Blunt notch 3.1 3.5 N/A
Type mASME B31G DNV RP F-101  Choi et al.
Semi-spherical 4.0 4.2 33
Semi-elliptical 3.9 4.2 2.8

Blunt notch N/A N/A N/A
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As expected earlier, the SINTAP OB is more conservative than SINTAP 1B.
Nevertheless, ASME B31G, modified ASME B31G, DNV RP F-101 and Choi’s
method do not offer any structural integrity formulae for blunt notch defects
and DNV RP F-101 does not exhibit any variation in safety factor for the chosen
semi-spherical and semi-elliptical defects. The comparison of computed safety
factors emphasizes that DNV RP F-101 and Choi’s method provide the upper-
bound and lower-bound margins.

6. Conclusion

The structural integrity of corroded pipelines subjected to internal pressure is
studied in this paper. The semi-spherical, semi-elliptical and blunt notch defects
are examined under this loading and safety factors are evaluated by means of
the SINTAP which is modified using a NFAD. The ASME B31G, mASME
B31G, DNV RP F-101 and Choi’s method have been also utilized.
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Abstract: The fracture behavior of structures depends on loading conditions,
geometry of component and material properties. Therefore, in those cases when
loading conditions and geometry of component are known, the material should
ensure the integrity of the structure and ductile fracture behavior of component.
Therefore, it is necessary to select right material for structure regarding to flaw’s
size and position and as well loading condition. It is especially important for
safety, reliability, and integrity of pipes, where materials are exposed to different
environmental influences and material-ageing processes. Fracture mechanics-
based flaw assessment concepts are increasingly used in industrial regulations
and standards for ensuring structure integrity. A considerable number of different
guidelines and procedures are available which are partly based on the same bases
but also exhibit significant differences. The European Union sponsored Structural
Integrity Assessment Procedure (SINTAP), an interdisciplinary Brite—Euram
project. SINTAP is useful engineering tool, in order to find appropriate material
or maximum loading capacity of structural component with crack. Parts of the
structure are also deformed during manufacturing and installation. The aim of this
chapter is demonstrate the use of SINTAP in order to find maximum internal
pressure capacity of gas pipe, regarding to two materials degradation. The results
of analysis show that decrease in mechanical properties and fracture.
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1. Introduction

The safety of any structure, as well gas pipe with flaw depends on the material
properties (tensile mechanical properties and fracture toughness), geometry (size)
of component, and loading manner. In spite of geometric imperfections of pipe
(e.g., wall thinning, misalignment) and worst loading scenario (overpressure),
the safe design required that material should prevent brittle fracture behavior of
steel’s structure. It is possible, if material meets two main conditions, appro-
priate fracture toughness and appropriate post-yielding hardening capability.

Therefore, the goal of present study was to find maximum loading capacity
of gas pipe with crack which can appear during service made from two different
materials. In engineering practice the high strength low alloy (HSLA) steels are
used for the manufacturing engineer’s structures (e.g., cranes, offshore structures).
In same cases the use of HSLA steel has benefit regarding to reduce weight of
structure. Usually, for steel pipeline is used structural steel (medium strength)
with good weldability. Application of HSLA steels for engineer’s structures
as pipes and pressure vessels is questionable, because tempered and quenched
steel has low hardening, and residual stresses can become significant. Also, the
structures are exposed to different environmental influences (e.g., Hydrogen
brittleness) and material-ageing process. Parts of the structures are also deformed
during installation. However, the mechanical properties of steels change during
manufacture and over their service lives. The consequences of these changes
can contribute to ductile crack growth resistance of steel. The aim of this study
is to estimate maximum internal pressure capacity of pipe regarding to change
of the ductile crack growth resistance of HSLA steel and structural steel (S360)
in relation to different supply conditions at room temperature and Typr tempe-
rature. In order to compare fracture behavior of structural component made
from two different materials, it is possible to use one of structure integrity assess-
ment procedures which has been developed and/or upgrade in last ten years,
e.g., EPRI[1], R6 [2], ETM [3], SINTAP [4], FITNET [5]. Although the basic
idea for all procedures is the same for the same problems, namely procedure
solving. However, different procedures use different solutions for stress inten-
sity factor or limit load solutions, or different failure parameter, what can lead
to different results.

2. Application the European Sintap to the Failure

2.1. WHAT IS SINTAP?

From 1996 to 1999 the European Commission sponsored SINTAP (“Structural
Integrity Assessment Procedures for European Industry”), an interdisciplinary
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Brite—Euram project the aim of which was to unify the fracture mechanics-
based flaw assessment approaches available in Europe and to propose a pro-
cedure, which should form the basis of a future European standard. Among
many other publications a special issue of the journal Engineering Fracture
Mechanics (67, 2000, 479-668) contains a number of papers, which describe
the main features of the SINTAP [6]. The procedure combines element of pro-
cedure R6 (which was made by British Energy) and Engineering Treatment
Method — ETM (which was proposed by GKSS — Research Centre in Germany).
On the base of SINTAP the proof of strength under static loading is possible to
perform for components with existing or assumed defects. The components like
pipes are assessed deterministically with regard stable crack extension, fracture
or plastic collapse under static loading. In a fracture mechanics analysis in con-
trast of conventional proof of strength (which assumes defect free components),
not only the loading and the material but also the existence of defects (size and
position) are taken into account.

2.2. DETERMINATION OF CRITICAL CRACK SIZES USING SINTAP

The determination of the critical crack size is illustrated in Figure 1. In the
following application of SINTAP to the gas pipe as well as some basic items of
the procedure will be addressed following this flowchart. Note that some of the
features and analysis steps shown in the flowchart will not be part of the present
analysis. Nevertheless they are shown for completeness and will be addressed
briefly because they provide important information for many other cases of
failure analysis.

In order to determine a critical crack size the following input information is
required:

Geometry and dimensions of the component

Applied loading including secondary load components such as residual
stresses

Information on crack type and orientation

The stress—strain curve and fracture toughness of the material

(A) GEOMETRY AND DIMENSIONS OF THE COMPONENT

The geometry of component can be different with many details (e.g., pipe tees).
However, in engineering structure integrity assessment, the simplification of
geometry is useful because many compendia for stress intensity factor and limit
load consists only minimum number of geometric parameters.

In our example the geometry of the pipe is hollow cylinder (internal radius
130 mm and thickness t = 32 mm) under internal pressure.
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Figure 1. Flowchart for the determination of critical crack sizes using the European flow
assessment procedure SINTAP [7].
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(B) APPLIED LOADING INCLUDING SECONDARY LOAD COMPONENTS

In the SINTAP the applied load can be introduced as a single load such as a
tensile force, a bending moment or an internal pressure in pipe. The
consideration as a stress profile, which is, i.e., determined by a finite element
analysis is, however, more common. Note that such a stress profile refers to the
component without crack. In the present case the loading type was predominant
membrane stress. Based on that information a membrane stress component is
calculated as hoop stress:

_(R+R).

= (1)

In the present case only primary stresses had to be considered. In practice
there are, however, many cases — for particular weldments — where these have to
be complimented by secondary stresses. In general primary stresses arise from
mechanical applied loads including the weight of the structure whereas second-
dary stresses are due to suspended stresses. Typical examples of secondary stresses
are welding residual stresses. The SINTAP gives elaborate guidance on the treat-
ment of secondary stresses. If the residual stresses are not known, recommended
normalized residual stress profiles which represent upper envelopes to measured
or calculated residual stress profiles over the wall thickness can be used. The
stresses in these stress profiles are not self-equilibrating across the wall as in
case of individual residual stress profiles. The residual stresses are normalized
to the yield strength (lower strength R,; or proof stress R, ) of the weld metal
or the base material at room temperature and given as a function z/#, the depth
coordinate z normalized to the wall thickness ¢. Normalized longitudinal and
transversal residual stress profiles for typical pipe seam weld (Figure 2) made
of ferritic steel are given in egs. (2) and (3).

LONGITUDINAL STRESSES FOR FERRITIC STEELS

L 2 3 4
% - 0.82+2.892.[ZJ—11.316-(2] +1o.545-(zj —1.846-(1 2)
t t t t

e

TRANSVERSE STRESS FOR FERRITIC STEELS

T 2 3 4
%=1—0.917(Zj—14.533(2j +83.15(2j —215.45(Zj
R, t t t t

+ 244.16(?) - 96.36(:] 3)
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Figure 2. Pipe seem weld.

(C) CRACK TYPE AND ORIENTATION

In a fracture mechanics analysis it is distinguished between through cracks,
embedded cracks and surface cracks. Real crack shapes are idealized by sub-
stitute geometries such as rectangles ellipses and semiellipses. The idealization
has to been done such that the crack tip loading will be overestimated.
Sometimes a crack or conglomerations of cracks have to be recharacterized if
they interfere one with each other or with a free surface. One example how
interactions are taken into account is shown in Figure 3.

2c+2c.4s

¢ <c, and s<2-¢
Figure 3. Crack models for neighbouring surface and embedded defects.

For simplicity the crack was assumed to be of semielliptical surface crack
with depth a and surface length 2c, as is shown in Figure 4.

Usually the crack plane is assumed to be perpendicular to the larger of the
two principle stresses. There are, however cases, where a real crack will not
growth within these plane because of mechanical reasons, i.e., both principal
stresses are of a magnitude in the same order, or because of heterogeneity of
the material. In such cases a more complicated mixed-mode analysis has to
be carried out. In the present case the situation is quite simple because the
maximum principle stress direction is identical to hoop stress.
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In the flowchart in Figure 1 the crack dimensions are introduced as input
information. Actually this refers to a default crack size, which is then varied
iteratively. At each iteration step the question has to be answered whether the
actual crack size is already critical or not.

A-A section

A

EREEE

by ddydidvidy

b)

Figure 4. Pipe with internal axial semielliptical surface defect.

(D) HOMOGENOUS OR STRENGTH MISMATCHED CONFIGURATION

Strength mismatch means that, e.g., in a weld, the base plate and the weld
material are of different strength with the consequence of local strain
concentrations within the softer area. According to the SINTAP, the yield
strength of material regions involved in the weld differ more than 10%. For the
present example the mismatch does take into account. There are, however,
many cases where strength mismatch is of paramount interest. Therefore, the
SINTAP offers separate assessment options for the analysis of such cases.

(E) PLASTIC LIMIT LOAD Fy

The plastic limit load of the component with crack is one of the key parameters
of the SINTAP analysis. Here some remarks are due. In solid mechanics the
limit load is usually determined for ideally plastic materials. When the limit
load is reached the deformation becomes unbounded over the cross section.
Real materials, however, work harden with the consequence that the applied
force can increase beyond the value given by the nonhardening limit load.
Therefore, in the frame of a fracture mechanics analysis it has to be distin-
guished between a plastic collapse load which is identical to the maximum
load which the structure with crack can sustain and a net section yield load
which refers roughly to that load at which the still unbroken ligament ahead of
the crack is first fully plastic and the local load-deformation curve becomes
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nonlinearly. This parameter is what is designated above as the plastic limit load
Fy. In practice it is usually determined under the assumption of an ideally
plastic material inserting the yield strength as the maximum sustainable stress.
This is supposed to represent the attainment of net section yielding, i.e., each
point in the ligament ahead of the crack is supposed to have just reached the
yield condition. This is correct for ideally plastic materials, however, for harden-
ing materials there are some points, which are still under elastic deformation
condition. Therefore, the thus determined value of Fy represents a lower bound
to the real yield load.

Within the SINTAP a compendium of limit loads is provided. Other com-
pilations are available in the literature, e.g., in BS7910 [8] For cases, which are
not covered by this compilation conservative estimates are possible based on
substitute geometries. In such cases the stress profiles in the components
without crack are taken as input information.

Within the SINTAP a loading parameter L, is used which is defined as the
ratio of the applied load F and the limit load Fy or applied pressure p and the
limit pressure py, respectively as the ratio of an applied net section stress o
and the yield strength of the material, o,

F o,
[ =—=—t-L 4)
Foo p

the later being given as oy = R, for materials with and oy = R,,, for materials
without a Liiders plateau.

The plastic limit pressure of the hollow cylinder with axial crack under
internal pressure with semielliptical internal surface crack within this paper can
easily be determined as p, [9]:

pY :_GY
R, (t/la=1/M)-(1+a/R))

M =1+1255% - 001350 for <8

for 4 >8

c

(12-(1-0.3°)"?

"
Il
4

-t
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(F) STRESS INTENSITY FACTOR (K FACTOR)

As in the case of the limit load numerous solutions for K-factors are available in
compendia (e.g., [3, 4]). The SINTAP provides an own compilation of such
solutions. Stress intensity factors can be determined for single loads such as
forces, bending moments, internal pressures etc. as well as for stress profiles.
The latter alternative allows to handle geometrically complex components by
using substitute structures, i.e., the stress profile is determined for the real
structure without crack whereas the determination of the K-factor is based on a
simpler geometry like a plate, a cylinder etc. According to SINTAP the stress
intensity factor K;, for deepest point is given by:

2 2
rotr, a t
K, ,=F-0~Nz-a-0,97 5 12+1—0,5‘/7 -— (6)
: v

where

F=
Jo
M, =1,13-0,09Z
C
0,89
M, =-0,54+ 7
0,2+—
C
24
1 a
M, =0,5——a+14.(1—?)
0,65+
C

1,65
0= 1+1,464~(£j

c

a ? a
KCZKa 1,1+0,35 7 . ? (7)

stress o= g, is membrane stress (normal to the perspective crack plane) in an
uncracked cylinder and calculated by eq. (1).

for surface point

(G) CORRECTION FUNCTION F(Lp)

Under conditions of small-scale yielding (roughly up to 0.6 times the limit load)
a fracture mechanics analysis can be based on the linear-elastic K-factor. This
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is, however, not possible for contained and net section yielding where the
plastic zone is no more limited to a small region ahead of the crack tip. Under
these conditions any application of the K-concept would lead to a significant
underestimation of the real crack tip loading in terms of the J-integral or CTOD.
Irrespective of this general statement the application of a formal K-concept
becomes possible when the linear-elastic K-factor is corrected with respect of
the yield effect. This is the essential of the correction function f{L,). With
respect of f(L,) the SINTAP is structured in a hierarchic manner consisting of
various analysis levels constituted by the quality and completeness of the
required input information. Higher levels are more advanced than lower levels:
they need more complex input information but the user is “rewarded” by less
conservative results. An unacceptable result provides a motivation for repeating
the analysis at the next higher level rather than claiming the component to be
unsafe. The SINTAP standard analysis levels are:

Basic level — Only the toughness and the yield strength and the ulti-
mate tensile strength of the material need to be known.
Different sets of equations are offered for materials with
and without Liiders plateau.

Mismatch level ~ — This is a modification of the basic level for inhomo-
geneous configurations such as strength mismatched
weldments.

Advanced — This requires toughness data and the complete stress—

or stress—strain strain curve of the material. Both, homogenous and

level strength mismatched components can be treated.

There are additional levels:

Default level — Only the yield strength of the material is required. The
fracture resistance of the material can be conservatively
estimated from Charpy data.

Constraint level — Within this level, the effect of loss of constraint in thin
sections or predominately tensile loading on fracture resis-
tance is considered.

J-integral — This level includes a complete numerical analysis of the
analysis defect structure.
level
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Within the present paper the basic level is applied. The according equations
for f(L,) for ferritic steels without Liiders plateau are:

e Default level:

7(L,)= [1+— }”2x[0.3+0.7exp(—0.6Lr6)] for1<z <™ (8

— { 150 } Ry in [MPa] ©)

p0.2

The fracture toughness is estimated in a conservative manner from Charpy
data by

K = (12\/5—20)-(%5)' +20 (10)

on the lower shelf and by

E(0.53 KV ) ) 0'2(0433_”“_15,,)
- (11)
”m | 1000(1_1/2)

on the upper shelf. In addition SINTAP offers a correlation for the ductile to
brittle transition based on the Charpy transition temperature for 28 J,

=20+ {11+ 77exp[0.019(T - Ty, —3°C)]}- {25} {mlT (12)
{11477 exp[0.019(7 - = p

Ko In MPa\/% ; specimen thickness B in mm; Charpy energy KV in J; P, pro-
bability of Charpy impact energy at service temperature 7.

e Basic level:
1 -1/2
f(L)= {H L } -[0.3+0.7exp(—,u-Ly6)i| for0<L, < (13)

With — {0.001 E/Rpo2 (14)
0.6
and

(N-1)

£(L)=r@)-,> for 1<L <L™ (15)
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R
N=031- I’e’o’z (16)
max 1 Rp0.2+Rm
P e (17)
2 Rpo.2

with ernax being the limit against plastic collapse.

e Advanced level:

-1/2

E-s, 1 L’
SL)=| —+
O res > Eref
O-ref for 1 S Lr S Lr (18)
. 1
"™ ="L with o, =—|o, +R 19
O_Y Gf 2 [GY m] ( )

Different to the levels above f(L;) is a continuous function, which follows
pointwise the true stress—strain curve. Each value of o is assigned to an L,
value by

O, =L, 0y (20)

G,y =L 0y r/
___________ b,__________

-
+
=
il
“ S
=1
2 3
v £
Z o]
=
"E"".
o]

Erv_r
¥ >
true strain
En’.’.’ = amrc = 1[1(1 + ff}

Figure 5. Determination of the reference strain from the true stress—strain curve of &
assessment of the normalized load.

for the

true

(Note: R and e designating the engineering stress and engineering strain)
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The corresponding reference strain &, is obtained from the true stress-strain
curve as illustrated in Figure 5. No distinction is necessary between materials
with and without a Liiders plateau. On the other hand o;./s,.r values have to be
available at L, = 0.7/0.9/0.98/1/1.02/1.1 and other values of L,.

(H) THE p FACTOR

p is a correction function for secondary stresses, which takes into account
yielding and relaxation effects. Because it is not applied within this paper this
parameter will not be discussed here.

(I) CDF VERSUS FAD ANALYSES

SINTAP pursues two different assessment philosophies, which are designated
as crack driving force (CDF) and failure assessment diagram (FAD) concepts,
as is shown in Figure 6a and 6b. Both are complementary and give identical
results. In the CDF route the determination of the crack tip loading in the
component and its comparison with the fracture toughness of the material are
two separate steps. The CDF curve, which relates the applied load with the
crack tip loading in terms of J or CTOD, is a geometry independent function,
which depends only on the deformation behavior of the material.

Failure is predicted when the crack tip loading exceeds the fracture
toughness. In the FAD route, a geometry independent failure line is constructed
by normalizing the crack tip loading by the material’s fracture resistance. The
assessment of the component is then based on the relative location of a geometry
dependent assessment point with respect to this failure line. In the simplest
application the component is regarded as safe as long as the assessment point
lies within the shaded area below the failure line. It is regarded as potentially
unsafe if it is located on the line or outside the shaded area. An increased load
or larger crack size will move the assessment point along the loading path
towards the failure line.

In Figure 6 the basic CDF and FAD applications are illustrated which
consider the fracture toughness as a single value (K;c or J or CTOD at stable
crack initiation). Note that CDF and FAD applications also exist for a so-called
R-curve behavior of the fracture resistance, which, however, will not be
described here.

The basic equations of the CDF philosophy are

J=J (L) 1)
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8 off(L)]
Potentially unsafe elf(Lol
S
5 CTODat
Increased applied load
or crack size
— Safe
L max
Lr=F/FY=Gref/GY r
a) CDF philosophy
Potentially unsafe
g _ fiL)
¢ Increased applied load /
o or crack size
8 \\\
N
I
X
0
L max
Lr= F/FY=Gref/GY r
b) FAD philosophy
Figure 6. SINTAP assessment philosophy.
(Note: The function f{Z,) is identical for the FAD and CDF routes)
With
KZ
J,=—
E

for the J integral and

(22)
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=5 [7(L)]" @)
with
KZ
0, = z o (24)

for CTOD as crack tip parameters. The basic equation of the SINTAP-FAD
route is

K, =s(L) 25)

with K, being the linear-elastic K-factor normalized to the fracture toughness
which is designated here by the general term K.,

&, (26)

K —
K mat

r

(J) FRACTURE TOUGHNESS

Fracture mechanics quantities for the characterization of the material resistance
under static loading are called fracture toughness. They describe in particular:
crack initiation, stable crack extension and unstable fracture. They are ex-
pressed in terms of the stress intensity factor K, the crack tip opening displace-
ment o or the J-integral. They are convertible into each other with restrictions.
Fracture toughness parameter can be determined in terms of the crack tip
opening displacement CTOD (9), K¢ or J-integral according to the relevant
standards [10, 11, 12].

(K) CHARPY ENERGY

Information on the Charpy energy is necessary for the SINTAP Default Level
assessment. Charpy energy is used if direct measurements of the fracture tough-
ness are not possible, or if no data, or only unsatisfactory data are available
according correlations egs. (10, 11, 12).

3. Structural Integrity Assessment of Pipe

In present structure integrity assessment two steels are used:

e One HSLA (grade HT60) design »V«
o Structural steel S360 (grade DIN St-52), design »C«
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Three different material conditions were observed:

HSLA steel in normalized condition (as-delivered), design » A«

Aged condition, after 10% cool plastic deformation and heating at 250°C
for 30 min., design »B«

Deformed condition after a 10% cool plastic deformation, design »C«

By using flowchart in Figure 1, it is possible also for assumed crack size to

find maximum loading capacity of component with crack. In present case, the
arising questions are:

4.

Does use of HSLA steel is benefit for pipe line comparing to structural
steel?

How degradation of material’s properties (ageing and deforming) of HSLA
or structural steel affect to structural integrity of pipe with different crack
size?

What is difference in internal pressure of pipe between integrity assessment
at room temperature and temperature of nonductile tearing of both steel?

The mechanical properties were determined at room temperature and at

Tapr temperatures (determined by drop weight testing) and by longitudinal
testing, as given in Table 1. The increasing strength of the steel, associated with
decreasing elongation at the fracture is clearly seen in Table 1. In addition, a
further increase of yield strength with decrease of temperatures is obvious.

TABLE 1. Mean values for mechanical properties of both steels (»V« and »C«) at room
temperature and Typr temperatures.

Material Yield Ultimate Elongation TNDT Yield
condition strength tensile at fracture °C strength
MPa strength % at Txpr
MPa MPa
HSLA: 442 610 13.7 -72 514
VA
VB 647 726 4.7 —-104 780
VvC 627 684 4.5 —-134 757
S360: 366 533 24.2 -82 475
CA
CB 586 656 6.7 -114 653
CC 595 624 8.9 —-128 675

On the basis of the results obtained (Table 1), it was decided that fracture

toughness testing would be carried out at room (+20°C) temperature and Typr
temperatures.
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The compact tension (CT) specimens were cut from a 32 mm thickness
plate according to the standard ASTM 1820 [12]. Experiments were done on six
series of 15 standard CT specimens. On the basis of the F-CMOD (Load versus
Crack Mouth Opening Displacement) records, J-R resistance curves were
determined, at room temperature and with J. values at Txpr temperatures
(where all specimens were fractured in a brittle manner). The parameters Jy 5,
and J, (determined from brittle fracture tests at Typr) were used for probabilistic
analyses.

The mean values of J;;5; and J, are listed in Table 2. Table 2 shows higher
toughness of HSLA steel in as-delivered conditions, but it is obvious that HSLA
steel does not show significant benefit in aged condition or deformed condition.

TABLE 2. Mean values of measured J-integral (Jo,g. and J.) at room temperature and Typr
temperatures.

Material Toughness Jy gL Toughness J.

condition N/mm N/mm
Mean value Mean value

VA 476.5 52.62

VB 231.6 20.44

VC 333.2 25.02

CA 335.5 196.4

CB 262.5 47.62

CcC 282.3 65.4

Since the service temperature can significantly change, it is necessary to
estimate the effect of temperature decreasing on fracture behavior (from RT
(ductile) to Tnpr (brittle) temperature) for the same crack length and crack
configuration. In present case, a pipe was estimated under unknown critical
internal pressure p. (Figure 2a, with outside diameter 2R, = 320 mm, internal
diameter 2R; = 260 mm, wall thickness # = 32 mm). Calculation was performed
for internal axial semielliptical surface crack, Figure 2b). Three different crack
depths were estimated:

with a=25mm and 2c¢=25mm; a/t=0.08, 2c/a =10
a=16mm and 2c¢=80mm; a/t =0.50, 2c/a=5
a=30mm and 2¢=150mm; a/t =0.94, 2c/a=15

All dimensions are possible to detect by conventional nondestructive inspec-
tion equipment. In this case the structural integrity assessment is performed in
order to find maximum internal pressure for pipe with crack. First comparison
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Figure 7. Example of loading paths for deepest point and surface point.

was performed between deepest crack point and surface crack point at wall of
cylinder’s pipe. The analyses shown in all cases that the most critical is deepest
point, as is shown in Figure 7. Since the deepest point of crack shows much
higher stress intensity factor than at the surface, the rest of analysis is going to
perform only for more critical deepest point.

Comparison among loading paths for different crack size shows that failure
is predominantly plastic for deep through thickness crack or close to leak-
before-break (a/t = 0.94) and failure becomes more brittle in case of short
shallow crack (a/t = 0.08), as is shown in Figure 8a and Figure 8b for HSLA
steel and S360 steel, respectively. Comparison between HSLA steel and S360
structural steel is shown in Figure 9 for the same crack’s depth a = 30 and
crack’s width 2c = 150mm and same material’s condition. Figure 9 shows
nonsignificant difference in internal pressure loading capacity between both
steels in case of long crack, but in case of short crack HSLA steel is more brittle
than S360 steel. The all results for steels and all material’s condition are shown
in Figure 10. Figure 10 shows change of critical internal pressure capacity
regarding to material degradation and crack depth (a/f). This degradation is
caused by material properties change and fracture toughness degradation at both
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Figure 8. Comparison among loading paths for different crack size and material conditions and
assessment at RT-room temperature , Typr-temperature of nonductile tearing.
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Figure 9. Comparison between HSLA steel and structural steel for same material condition.
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Figure 10. Change of critical internal pressure capacity regarding to material degradation and
crack depth (a/%).
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temperatures. In the case of very short shallow crack, it is obvious difference in
maximum critical internal pressure, but with crack extension the differences
becomes small. Almost, the difference are negligible at the close the through
thickness crack (a/t = 0.94).

Figure 10 shows also, that drop of critical internal pressure p, is higher, as
was expected at Typr temperature for both material, but in case of deepest crack
the differences between capacity of both steels at the room temperature and
Tapr temperature are nonsignificant. The material properties degradation
(ageing or deforming condition) do not have effect on structural integrity of
pipe made from HSLA steel or structural steel at deepest crack length.
Consequently, the use of HSLA steel or structural steel have not benefit for pipe
integrity in case of leak-before-break.

4. Conclusion

This chapter represents the use of SINTAP in order to find maximum internal
pressure capacity of gas pipeline. Each issue of structural integrity assessment
has been discussed by using flowchart for determination of critical crack size.
In the case when crack size is assumed, it is possible to find critical (maximum)
internal pressure of pipe by using SINTAP. In order to ensure clear presentation
of procedure’s application, only few issues of SINTAP on Level 1 are taken
into account. However, sensitivity of applied compendia’s equations for stress
intensity factor and limit loads, and applied route of procedure shows vary in
critical internal capacity from shallow crack to deep close leak-before-break
crack size. SINTAP is useful for integrity assessment of pipes with different
crack size for room temperature and Typr temperature, as well.
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INTERACTION BETWEEN MATERIAL PROPERTIES,
INSPECTION ACCURACY AND DEFECT ACCEPTANCE
LEVELS IN STRAIN BASED PIPELINE DESIGN

RUDI DENYS
Laboratorium Soete, Universiteit Gent, St Pietersnieuwstraat,
41 B9000 Gent, Belgium

Abstract: Nowadays, pipelines are being built in regions where ground
movements can cause post-yield longitudinal strains. Consequently, established
material selection and weld integrity assessment procedures need to be re-
assessed. This is because the actual material properties, and not the specified
ones, determine the plastic strain capacity. Also, the accuracy with which the
material properties and defect parameters are established needs special care.
The purpose of this paper is to review the variables affecting the plastic strain
capacity and to discuss the associated material and inspection requirements.
The information presented has been inferred from studies of the failure charact-
eristics of large-scale Curved Wide Plate (CWP) tests.

Keywords: defect size, strain-based design, weld metal mismatch, remote strain, defect
sizing, AUT, uniform elongation, yield to tensile ratio

1. Background

The input parameters to be addressed for a stress-based (applied strain, e < 0.5%)
girth weld integrity defect are: toughness of the material containing the defect
(minimum specified) yield and tensile strength of the pipe metal, applied stress,
defect type and defect dimensions, Figure 1. In contrast, when girth welds have
to resists longitudinal plastic strains, additional variables must be considered in
the evaluation process.

The supplementary variables to be considered include the level of weld
metal strength mismatch, the yield strength and Y/T ratio (strain hardening
capacity) of both weld and pipe metal, and the uniform strain capacity of both
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STRAIN based design

STRESS based design Standard input parameters
- Defect size (length, height)
Standard input parametes - Defect location (surface breaking or buried)
. - Toughness
- Defect size _| - Applied (remote) stress / strain or STRAIN DEMAND
(length, height) »

- Defect location Supplementary input parameters

; _I(.:L:]r;ic:ebsr:akmg oibutied) - Actual Pipe and Weld Metal Tensile Properties
- Applied (ELASTIC) stress / strain Ehullistressesirainjcurves
- Specified material properties L YIT ratio p'Pe an_d weld metal
- Uniform elongation pipe and weld metal
- Level of weld strength mismatch

Interactions between ALL input variables !

Figure 1. Input parameters for stress-based and strain-based defect acceptance.

weld and pipe metal. Moreover, the interactions between these variables, which
are neither fully understood nor adequately documented, cannot be disregarded
while the study of the interaction between the plastic strain capacity and the
defect dimensions requires knowledge of the actual values of the input data.
The point is that the minimum specified material properties cannot be used.
This also means that the weld acceptance for strain-based designs can no longer
be based on the standard material qualification procedures. Also, the accuracy
with which the material properties and defect parameters are established needs
special care. The other issue is that the established assessment procedures
cannot be uncritically used when the remote strains exceed the 0.5% level.

2. Challenges

A tough* girth weld with part-wall defect under tensile loading deforms accord-
ing to the following sequence of events: blunting, crack initiation, ductile tearing.
Ductile tearing occurs essentially in the post-yield loading range. At load
instability, CWP testing has demonstrated that four distinct deformation modes
can occur, Figure 2. The probable limit conditions, when e > 0.5%, are: failure
by necking of the pipe body, pop through followed by a stable leak or complete
failure of the net cross section. When the strain hardening capacity of the
defective region is insufficient, the remote failure strain will elastic (e < 0.5%).
This failure mode corresponds with the standard definition of plastic collapse
(or Net Section Yielding, NSY). Apart from the fact that strain-based designs
exclude NSY, it is of interest to know that the occurrence of remote yielding
depends on the interaction between strain hardening, weld strength mismatch
and defect size. However, for the common combinations of materials used in
pipeline construction, defect size is a key variable.
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Figure 2. Deformation and failure modes of notch tough material.

Failure by pipe necking occurs for small, but significant, defects located in
overmatched welds. Failure by local instability (defect pops through) is avoided
since the local damage escalates into a global instability.

The main feature of ductile tearing is that it changes the defect size, leading
to a more unfavourable situation in terms of plastic strain capacity. Ductile
tearing cannot be excluded, but extensive tearing can be mitigated by a proper
material selection. For example, an adequate level of overmatching may be
sufficient to offset the adverse effect associated with ductile crack growth.
However, this solution does not always prevent poor performance of low tearing
resistance in the post-yield loading range. Therefore, blunting capacity is a
desired property because it is a consequence of the material’s ability to spread
deformation away from the defective region. In particular, blunting readily
occurs in materials exhibiting Liiders elongation, while materials characterized
by a continuous stress—strain curve and low strain hardening capacity (high Y/T
ratio) have normally lower resistance to ductile tearing. Thus, materials with a
high Y/T ratio could be a concern in a strain-based design.
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Finally, Curved Wide Plate (CWP) test results also demonstrate that, amongst
others, the comprehension of failure by remote yielding requires an intimate
understanding of many interacting variables.

3. Assessment Options

The construction of pipelines in areas prone to earthquakes and discontinuous
permafrost involves many new challenges. One of the major challenges is
related to the assessment of girth integrity when the welds contains a defect and
when the remote axial strain exceeds the 0.5% level. Information published
on the ongoing research on girth weld integrity provides three options [1-7],
Figure 3.

Option A, or the analytical approach makes use of the failure assessment
diagram (FAD), Option B explores the results of (case-specific) numerical
modelling (Finite Element Analysis, FEA) while Option C focuses on the study
of the failure characteristics of full-scale or CWP test results [8—9]. As is shown
in Figure 3, each of the options may produce a predicted (tolerable) defect size
while the acceptable defect size is obtained by employing a margin of safety to
account for ignorance regarding the variability of input parameters (pipe and
weld metal tensile properties, and defect dimensions). The safety factor can
vary and depends on the assumption made in the assessment.

Option A uses existing fracture mechanics formulations and case-specific
collapse analysis that accounts for post-yield deformations. The rationale
behind the Option B approach is that the interaction between the crack tip
driving force for failure and the applied strain can be modelled and used to
determine the predicted defect dimensions. Anyhow, both the analytical and the
numerical procedures assume that toughness is the parameter that governs strain
capacity while the critical condition or crack resistance is to be derived from
CTOD (or wide plate) tests. So far, the analytical or numerical procedures
under development are not designed as predictors of failure. The main feature
of Option C is that the actual limit-strain for failure can be determined. In
addition, Option C allows the effect of all relevant variables and the interaction
between them on strain capacity to be studied at the same time.

Option C is normally not the cheapest option, however, CWP tests on girth
weld with surface breaking defects reveal that reliance on the correlation
between CTOD and strain capacity can produce conservative predictions,
particularly if one neglects the fact that the correlation between CTOD, CMOD
(or the Crack Mouth Opening Displacement under tensile loading) and strain
capacity is far from unique [10]. An associated concern is that Options A and B
produce stringent, often unrealistic, CTOD requirements. In other words, the
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Figure 3. Weld defect acceptance and strain-based design.

engineering significance of CTOD requirements for strain-based designs needs
to be clarified. The interaction between defect size, weld reinforcement, weld
groove design, and the level of weld strength mismatch on ductile tearing is
another aspect for which an answer is needed.

In summary, since Options A and B rely on “idealized” material property
models and use conservative assumptions, the predicted defect sizes (A or B)
are smaller than the critical or limit defect size (C). In this light, it is worth
mentioning that a combination of worst-case assumptions may produce
unworkable recommendations. This opinion reflects the often underestimated
fact that the stress—strain response of each pipe in the pipeline strength is
different, and thus differs from the “idealized” model used in the predictions. In
other words, full scale or CWP data large test will always be needed to validate
the effectiveness of analytical/numerical predictions.

4. Toughness

The toughness ensuring remote plastic strain depends on the contribution of,
and trade-off between, many variables including defect size. An assessment of
the results of 600 CWP tests has demonstrated that the minimum and average
EPRG-Tier 2 toughness requirements [11] are equally sufficient for strain-
based designs, Table 1. In true perspective, these requirements are conservative
and safe since nobody will accept, despite the fact that 0.5% remote strain can
be ensured, a defect with an area ratio greater than 7%.
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TABLE 1. EPRG-Tier 2 toughness requirements* ’ **

Min./Ave* / ** Additional requirements
Charpy V impact e Weld metal is matching or
30/40 ] :
(CVN) overmatching
CTOD 0.10/0.15 mm e Y/T of pipe and weld metal < 0.90

* : To be achieved at design (wide plate) temperature.
** : Ensures the onset of remote yielding (e = 0.5%) if the defect area ratio within an
arc length of 300 mm is less than 7% of the cross-sectional area.

Once the toughness of the region containing the defect meets the EPRG
threshold levels of Table 1, a further analysis of the CWP database demon-
strated that the strain capacity is controlled by the level of weld strength mis-
match, the uniform strain capacity of the pipe metal, the shape of stress—strain
curve (strain hardening rate) etc., and the defect related variables (dimensions,
location, etc.). More interestingly, the analysis also revealed that for defect area
ratios smaller than 7% of the cross-section area, high toughness does not auto-
matically contribute to an increase in remote plastic strain capacity [12]. This
suggests that specifying toughness levels greater than the EPRG requirements
can exclude welds, which will provide adequate performance.

5. Toughness and Ductile Tearing

Fracture toughness (CTOD) of a ductile material is composed of “real” CTOD
(or crack tip blunting) and ductile tearing, Figure 4. Blunting and the process of
stable tearing are complicated phenomena [13—14]. The details of how these
phenomena occur are dependent on many variables. Ductile tearing also inter-
acts with the failure process in a complex way. This interaction is not yet fully

understood.
"CTOD" ??

CTOD (Blunting)

Ductile tearing - - - 9

A 4

Defect length and heigh
Wall thickness

Y/T (strain hardening)
Deformation mode (NS
Loading mode

Level of strength misma
Bevel preparation

Etc.,

Figure 4. Factors affecting CTOD, blunting and ductile tearing.
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An exploratory study of the tearing resistance of CTOD and CWP specimens
show that the linear extent of ductile tearing depends on loading mode (bending
versus tension), specimen dimensions, flaw size, flaw location (weld metal or
HAZ), wall thickness to ligament ratio and the strain hardening characteristics
of the material surrounding the defect. Further, the path of ductile tearing in a
tension-loaded CWP specimen is not necessarily confined to the plane perpen-
dicular to the applied stress, Figure 5. Ductile tearing is a three-dimensional
problem.

Defect location: FL/HAZ region
Initiation: Blunting and tearing towards pipe metal
Failure location: Pop-though and arrest (leak)

Defect location: FL/HAZ region
Initiation: Blunting and tearing towards weld metal
Failure location: Pipe metal (pipe necking)

Figure 5. Typical fracture paths in overmatched girth welds.

For the reasons discussed above, standard fracture tests cannot be used to
quantify the ductile tearing characteristics of tensile loaded girth welds with
surface breaking defect. In particular, standard (bend) tests produce conservative
information as they are designed to simulate the highest level of structural con-
straint. An additional problem is translating the information into the assessment
procedure. The point is that different defect length to height ratios cause dift-
erent levels of through-thickness constraint. In addition, the testing of a “narrow”
tension-loaded specimen does not directly provide a solution since the lack of
lateral constraint (width direction) provides optimistic information.

As shown in Figures 4 and 5, ductile tearing changes the initial height
(and length) of the defect. However, contrary to the current opinion, a limited
amount of ductile tearing does not, in itself, threaten the structural integrity in
the post-yield loading range any more than the initial defect. This observation
does not exclude the fact that measures have to be taken to delay its occurrence.
Premature ductile tearing can be prevented when the Y/T ratio pipe for weld
metals is as low as possible. Another very effective measure consists of maxi-
mizing the level of weld metal strength overmatch. When these measures
cannot be implemented, the effect of ductile tearing on plastic straining capacity
needs to be accounted for in the assessment procedure.
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6. Pipe and Weld Metal Tensile Property Requirements

Once the threshold level of toughness is satisfied, the strain capacity is
controlled by the tensile properties of both plate and weld metal. However, an
axially tensile loaded girth weld with a defect can only fail in the post-yield
loading range when (a) the materials involved have adequate strain hardening
capabilities and (b) the weld metal tensile properties match, as a minimum,
those of the pipe metal [15-19]. The first requirement is necessary to force the
applied plastic strain into the pipe metal whilst the second must prevent exces-
sive straining of the girth weld region (weld metal and HAZ). Thus, in selecting
welding consumables for strain-based designs, one should avoid undermatched
weld metals; undermatching welds in yield strength concentrate plastic strain in
the weld region.

These basic requirements involve the knowledge of (a) the stress—strain
response in the post-yield loading range of the materials surrounding the defect,
(b) the effect of weld strength overmatch and strain hardening rate of the material
on the strain limit. The percentage elongation at ultimate tensile strength or the
uniform strain capacity, uEL, is another essential variable since the plastic
strain capacity is proportional to uEL [7].

6.1. POST-YIELD BEHAVIOUR

The insert in Figure 6a illustrates that the stress limit of an axially (or equi-
stress) tension loaded girth weld with defect is determined by the failure stress
of the section containing the defect, W, while the intersection of the horizontal
line passing through point W and the pipe metal stress—strain response in the
post-yield loading range defines the corresponding strain limit, e;. Thus, the
stress—strain response of a strain hardening overmatched girth weld with defect
coincides with that of the pipe metal in the longitudinal direction. Note that the
stress—strain curves, P, reproduced in Figure 6a, are representative of those,
which are observed by testing contemporary pipeline steels in the longitudinal
direction.

Figure 6a clearly illustrates that the shape of the post-yield response of the
pipe metal has a significant effect on the strain limit. For example, by assuming
a fixed defect, pipe steels characterized by a steep slope (high strain hardening
rate) in the early post-yield range have a lower plastic strain capacity in their
welded form than pipe steels displaying a Liiders plateau or a gradual strain
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Figure 6. Effect of strain hardening behaviour on remote strain.

hardening behaviour (e; or e, < e; or e,). In addition, Figure 6b shows the effect
of the lower and upper bound stress—strain responses on the strain limit. That is,
if the actual variation is taken into account, the predicted strain limit can vary
from e_ (Reference Pipe Pp) to ey (Reference Py). In other words, a too
widespread of the pipe metal tensile properties might cause pipe failure of the
low strength pipe while the strain occurring in a neighbouring higher strength
pipe can be insufficient. To prevent this, the specified pipe metal yield strength
range must be kept as small as possible.

6.2. UNIFORM ELONGATION AND Y/T RATIO

The value of the Y/T ratio is normally used to assess failure by plastic collapse.
This simplification is acceptable for stress-based designs. For strain-based
designs, the Y/T ratio alone could be insufficient to characterize post-yield
capacity because pipes with the same Y/T ratio can exhibit different post-yield
stress—strain behaviours.

Associated challenges, not covered by codes or technical literature, are
related to the determination of uEL and the effects of yield strength or Y/T ratio
on uEL. With regard to the first issue, the first appearance of the maximum load
plateau should be used, since further straining beyond this point goes entirely
into ductile tearing (failure occurs in the defective section) or pipe necking
(failure occurs in the pipe). However, this point cannot always be determined
in a straightforward way. With respect to the second issue, our present under-
standing regarding the relationship between uniform elongation and Y/T ratio is
summarized in Figure 7.
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Figure 7. Relationship between Y/T ratio and percentage uniform elongation.

The dotted lines in Figure 7a compare the relationship between Y/T ratio
and uEL proposed by Holmes, Wang, Zhou and Maes (“published” predictions).
These predictions were developed for assessing pipeline steels [20-23]. Figure
8b, shows experimental correlations obtained from the results of tensile tests on
longitudinal full section 25 mm wide strap specimens extracted from pipe
grades in the range from X65 to X100 of 14 mm to 25 mm wall [14]. The
grades are identified in the key to the plot. The uniform elongations were deter-
mined at the onset of the maximum load plateau. The straight lines represent
lower bound (solid lines) or “Denys” lower bound fits to the relevant experi-
mental data. For example, the thick line annotated with open squares represents
the lower bound fit to the X70 data. These lines are also reproduced in Figure 7a.

The comparison of the published and the Denys predictions indicates that
that the former can be conservative in some cases, and unconservative in others.
More importantly, the Denys correlations reveal that the derivation of uEL from
tensile data should take the effect of yield strength into account. That is, the
assumption that uEL is uniquely proportional to the Y/T can render non-
conservative predictions. Figure 7a illustrates that uniform strain capacity
decreases with increasing yield strength. The plots also show that a pipeline
steel of comparable Y/T ratio can exhibit significantly different uELs. For
example, at a Y/T ratio of 0.90, the uniform strain varies between 5.0% (lower
bound X80) and 7.0%.
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As will be discussed in Section 6.3, steels of the same nominal strength
supplied by different manufacturers have a different mechanical stress—strain
response. In addition, pipe of the same supplier can exhibit different tensile
properties around the pipe circumference. Therefore, it is recommended to
measure the actual uEL data, or in the absence of such information it is sug-
gested to use one of the lower bound correlations shown in Figure 7b. In addition,
since pipes in the coating-aged condition can also exhibit higher Y/T ratios and
lower uniform elongations than pipes in “as-received” condition, the possible
effects of strain ageing induced by coating should be determined. The tensile
properties should be derived from test coupons which have undergone a thermal
cycle representative of the plant and/or field coating.

6.3. WELD STRENGTH MISMATCH

It is standard practice to define the weld strength mismatch in terms of yield
strength. The percentage yield strength mismatch, OMys, or the corresponding
mismatch factor, Mys, as defined in Figure 7, ignores the strain hardening
effects of both pipe and weld metal on the post-yield strain capacity. Note that,
because of their definition, OMygs and Myg have a similar significance.

Since strain hardening is an essential variable when the applied strain is
beyond yield, the combined effects of yield strength mismatch and strain
hardening should be quantified by a weld mismatch factor which accounts for
this. The flow strength mismatch factor, Mgs defined in Figure 8, combines
these effects into a single parameter. Mg also partly incorporates the effects of
differing post-yield strain behaviours of the pipe and weld metal on strain
partioning between the weld and remote regions.

Figure 8 shows that yield strength overmatch (Mys > 1) does not auto-
matically ensure that strength overmatching occurs in the entire post-yielding
loading range. The reverse reasoning also applies for yield strength undermatch.
Note that, for easier illustration, the materials are assumed to have a linear
strain hardening behaviour.

On the other hand, specifying that both mismatch factors Myg and Mgg are
greater than 1, 0 ensures that the girth weld is effectively overmatched. This
requirement may seem to be conservative, but it excludes situations judged as
overmatched in terms of yield strength are effectively undermatched in the
post-yield loading range. However, considering the natural variability of the
pipe and weld metal tensile properties, it is a challenge to determine the mini-
mum values of Myg and/or Mgs. Further, it must also be accepted that, because
of the variability of material’s tensile properties, each pipe and each girth weld
in a pipeline string will respond differently to the applied tensile load in the
post-yield loading range.
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Figure 8. Effect of post-yield stress—strain behaviour on strength mismatch.

6.4. TESTING REQUIREMENTS

Currently, the pipe metal tensile properties controlled by the pipe suppliers
include minimum yield strength, ultimate tensile strength and elongation at
failure. The full stress—strain curve is not needed to determine these properties.
Consequently, full stress—strain curves are not recorded. Moreover, the longi-
tudinal tensile properties are not measured. Further, there is very little published
statistical data to judge the natural variation of the stress—strain response and
the uniform strain capacity at different locations within an individual pipe. In
summary, tensile tests are performed to demonstrate that the materials comply
with the minimum specified requirements.

As outlined above, the actual material properties determine the strain limit.
In other words, when the testing is limited to a single all-weld metal and a few
pipe metal tensile tests, significant errors can be made in the correct deter-
mination of the relevant material properties. This concern is based on the
observation that [24-25]:
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The actual pipe metal yield strength in the longitudinal direction can exceed
the specified minimum yield strength (SMYS) by a significant margin
(>100/120 MPa). For thin wall pipes, yield strength variability tends to be
higher than for thick wall pipe.

The all-weld metal tensile properties (round bar specimens) are sensitive to
the sampling location. The 6 o’clock position gives lower values than the 12
o’clock position [13]. For SMAW welds, the difference between the highest
and lowest values can amount to 70 MPa. This difference is explained by
the variation in weld bead shape around the circumference. For mechanized
GMAW welds, the spread of the tensile properties is usually less prominent.
Additionally, it is easier to obtain strength overmatch in mechanized
GMAW welds than for SMAW welds.

Figure 9 shows that the actual level of strength mismatch depends on many
interdependent variables. Although a detail discussion of Figure 9 is beyond the
scope of this paper, one should note that:

Different proprietary TMCP-processing routes produce different distribu-
tions ranges

Forming of the plate into pipe causes not only differences in the longitu-
dinal and transverse tensile properties, but also local variations around the
pipe circumference

Round-bar (RB) and full-wall strap (FT) tensile specimens produce different
results. This is because the amount of material sampled with a FT specimen
is greater than for a RB specimen, and the material under test in a RB
specimen is taken from the mid-wall thickness location so that the inner and
outer pipe surfaces are not tested

Variation in weld metal tensile properties can differ for each welding
consumable/procedure combination

Etc.

Thus, Figure 9 illustrates that the traditional way of tensile testing provides

insufficient information. That is, the statistical information needed will require
stringent material specifications. In particular, it cannot be overemphasized that
for each pipe and all-weld metal tensile test the complete load-elongation curve
must be provided. These records must be available in order to provide
information on the strain hardening characteristics (shape of the tensile curve)
and to determine the uniform elongation and level of weld metal strength
mismatch factors Myg and Mgs.
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7. Defect Sizing Capabilities and Acceptable Defect Dimensions

If the limit strain capacity as a function defect size is known, it remains to
determine the acceptable defect size. As will be discussed in the next sections,
the capabilities of non-destructive inspection play an important role in this

process.

7.1.

Automated Ultrasonic Testing (AUT) is a necessity for a girth weld integrity
assessment of girth welds subjected to remote plastic strains. In terms of defect

DEFECT SIZING CAPABILITIES
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sizing, it is generally accepted that defect height is the important dimension.
However, it should be noted that high precision defect length sizing is also
needed for strain-based design. However, since weld defects may have complex
geometries, Figure 10, it is clear that it is not easy to determine the achievable
levels of accuracy in defect sizing.

Low temperature tensile test

"Salami"

s T

{Buried defeét of véfiable height

(@) (b)

Figure 10. Verification of defect dimensions. Macro sectioning versus low temperature tensile
testing.

Different opinions exist about AUT capabilities. The claimed levels of
accuracy with which defects can be sized vary widely. Reported height sizing
accuracies, derived from laboratory round-robins or preconstruction qualifica-
tion programmes [26—28], vary from as little as 0.5 mm to = 2.0 mm. This
information’s value cannot be appreciated because the full details of the valida-
tion work are, in general, either not available, or not known (databases are
proprietary). The reported “discrepancies” in height sizing accuracy can be
explained by the (a) inspection procedure used, (b) the design of calibration
block(s), (c) the differences in validation methodology used and (d) the type,
shape and position of defects inspected. For example, the actual defect size
could be underestimated by using the “salami” technique. The “salami” approach
establishes the defect dimensions from a series of macro sections, Figure 10a,
sampling the portion of the weld that contains the defect. In contrast, low-
temperature wide-plate (long defects) or bend (small defects) testing provides
direct visual access to the whole defect, and thus, a better quantification of the
maximum defect dimensions, Figure 10b. Using the low-temperature technique,
the sizing capabilities of AUT and radiographic (x-ray, D6 film) inspection are
illustrated in Figure 11.

The charts in Figure 11 compare the actual (measured after destructive
testing at low temperature) with the predicted defect sizes of a portion of a girth
weld. The comparison reveals that the differences in reported heights can be
significant. Note also that length-sizing errors in the circumferential direction
cannot be neglected [28]. Thus, AUT reliability studies should not only be
focused on improving the defect height sizing accuracy because any uncertainty
on measured defect length may have a significant impact on acceptable defect
height.
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Figure 11. Example of variations in sizing accuracy for lack of fusion defects.

The sizing problem can indirectly be overcome by (a) imposing higher
quality standards on construction than are routinely employed for stress-based
designed pipelines, (b) maximizing the levels of weld yield strength overmatch
in order to maximize the shielding of a weld defect from plastic strains and (c)
using the most advanced AUT technique(s) so that all significant defects can be
detected.

7.2. ACCEPTABLE DEFECT DIMENSIONS

Since it is unsafe to assume that a weld defect has the dimensions predicted by
non-destructive inspection, the acceptable defect dimensions must be smaller
than their predicted or limit dimensions. As shown in Figure 12, the acceptable
defect size must include two safety factors; the first safety factor covers the
effect of material variability on the predicted or (known) limit defect size while
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Figure 12. Interaction of critical defect dimensions, safety factors and workmanship.

the second accounts for errors in defect sizing. Additionally, the upper limit of
defect size which might be missed during AUT (and/or radiographic) inspection
in a production environment must be defined.

The effect of such a correction for matching girth welds subjected a remote
strain of 1% is illustrated in Figure 13. The solid thick (upper) line defines the
predicted boundary between acceptable defect length—height combinations
(below the curve) and unacceptable defect dimensions (above the curve) for
surface breaking weld defects in 18 mm wall pipe. The two lines below this line
represent the acceptable defect length—height combinations for two levels of
inaccuracy in defect height sizing (h = 1.0 mm and h = 2.0 mm). The horizontal
dashed line represents the “base line” defect height of 3.0 mm whilst the
vertical dashed lines illustrate the effect of height sizing error on the acceptable
defect length.

6 A === \atching weld —
—&— Sizing error: h =1 mm
—t+— Sizing error: h =2 mm
Wall =18 mm

5

4 4

Defcet height (mm)
w
|
I
I
I
I
|

Defect length (mm)

Figure 13. Effect of sizing error on tolerable defect size (strain demand: 1%).
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Figure 13 is very instructive in that it demonstrates that the accuracy of
defect height and length sizing must be known to establish safe acceptable
defect sizes. Reference to Figure 11 shows that there is a pressing need to
improve defect length sizing accuracy.

8. Conclusions

The most important conclusions arising from this paper are:

e The assessment of girth weld integrity for designs involving axial plastic
strains depends on a complex interrelation of many contributing variables.

e The minimum and average EPRG-Tier 2 toughness requirements can be
used as threshold values for strain-based designs. When the toughness of
the weld metal or HAZ regions exceeds this threshold level, plastic strain
capacity solely depends on the tensile properties of both the region (weld
metal/HAZ) containing the defect and the pipe metal.

e Because of the many variables involved, many possible solutions exist to
achieve remote strains exceeding the 0.5% level. High levels of remote
plastic strain can be ensured by selecting:

e Weld metals that gives a high degree of strength overmatch

® Pipe with a Y/T ratio as low as possible and uniform strain capacity as
high as possible

¢ Pipes which do not exhibit high strain hardening in the early part of their
post-yield stress-strain response

e The actual and not the minimum specified material properties determine the
strain limit. Moreover, statistical information on the stress—strain response
of the pipe and weld metals in the post-yield loading range has to be gathered
if appropriate strain capacities are to be determined. The direct consequence
of this observation is that traditional qualification procedures provide insuf-
ficient information.

e High precision defect height and defect length sizing capability is a must for
strain-based girth weld defect inspection.

Finally, experimental data allow concluding that the above toughness and
tensile property requirements can be fulfilled for contemporary pipeline steels
and welding consumables. However, these requirements could be a challenge to
the industry if (very) high steel grades are to be employed in regions where
post-yield longitudinal strains are expected. In particular, this means that con-
tinued efforts are needed to improve the consistency of properties in pipe and
welding consumables. Additionally, efforts must be directed towards a further
improvement of defect sizing accuracy.
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Abstract: In industrial structures, the presence of cracks under critical loads
leads to complete ruin. Fracture mechanics allows the study of macroscopic
defect damage. This requires the knowledge of the stress fields and the defor-
mations near the crack. Our work is an application of fracture mechanics into
the domain of the pressurized structures with defects. Design of this type of
structures is subjected to standards, codes and regulations driven by the potential
risks which they represent. The knowledge of the pressure limit in these structures
allows respecting the safety domain. We present in this paper the numerical
solutions and experimental results for stress distribution at defect tip. The
structure’s elastic and elasto-plastic modelling will be treated by the finite element
simulation. In the elastic case, we study the influence of the geometrical para-
meters for axial and circumferential cracks and determine the elastic integral
J. Measures of strains near defects in the studied model have been made by
strain gauges. The experimental results validate the numerical simulations. In
addition, acoustic emission is used to define sensitive zones and to control
defect evolution during the test until failure in the structure.

Keywords: fracture mechanics, pressure vessels, numerical solutions, experiments

1. Methods for J Estimation

1.1. THE ELECTRIC POWER RESEARCH INSTITUTE (EPRI) METHOD

The EPRI method for a given material and geometry estimates the J-integral
value and the maximal load applied to structures [1, 2].
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For instance, in the case of a cylindrical shell submitted to an axial load
P, the elastic J -integral is given by:

Je K? = (%)(E((Zf)zj M

where b is the ligament size and R is the pipe radius.
The stress—strain behaviour is given by the Ramberg-Osgood’s law [1, 3]:

£ _ O o
ge_aeJra o, (@))

where 7 is the strain hardening coefficient and a a material constant.
For this type of material, the J,-plastic integral is given by the following

expression [10]:
R p nH
Jp = a.ge.o;.c.h(?,n, j{} 3)

LR

where a is the crack length, ¢ the pipe thickness and R its mean radius. c is a
characteristic length like the ligament size, P the applied load and P, the
reference load. / is a function which depends on the material and the geometry.
To limit errors due to the Ramberg-Osgood’s model, Ainsworth’s behaviour
law [4] proposes a “real” material behaviour law:

P
O =""20, 4)

9

where P, is the load limit, o,/ the reference stress [10] and o, the yield stress.
In this case, J is given by a simplified relationship [11-12]:

J:Je(%+cbj ()

O-ref

where ¢, . is the reference strain corresponding to the reference stress o, on
the actual material behaviour law and @ is the plastic zone at bottom crack tip i.
Ainsworth overestimates the plastic zone diameter by the following expression:

2

O
=4 —"L (6)
0'r€f+ae
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1.2. A16 RCC-MR METHOD

CEA engineers have developed a simplified estimation method called JA,4
based on Ainsworth’s works. They propose to calculate J, from J, multiplied by
a K6 factor which takes into account the plasticity correction [5, 6, 8 and 97]:

J p K™, (7
The K46 factor is a correction coefficient, which quantified the plastification
level at crack tip. It is a function of the reference stress o, and strain &,

&

K=K, Ko 3

The stress correction coefficient can be written as:
2

O-ﬂl)r
K = 9
(o2

n

The net stress o, and the real net stress o, are determined from the real
material behaviour law.
The strain correction coefficient can be written as:

Egref
Ky is=Yas + (10)
O oy
b 116 18 the plastic zone correction:
2
1 o
e
Y=""" (1D
20, s O,

The Von Mises’s stress in the case of an axisymetric loading is written as:

. ( 2 2 ) 2 0,0, 10,0,
O-eq - Glm +02m _O-lmGZm + \/— O-lmo-lb +O_2m02b - 2
243
(l)z 2 2 )]1/2 12
+ 3 o,+to,-0,0, (12)

o1 - axial membrane stress

oy :axial bending stress

0,,,: hoop stress and

0,,: circumferential bending stress
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1.3. R6 METHOD

The R6 Route proposes a different plastic correction from the A16 method [7, 8]

Je
Re — 2 (13)
(K, -p)
with
&, E
Kr = \PR6 L
Lo,
The p coefficient depends on the L, parameter.
Lo,
VY =—
R6 14
2F¢ (19)

ref

is the plastic zone correction.

2. Experimental Part

The aim of these tests is to measure strain near defect tip in a pipe. At the same
time, the evolution of the defects size is followed by an acoustic emission
method. The experimental devices and the equipments used in the different tests
are as follows:

e Test Parameters: tube geometry, temperature, loading and others parameters
according to the test nature.

e Material characterizations: chemical composition and mechanical properties.

e The different devices used to control crack evolution.

2.1. SPECIMEN CHARACTERIZATION

The experimental study is done on a specimen made from a cylinder closed at
the end by two toroidal segments of a sphere with large radius. Figure 1 gives
the geometrical parameters of the studied structure.

To determine the mechanical properties of the material, tensile tests have
been performed at room temperature. Coupons have been cut with their length
along the longitudinal direction. Six cylindrical specimens of 7 mm diameter
have been machined from these coupons. Geometry and specimen dimensions
are given in Figure 2.
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4 o L: envelope thickness

Di: interior diameter

D De: exterior diameter

d: drilling diameter

r: small edge radius

b t R: big cdge radius

ef’ bottom thickness

Figure 1. Specimen geometry.

Figure 2. Geometry and dimensions of tensile specimens.

Figure 3 presents the evolution of experimental conventional stress-strain
curve and it clearly indicates the ductile behaviour of the material.
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Figure 3. Stress—strain curve of the material.

The mechanical properties extracted from Figure 3 are given in Table 1.

TABLE 1. Mechanical characteristic of the material.

1.1.1.a.1.1 Mechanical characteristic

Young’s Poisson’s Yield stress ~ Ultimate strength ~ Elongation %
modulus ratio (MPa) (MPa) Jd.a.1.2
(MPa)

207,000 0.3 360 440 35

The chemical composition of the material is given in Table 2.

TABLE 2. Chemical compositions (% mass).

% C Min S Yew P Al
Material 0.135 0.665 0.002 0.195 0.013 0.027
Standard 0.18 1 0.015 0.4 0.025 0.02
(max)

The pipe is submitted to an internal water pressure, which induces nominal
stress o, = 147 MPa. Figure 4 gives the pipe dimensions.
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| De=106,4

=10

L=620

Figure 4. Specimen dimensions.

o : Nominal stress
Test pressure was P = 74 bars

2.2. GEOMETRY OF THE DEFECT

The studied specimens are cylindrical shells with some axisymetrical or
elliptical cracks at internal or external surfaces (Figures 3 and 4). The semi-
elliptical defects are characterized by two aspects, ratios a/t and a/c, with crack
depth measured in radial direction 2. ¢ is the crack length. The pipes are
characterized by a non-dimensional ratio (t/R) where t is the thickness and R
the internal radius, (Figure 5).

-~
t

a
¥ Vi ; I

Semi-clliptical cracks

circumferential semi-elliptical axial semi-elliptical
crack crack

WX

Figure 5. Cylindrical geometries.
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Table 3 gives the different dimensions and orientations of the cracks.

TABLE 3. Defect dimensions.

Specimens | Defects | Orientations Dimensions

M D1 Axial a=8 mm, ¢ =32 mm
D2 Axial a=2mm,c=8 mm

M2 D3 Circumferential | a=8 mm, ¢ =32 mm
D4 Circumferential | a=2 mm, ¢ =8 mm

M3 D5 Axial a=4mm,c=16 mm
D6 Circumferential | a=4 mm, ¢ = 16 mm

2.3. SPECIMEN INSTRUMENTATION

For this study, we have several objectifies:

e To determine the experimental strain distribution near the crack tip (elastic
domain), in order to validate our numerical models, the specimens are instru-
mented by gauges in the defect zone (Figures 6 and 10). For an optimal com-
parison with numerical computation, a total of 90 gauges were necessary.

Position and orientation of strain Position and orientation of strain
gauges (defect D) gauges (defect D,)

Figure 6. Position and orientation of strain gauges.

To follow the crack evolution by acoustic emission and by strain gauges, the
acoustic emission sensors are set up according to Figure 7.

In each studied specimen, 14 sensors were used (two working at 30 kHz and
12 at 150 kHz), Figure 7.
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2.4. D. VERIFICATION OF SENSORS SENSITIVITY

Sensitivity of every sensor was checked with the help of a Hsu-Nielsen source
(three at distance 5 cm and 20 cm). For each distance, sensor emission should
be about £3db.

<

Defect

Figure 7. Acoustic sensors positions.

Electronic devices measure chain. Strain gauges and acoustic emission
SENSoTs.

Figure 8. Details of the acoustic emission procedure.
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3. Numerical Method

The meshing, as well as all the numerical calculations, is performed with
the help of the Castem software. In the case of axisymmetric defects, 2D-
axisymmetric modelling is retained, based on the fact that both geometry and
loading are axisymmetric. A 3D model is required for more complicated case of
semi-elliptic defects.

A specific adjusted crack block is used to mesh the vicinity of the crack
front (Figure 10). A plain crack mesh is extruded along the elliptic crack
front. A reference volume surrounding the whole crack is obtained, which is
completed by transitional volumes in order to finally get a plane and parallel
volume. This crack block is then wrapped with the ad hoc curvature radius,
before incorporation into the total meshing of the structure (only one quarter is
meshed because of symmetry) generated by suitable translations and rotations
(Figure 9). For instance, for smaller details the use of quadratic finite elements
is made. Meshing in the vicinity of the crack front is particularly small (most of
the elements are concentrated in the crack block) in order to ensure a good
description of the stress field when it is singular. The developed crack block has
been optimized and validated (in the range of crack sizes presented above) in
comparison with other numerical results found in the literature. Stresses are
directly prescribed onto the crack tips, involving constant, linear, quadratic and
cubic distributions. This procedure enables to perform stress intensity factors
calculations for arbitrary global loading conditions, according to the super-
position principle in linear elasticity.

4. Results

The J calculation is made by finite elements and by simplified rules R6 and
A16 routes. The results are presented according to the non-dimensional para-
meter Pa/Pe.

It is noticed that a constant loading on the crack tip translates a constant
global loading due to internal pressure, which is the most current case in
industrial practice.

It is observed that for the lower loads (Pa/Pe = 0.6), the simplified R6 and
A16 methods estimate correctly the J-integral. This is due to the low plasticity
at crack tip. If load increases, the difference between the different methods
increases. In any case, Jincreases with the applied load, Figure 10. It is also
noticed that in all cases, the simplified methods overestimate the J-integral and
are therefore conservative.

The strain gauges indicate good agreement between experimental and
theoretical values, Figure 11.
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Semi-¢lliptic circumferential Semi-elliptic axial external crack.
external crack.

Semi-elliptic circumferential Semi-¢lliptic axial internal crack.
internal crack.

Figure 9. Different studied cases.
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J evolution with load (a/t = 0.8, a/c = 1/4 et
t/Ri = 1/10).

0 02 04 06 08 1

J evolution with load de a/t (a/c = 1/8,
Pa/Pe = 0.8 et t/Ri = 1/10).

Figure 10. J evolution versus load.
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Circumferential strain according to
distance (P = 2.5 MPa, M1, C4).

Circumferential strain according to
distance (P = 2.5 MPa, M1, C5).

Figure 11. Hoop strains with respect to distance.

5. Conclusion

This work consisted in a numerical and experimental study of the semi-
elliptical defects occurring in cylindrical shells. The goal of this investigation is
to propose tools and a methodology for the characterization of the harmfulness
of such defects usually present in the equipments under pressure, such as gas

pipes.
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This study has been based on an elastic and elasto-plastic analysis of the
shells with defects subjected to pressure. The stress field is decomposed using a
polynomial form in the crack plan. The stress intensity factors are determined
as a function of the geometrical parameters of the shells and cracks. In the
elastic-plastic domain, the J-integral is numerically determined; and then by the
simplified rules R6 and A16.

An experimental study is carried out on models including orientation cracks
with various geometries in order to validate the numerical approach. The strain
gauge enabled validation of the related strain results. In the same way, during
pressure tests, the defect evolution is controlled by the acoustic emission
technique.
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Abstract: Consideration is given in this paper to the numerical techniques of
leakage detection in pipes utilizing transient state heads and discharges.
Transient flow, considered herein, is produced by a rapid valve closure at the
downstream end of the pipe. A mathematical model of transient flows is
presented and resolved by the method of characteristics. The computed results
describe the influence of the presence of leaks on the head and discharge time-
histories. In the case of steady oscillatory flow, the impedance method and the
harmonic analysis is used to develop the transfer function at the closed valve.
The impedance diagram of a system with leak is analyzed and compared with
the one of a system without leak. To determine the leak location, a numerical
tool, based on the values of the normalized harmonic frequencies and
represented by the ratio of those producing infinite or zero impedance values, is
developed.

Keywords: transient flow, method of characteristics, impedance method, transfer
function, leak detection

1. Introduction

In many water distribution systems a significant percentage of water is lost
while in transit from treatment plants to consumers. According to an inquiry
made in 1991 by the International Water Supply Association (IWSA), the
amount of lost or “unaccounted for” water is typically in the range of 20-30%
of production [1]. Unaccounted for water is usually attributed to several causes
including leakage, metering errors and theft-leakage is the major cause. In

* Ezed.Hadj@enis.rmu.tn
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addition to environmental and economic losses caused by leakage, leaky pipes
pose a public health risk as leaks are potential entry points for contaminants if a
pressure drop occurs in the system.

To develop a policy of maintenance for a water supply network, in order to
extend the life duration above the expected date of replacement, one can use a
programmed over pressurizing of a selected part of the network. Hence, two
situations can arrive: leak or no leak. If no leaks occur, it is possible to know a
lower bound of life duration and possible date of replacement by methods using
damage evolution and fracture mechanics. If leak occurs, new techniques based
on acoustic emission allows knowing its exact position, and methods based on
hydraulic and fracture mechanics allows to know the size of the open defects [2].

Experimentally, by using acoustic equipment which detects the sound or the
vibration induced by water as it escapes from pipes under pressure, one may
obtain information about the location and size of leaks.

Theoretically, different methods for leak detection have been developed.
Leak detection methods that are based on time transient analysis ([3], [4], [5],
[6], [7], [8]) usually are based on the acquisition and analysis of extensive real-
time data. Often, these data are either not available or costly to obtain.

Leak detection and evaluation in pipe systems can also be reached by means
of unsteady state tests that minimize both time consuming and costs for water
supply companies as well as minimize the risks for the integrity of conduits.

In this paper, two techniques for leak detection, the time transient analysis
and the harmonic analysis, are described. Being inspired by Ferrante and Brunone
study on leak detection [9], a numerical model based on the impedance method
is developed leading to the head spectrum at the downstream end section of a
single pipe system, with or without leak, during transients. A diagnostic tool is
then proposed to locate the leak and to determine its size.

2. Mathematical Model

2.1. MOTION EQUATIONS

The equations which describe transient 1D flow in a cylindrical pipe of linear
elastic behaviour according to the Hooke law can be adapted from the analytical
model developed by Wylie et al. [10]. Applying the laws of conservation of
mass and momentum yields to the following equations of continuity and
motion:

00 gdoH _,

1
ox (2 ot M
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where Q is the fluid discharge, H = z + p/pg is the head, C is the pressure waves
celerity, p is the fluid density, A is the coefficient of friction, 4 is the cross
section area of the pipe, D is the circle pipe diameter, ¢ is the time and x is the
distance along the pipe.

The classical integration of egs. (1) and (2) using the method of the charac-
teristics allows explaining the pressure time-history at each computational point
as originated by the propagation of positive and negative pressure waves.

2.2. LEAK ANALYSIS IN PIPES USING TRANSIENTS

The method of characteristics [11] is applied to transform the system of partial
differential egs. (1) and (2) into a system of ordinary differential equations that
can be integrated numerically without difficulty. One gets:

in%dH +gAJdt=0 and dx=+Cdt 3)
the + is for the waves coming from the upstream while the — is for the waves
coming from the downstream. J = (%/ D)Q|Q| / (2 gA) is the linear head loss by
unit of length of the pipe.

Equation (3) determines the evolution of the head pressure and the
discharge according to the time and the space. They are much appropriated to
be solved numerically on a microcomputer. The obtained numerical solution
constitutes a solution to the original system of egs. (1) and (2).

As an example in a single pipe system (L = 1600 m, D = 0.3048 m, C =
1200 m/s, Hy = 50 m, Qg = 0.02 m3/s, qr9 = 0.002 m3/s, A = 0, Figure 1), when
the valve is suddenly closed, an abrupt increase in pressure occurs and a
pressure wave propagates upstream along the pipe. Such a positive pressure
wave is then reflected back by the leak provoking a partial reduction of
incoming pressure wave. Then, the wave is reflected by the reservoir, bringing
on a negative pressure wave.

Reservoir
_*
— Leak \/alve
Ho ! |Pipe D xts N
v
D i - L REEEEEEEE >
Ly T

Figure 1. Time history of head for suddenly valve closure.
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Analogously, discontinuities in the pipe flow conditions such as leaks,
provoke partial reflection of incoming pressure wave (Figure 2). Hence,
through correctly interpreting these head and leak discharge-time histories at
the valve section, that is h'=(H—H0)/H0 and q’=(qL—qLo)/qLo , it 1s
possible to extract information on leak location /. =Ly / (L] +1Ly )=L2 /L [8]:

ly=tf1C/2L=ty1[Tc 4)

where t7] is the time difference between the initial transient wave and the
reflected wave at the leak section.

0.8 0.8
h'———10q'" Ir=0.2875 h'— — —10q' Ir=0.5
L]
04 | 04 |
1 . e LY l-_I - I - -
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0.0 ; 1 L L [ ' o |
oIl | I | !
caf e (e ! i ! L I L
04 | - -04 | - L
L —r
0.8 7T -0.8
0 2 4 6 ' ° 8 0 2 4 6 UTc g
0.8 08
h' ———109" Ir=0.60625 == —109 Ir=0.9875
—_
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| 1 1
0.0 T ' |
, | i
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0.8 pre -0.8
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Figure 2. Time-histories of head and leak discharge for suddenly valve closure and different leak
locations.

2.3. IMPEDANCE THEORY

2.3.1. Hydraulic Impedance

The instantaneous hydraulic grade line elevation H and the discharge Q are

divided into two parts, the average magnitudes H and Q and the oscillatory
terms 4 and ¢ . Thus,
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H=H+hand 0=0 +¢q
In order to substitute these into egs. (1) and (2) the following relations are
needed [10]:

oH 107 LOh OH _oh 80 _0q 00 _oq

o (2gDA2) o’ o o ox o o o
and
0" _ 00" g, )
(2gDA2) (2gDA2)

where R = l@/(gDAz )
By substituting eq. (5) into egs. (1) and (2):

oh 1 &g

—+——+Rqg=0 6

Ox gA ot 1 ©
Oq 84 0h _ (7)
ox (C? ot

By taking the partial derivatives and combining egs. (6) and (7), first to
eliminate /, then to eliminate ¢, two equations identical in form are obtained.

o%q_10% egddq

_ 8
a? c?orr crot ®)

0°h 1 0°h gAoh
DU Rt e ©)
ox- C%at Crot
One solves eqs. (8) and (9) by using the separation-of-variables technique
which assumes that £ =H(x)eiwt and g =®(x)ei°)t, where ® is the angular
frequency.
After substituting and rearranging, eq. (9) yields:

LdH_ V2 =(o+ip) = Ag;’( ﬂﬂ'RJ (10)
H g2 C gA

in which y =oa +if} is commonly referred to as the propagation constant.
The particular solutions for the oscillatory pressure head and discharge are:
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h=e't (Cleyx + Cze_yx)
A _
= cog2 ezmt (Cleyx —Coe yx)
iCy

where C) and C» are the integration constants.
The hydraulic impedance Z(x) is defined as the ratio of the head fluctuation
h to the discharge fluctuation ¢ . Thus,

. 2 yx —Yx yx —Yx
Z(x):ﬁ:H(x):lyC Cie™ + Cae 7, Cie™ + Cae (an
g Ox) ogd Cle™ - Cre™ Cle?™ — Cye ™

The characteristic impedance Z. is defined by:
2 2
C C .
2.-1C_C 1)
ingd wgA

Specific boundary conditions of the pipe must be introduced to evaluate the
integration constants C; and C;.
The boundary conditions at x = 0, are (Figure 3):

H(0)e = Hg and ©(0)e™™ = Qg
and the boundary conditions at x = L, are:

H(L)e™ = Hg and ©(L)e™ = Qs

[P L »!
Hg C " Hg
RSX Qg

Figure 3. Simple pipeline.

where the subscript R stands for the receiving end of the pipeline and S refers to
the sending end.

By introducing the hyperbolic functions, one expresses the impedance at
one point in terms of conditions at another location, usually a terminal
condition. At x = 0, Zg = Hr/Qpr and at x = L, Zg = Hg/Qg. For known
conditions at the upstream or receiving end of the pipe,

2(x)= H(x)eiw _ ZR—Z thyx

0(x)e 1-(Zr/Ze Jthyx (12
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For known conditions at the downstream or sending end of the pipe, let x =
L-x); then
Zs + Z thyx;

2x)= 1+(Zs/Z Ythyx) (3

Expressions relating impedance at the downstream end in terms of
impedance at the upstream end, or vice versa, are particularly useful:
Zr — ZethyL Zs + ZcthyL

Zg=LRZZNWE o gy = 14
ST zr/zo L TR T 1 (Zs )z )L (19

Equation (14) represents the transfer functions of the pipe.

2.3.2. Boundary Conditions

In order to apply the impedance solution of the previous section to hydraulic
systems, one must represent the boundary conditions as terminal impedances.
Some of the cases common to hydraulic installations are presented.
Constant-head reservoir Hg = 0.

ZRzHR/QRz() (15)

In these conditions, the hydraulic impedance at S in the system shown in
Figure 1, when there is no leak, is:

Zs =—Z.thyL (16)
Dead end or closed end Qg = 0.
ZRZHR/QRZOO 17

Matched line
A pipeline terminated in its characteristic impedance Z. is a matched line.
No reflections are returned to the excitation point in this case. Thus,

Zr =27, (18)

Oscillating valve
An oscillating valve producing small pressure variations can be analyzed as
a terminal condition. The orifice equation, relating total head and discharge,

0 =CpAg+2gH , can be linearized if 4 << H . Thus:
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7 T 04
zp=2__wHO) o 20 287 (19)
O H(0)o +2He 0 0(0ko

where 19 =CpAg / (CDAG )0 and ¢4 is the phase angle of the valve motion
with respect to the head fluctuation.

Fixed orifice

If the magnitude of the valve-opening oscillation is set to zero in eq. (19),
the terminal impedance at a fixed orifice having an oscillatory flow
superimposed upon a mean flow is seen to be:

ZR =2ﬁ/§

This is a real number indicating no phase difference between head and
discharge at the orifice.

The leak impedance is defined by the same relation as for the orifice that is:
_ 2H]

or
In the following, attention is focused on transients occurring in a single pipe

system with a constant level reservoir upstream and a manoeuvre valve at the
downstream end.

ZL (20)

3. Detection of Leaks by Using the Impedance Method

3.1. THE RESPONSE OF FLOW VARIATION AT THE VALVE FOR A PIPE
WITHOUT LEAK

The transfer function, or the impedance, for a single pipe system without a leak
is given by eq. (16). The transfer function plays a crucial role in detecting water
leaks in pipes. It can be used to evaluate the head time-history at the end section
during transients. In fact, using the well known property of the Fourier transform
and the time convolution theorem, the Fourier transform of the head variation,
Ahs = hg / Hg , can be obtained as the product of the Fourier transform of the
discharge variation, Ags =g¢s / Us , and the transfer function Zg.

Ahg ()= ZsAds (o) 1)

where the A" denotes the Fourier transform of the function.

As an example, in Figure 4a the numerical simulation of Ahg for
instantaneous closure maneuver is given, while in Figure 4b the Fourier trans-
form of Ahg is shown. In Figure 4c and d, the transfer function and the Fourier
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transform of Ags are depicted, respectively. In the plots 7 =¢/Tc, with
Tc =2L/C being the pipe characteristic time, and ©, =©27c/2n is the
normalized angular frequency. According to eq. (21), the product of the Figures
4c and d gives the Figure 4b. As pointed by Ferrante and Brunone [9], this
finding is very important as it gives the cipher-key for understanding the
dependence of the head spectrum on the maneuver and on the characteristics of
the system. As a matter of fact; since leaks significantly change the
characteristics of the system, differences will originate in head spectrum for
systems with and without leaks. As a consequence, if the effect of the maneuver
is separated, impedance method can be used as a diagnostic tool to detect the
presence of a leak.

For fast linear closure maneuver of different durations
tmr=0,0.10.2,0.51.0 where t,, =t./Tc and f. is the time valve closure,
Figure 5a shows the variation in time of the flow rate while Figure 5b shows the
corresponding Fourier transform which are:

Aq, (a)):_—Qz(efm"—l) if tc#0 (22)
to
A@S(m)zﬁ if tc=0 (23)
®

The absolute value of the Fourier transform of Aggs , is

[Ags (o, ) = 252€ V2= 2coslutnror) (24)
|AGs ()= OsTe sy _ 0 (25)
W,

Ferrante and Brunone [9] established that for fast maneuvers (z,, <1)
when  © <2/t , |Aés (03,» )| is almost coincident with the one for an
instantaneous maneuver. Basing on this result, in the range 0< ®, < 2/ tmr, he
concluded that for fast linear maneuvers, the maneuver can be considered as
instantaneous and its effects on the head spectrum at the end section are given
by eq. (23).

However, as it can be seen in Figure 5, coincidence between instantaneous
maneuver and fast linear maneuvers is obtained only for small value of w, .
Hence, leak can only be detected by instantaneous closing maneuver.

The response function is a characteristic of the pipe system end does not
depend on the maneuver. For an intact single pipe system, if friction effects can
be neglected (A = 0), the transfer function (16) becomes:
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Figure 4. Time-history (a) and Fourier transform (b) of the head for an instantaneous closing
maneuver in a single pipe system; the Fourier transform of the head can be obtained as the pro-
duct of the end system impedance (c) and the Fourier transform of the discharge at the valve (d).
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L
|Z,| = Z.1g (w—j ~Z1g (f o, j (26)
C 2
|Z S| goes to infinity for odd values of ®,, that is:
o =Tw/2r=2n-1n=12,- 27

which correspond to the resonance frequencies, and it is equal to zero for even
values o, that is:

o, =Tw2n=2n n=12,-- (28)

which correspond to the anti-resonance frequencies.

As an effect of considering friction the function |ZS ((or)| has finite values
for odd frequencies and values different from zero for even frequencies.

In Figure 6, function |Z S ((;)r )| is plotted referring to the single pipe system
of Figure 1 without leak. The differences in |Z s (cor)| maxima and minima are
evident.

0.0
T - Aas/qo tmr=0
0.2 *‘“‘5:**~*< ********************** — ——tmr=01
04 ¥“ N : ~ T tmr=10.2
04 PN < —-—tmr=05
. * N —_——— -
06 f 4N tmr=1
I ‘\ N
'08 7‘77‘ 777777 Ey 77777777:7\ 7777777777777777777777777
P \ N
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1.2 1 1 1 1 1 1 1 1 1
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1.E-1

1.E-2

1.E-3
1.E-4 \
[
1.E5 | | \' l b A ‘

| .
1E-6 ‘ l . B
0 4 8 12 16 O 20

Figure 5. Time-history and Fourier transform of the discharge for closing maneuver of different
duration, with a linear variation of the discharge.
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Figure 6. Analytic values of |ZS (o)r)|.

3.2. THE RESPONSE OF FLOW VARIATION AT THE VALVE FOR A PIPE
WITH A LEAK

The single pipe system with a leak at the distance L, from the valve, can be
divided in two pipes (Figure 1), with leak is located at the junction. The
impedances for the system may be written:

2H, , 22 Z., —ZthyL,

siL _
ZL _Zm ’ 1—(ZR2/Z(‘)th}/ Lz

ZSI :_thhyLl > ZL =T = > “4r 52

L

By combining these relations, the impedance at the valve is
Z Z thyL Z thyL
z, =—| 22z || 1+ =2ty (29)
7, +Z thyl, Z, +Z thyL

. - . o .
Neglecting friction effects, that is y = <’ the impedance at the valve becomes:

Z | = {Z/([l + tg2 (72'(0'1’_/2)] ‘¥ i‘:[tg(zz'a)’l’ /2)—tg(7za)r/2)]2j} *
{{—?[1 ‘g’ (m,,zr/Z)][tg(m,/Z)—tg(ﬁw,.l,./z)]z} + (30)

z N
[%g(m,z, /)i (rart /2) g (70, [2)] + 12 (o [2)[1 1" (ot [2)] } }
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where [, =L/ (L1 + Lz) is the normalized distance of the leak from the valve.
From eq. (30), the terms depending on Z; are equal to zero for frequencies
mf defined by:

tg(nc)flr/2)— tg(ncorL/Z): 0

In this case eq. (30) becomes:

‘ZS (corL )

- thg(g mfj (1)

and values of |Z s | for a single pipe system with and without a leak, as defined
by egs. (30) and (23), respectively, are equal. Moreover, as the value of Zj

changes in eq (30), the value of ‘ZS ok ) does not change, as expressed by eq.

31).

For ®; =2n—1, the values of |ZS | are defined as

) . /
|Zs2| =Z {[1 +ig (70, /2)] +[tg (7[((),‘]'/2)]2} (32)

z/z,

Hence, although friction has been neglected, function |Zsz| does not
approach infinity unless

o= =(2n-1)Z1 =(2n'-1)Z  (nn' =12+ n>n') (33)
2 2 2
and

=1,2,- n>n') (34)

As an example, for n = 2,
1/3 (n' must be equal to 1).

Figure 7 shows the impedance diagram, or the transfer function, of a single
pipe with leak at Ly = L/3. The number series corresponding to the values of

V4 52| goes to infinity if the leak is located at [r =

|Z 52| approaching infinity are:
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(2*1-1) 1 (2*2-1) 3 (2*3-1) 5 (2*4-1) 7 (2*5-1) 9
2#2-1) 3> (2*5-1) 9  (2*8=1) 15  (2*11-1) 21  (2*14-1) 7
2*6-1) 11
(2*17-1) 33

For ®, =2n, the values of |Z S | are defined as:

By ) 1/2
|Z§'2| =chg2(nc0rlr/2) {[1+tgz(§7zrlzr/2)] +tg2(ncorlr/2)} (35)
¢/lr

and they differ from zero, unless
wrglr =nnl, =n'n (n,n’=1,2,~- n >n’) (36)

and

I, :n_' (n,n'=1,2,--- n> n') (37)
n

As an example, for n =3,

Zsz| goes to zero if the leak is located at /r = 1/3
when n' = 1. The number series corresponding to the values of |ZSQ|

approaching zero are:

2%1 1 2%2 2 2%3 3 2%4 4 2%5 5

2%3 37 2%6 6’ 2%9 9’ 2%12 12  2*15 15

As it can be noted, the ratio is always /- =1/3 for the two series.

In Figure 8, |Z S2| is plotted for the same system of Figure 1 but with a leak
(Zc/Z1 =0.0343)  at  different  locations  (/r=0.2875 Ir=0.5
Ir=0.60625 Ir=0.9875) that is (L, =460m L, =800m L, =970m
Ly, = 1580m). The values of the corresponding series are respectively:

Ir = 1/5, 3/11, 21/73, 109/379, 151/525, 187/637, 225/783, 355/1235
=0.287449

Ir = 1/2, 5/9, 13/25, 21/41, 29/57, 37/73, 45/89, 53/105, 61/121, 69/137
=0.503649

Ir = 1, 3/5, 15/25, 25/41, 83/137, 191/315, 357/589, 465/767, 739/1,219
=0.6062346

Ir=1,151/153, 311/315, 629/637, 789/799, 949/961, 1,109/1,123, 1,251/1,267,
1,267/1,283 = 0.987529
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Figure 7. The transfer function for a leak location /r =1/3.

One can demonstrate that for o, =(2n—1)/ (l v/ 2), function (30) becomes

And the comparison between this expression and the impedance of the system
without a leak, eq. (26), allows evaluating the difference:

AZso| 122 1 1z8 1 . (38)
Z1g(w,m/2) 27} g (orm/2) 827 tg*(wrm/2)

which depends on the term

In Figure 9, |Z 52| is plotted for the same system of the Figure 1 but with a leak
(Z./Z1=0.5) at different locations (/,=0.25 ,=0.5 [,=0.75).
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Figure 8. Impedance diagrams for different values of the normalized leak location /r.
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— 2 — \2
ZE (C 0L\ _(1AHu Or
z; \gd2H, 2 H O

where (O is the steady state discharge at the valve and AH 4= CQO>/gA is the

maximum frictionless overpressure that can be generated by the fast total valve
closure. A[Zgs| depends also on the leak location by the term

g (o, 1/2)= tg_z[(Zn - l)l}
21,
To obtain Q;, one can resolve eq. (38) for given values of w,, /. and
A|Zss| .
Figure 10 shows the impedance diagrams for different values of g1 /Qo
with a leak (Z./Z1 =0.0343).

— Without leak Ir=0.25 Ir=0.50 Ir=0.75
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1Z sl
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Figure 9. Impedance diagrams for different value of the normalized leak location /r.
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Figure 10. Impedance diagrams for different value of the normalized leak discharge.
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4. Conclusion

The numerical solution of the leak detection in pipes has been presented in this
paper. The study of the leak detection is necessary to avoid economic losses,
ensure safety and control environmental and health problems. This problem is
based on two coupled linear partial differential equations describing transient
flows in pipes. The two numerical methods employed are the method of
characteristics and the impedance method.

Of the two methods employed, the former seems to be the superior one.
There is less computer cost involved with this method. The characteristics
method allows detecting and locating the leak. Supplementary equations are
however necessary in computing the leak magnitudes. Hence, this method can
be directly used to determine the magnitude of leaks in pipe systems by
developing relations between the location and the amplitude of the reflected
wave at the leak section.

The impedance method is more practical and simulates correctly the leak
location by analyzing the transfer function. In effect, the series of the ratio of
normalized harmonics that give infinite or zero impedance value will converge
to the leak location. The Newton-Raphson iterative method is used to determine
the leak magnitude by resolving the difference between the transfer functions
for systems with and without leak.
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CORROSION FATIGUE CRACKING AND FAILURE RISK
ASSESSMENT OF PIPELINES

IHOR DMYTRAKH"
Karpenko Physico-Mechanical Institute of National Academy
of Sciences of Ukraine, 5 Naukova Street, 79601, Lviv, Ukraine

Abstract: Problem of corrosion and corrosion fatigue damaging of feeding pipe-
lines of heat-and-power generating units under long-term operating conditions
is considered. The two main factors were taken into account: degradation of
metals properties and purity of operating aqueous environment that causes by
ecological pollution of natural water scoop. Corrosion fracture mechanics
approach for assessment of workability and fracture risk of pipelines with crack-
like defects is proposed, which is based on conception of threshold and critical
cracks depth and also corrosion fatigue crack growth parameters.

Keywords: power-generating unit, feeding pipelines, exploited metal, operating environ-
ments, corrosion damaging, defects, corrosion fatigue crack, crack growth rate, threshold
and critical crack depth, diagram of fracture risk assessment.

1. Introduction

Nowadays the pipelines, used for supplying water and oil or other liquids and
gases, may be considered as important objects within the social and industrial
infrastructure [1-3]. It has become increasingly paramount to ensure their safe
utilisation in order to prevent economical, social and ecological losses.

From an engineering point of view, pipelines are complicated 3D structures
that include straight pipes, pipe-bends, dissimilar welded joints, etc. In addition,
their operating conditions can be quite severe, that is, internal pressure and
cyclic loading (pulsation) combined with the influence of internal and external
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corrosive environments. The potential synergy of such parameters can lead to
an increase in the risk of damage and unexpected fracture of these structures
during their long-term exploitation [4-6].

Therefore the key challenge for this and similar engineering problems is the
development of a reliability and fracture risk assessment tool based upon
a scientific understanding of the failure mechanisms occurring in structures
subject to corrosion and corrosion fatigue damaging.

This paper contains the data of corrosion and corrosion fatigue damaging of
the feeding pipelines of heat-and-power generating units and also proposes
some approaches to expert assessment of their workability and reliability in
cases of crack-like defects presence.

2. Problem of Damaging of Feeding Pipelines of Heat-and-Power
Generating Units Under Operating Conditions

In general, reliability and safety of heat-and-power engineering equipment is
actual problem for Ukraine as well as other industrial countries, because for
prevailing number of heat power plants the planned life of exploitation will be
expired at nearest future. As typical example, the statistic data on exploitation
history of two Ukrainian power plants is given in Table 1. Further extension of
their work needs the detailed inspection and expert conclusions for all critical
components of heat-and-power generating units and also revision of their
operating regimes.

TABLE 1. Statistic data on the exploitation regimes of power plant units.'

Heat-and-power | Time of exploitation Number Number

generating units in thousand hours of start-and-stop of loading cycles
Power plant V 120-150 170-350 850-1750
Power plant L 135-145 360455 18002275

From this point of view, the feeding pipelines are critical structures, which
have the length of several hundred metres for each heat-and-power generating
unit and different dimension-types of tubes: external diameter exceeds 500 mm
and maximal wall thickness is about 50 mm.

From modern engineering practice [7, 8] it has been shown that service life
extension of such structures should be based on taking into account of two main
factors:

e Degradation of metals properties and ageing pipelines components that causes
by long-term exploitation

e Purity of operating aqueous environment that causes by ecological pollution
of natural water scoop
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The joint action of these factors leads to accelerated corrosion and corrosion
fatigue under early stage of damage of pipelines components [9]. Under early
stage of damaging the corrosion factor is dominated (Figure 1). This process can
be classified as sequence: general corrosion of surface — initiating of localised
corrosion — corrosion furrows and corrosion pits nucleation.

These corrosion defects serve as effective stress concentrators and during
exploitation time, some number of corrosion defects is transformed into corro-
sion fatigue cracks (Figure 2). Depending on combination of corrosion/fatigue
factors these cracks can be sharp or blunted by corrosion and also branched.'

Thus, exploited pipeline contains simultaneously the different types of
defects and such structural element should be assessed from position of its
workability and potential risk of failure.

For solution of this problem the corrosion fracture mechanics methods are
applicable together with the special laboratory tests of metal from pipelines,
which were exploited under assigned operating conditions.

Figure 1. Corrosion damaging of feeding pipelines of heat-and-power-generating units under
operating conditions: general corrosion of surface (a); initiating of localised corrosion (b);
corrosion furrows and corrosion pits nucleation (c).

o,

b

d)

Figure 2. Typical corrosion fatigue defects in the wall of feeding pipelines: sharp crack (a);
blunted cracks (b, c); cracks branching (d).
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3. Fracture Mechanics Approach for Assessment of Workability
and Fracture Risk of Pipelines With Crack-Like Defects

3.1. CRACK-LIKE DEFECTS MODELLING

The most characteristic types of corrosion and crack-like defects were considered,
which detected by non-destructive methods and visual observation of exploited
tubes: corrosion furrow, corrosion pit and corrosion fatigue crack [1, 10].

All types of defects were modelled by semi-elliptical cracks (see Figure 3)
with different ratio of their half-axis @ and ¢ : (c/a)=0,01-08.

Corrosion pit (cfa) ;

Corrosion furrow (c/a )?-
Figure 3. Model presentation of corrosion and corrosion fatigue defects in pipelines wall.
3.2. STRESS INTENSITY FACTOR FOR TUBE WITH SEMI-ELLIPTICAL
CRACK UNDER INTERNAL PRESSURE

For calculation a stress intensity factor for longitudinal semi-elliptical crack in
tube wall under internal pressure p (Figure 3), the following expression was
used [1, 4]:

20\
1.12—0.48ﬁ+0.13(j B(3B-2-a)
T

1
AK, ZAO""/;'{ﬁ' 1-a(1-0.754) ' ; (D

where Ao is a tensile stress range per loading cycle: Ao =(4p-d)/2t; Ap is
pulsation of a pressure p in pipeline; d is an internal diameter of tube; ¢ is a
thickness of tube wall; ¢ is a depth of crack f=c/a under (0<f<1); a isa
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crack half length;a=c/t; 6 is an angle from small axis of semi-elliptical
crack; k f 1s a coefficient, which takes into account the tube cross section form;

12{1,(121/20 v(a)=(a)" f1-a) —(1-a)

1.15-60(a)’;0< @ <1/20

3.3. CORROSION FATIGUE CRACK GROWTH RESISTANCE

For corrosion fatigue crack growth behaviour it was assumed that propagating
crack saves its semi-elliptical shape, but the ratio of half-axis (c/a) is a variable
value:

c/a=f(Cp.N); )

where C, are the constants, which depend on “material- environment” system;
N is number of loading cycles.

Here was also supposed that crack growth rate diagrams [4] fully define of
resistance of defects to propagation in pipelines wall in direction of both axis ¢
and a . They have been presented analytically using well known Paris equation:

dc/dN = da/dN = C(4K )" ; 3)

where C and n are the constants of “material- environment” system.

These diagrams are located between two characteristic values of stress
intensity factor range 4K, [4]: 4K}, — threshold stress intensity factor range
and 4K, — cyclic fracture toughness. The parameter 4K, defines of limit
load, below which the detected defects can be considered as non-propagated
and cyclic fracture toughness 4K ;. indicates the critical loading level, above
which the detected defects are potentially able to catastrophic (spontaneous)
growth.

The above-mentioned parameters were chosen as base for further
development of expert assessment of workability and fracture risk of the
feeding pipelines with crack-like defects. Here needed data were received with
using the special experimental technique [4] and with taken into account both
the real metal state of exploited pipelines and actual composition of operating
aqueous environment.

3.4. THRESHOLD DEFECTS DEPTH c¢;, CRITERION

This criterion is based on relationship between the depths of semi-elliptical crack
in tube wall and value of threshold stress intensity factor 4K, [4]. Here the
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threshold defect depth c,, defines as the semi-elliptical crack depth of given
shape (c/a), for which at point =0 stress intensity factor is equal of the
threshold value: K; =K, .

Thus the criterion of the “safe” crack-like defects will be condition:

¢ <cy (4K, ) under (¢c/a)=const. (4)

Therefore, all detected crack-like defects in the pipelines by depth ¢ < ¢, can
be accepted as “safe”, inasmuch as they do not have the potential ability to
further development in wall depth.

3.5. CRITERION OF LIMITATION OF CORROSION FATIGUE CRACK
GROWTH RATE

This criterion can be applicable for cases when the detected cracks in pipeline
wall slightly exceed the threshold depth: ¢ > ¢y, .

Here, the assessment of the admissible crack depths in pipeline walls may
be realised on the base of limitation of corrosion fatigue crack growth rate
[10,11], 1.e.,:

dc/dN < (dc/dN), . (5)
where (dc/dN ), is the maximum crack growth rate that may be admitted in the
wall of pipeline during planned service term between two inspection.

The admissible crack depth ¢, in the given pipeline under assigned
operating conditions, can be determined as

¢y =®(c/a) under (dc/dN), = const. (6)
For any considered cases the calculation (6) may be done with using eq. (3)

for determining of the value K; =K, , which correspond dc/dN = (dc/ dN )*
and then on the basis eq. (1) the parameter ¢, may be found as ¢, = F (K " )

3.6. CRITICAL DEFECTS DEPTH ¢ fe CRITERION

In this case the assessment is realised according to well known criterion of
brittle fracture mechanics:

AK; < AK 4. (7
where 4K . is a cyclic fracture toughness.

On this ground, the critical defect depth c 4. defines as the semi-elliptical
crack depth of given shape (c/ a), for which at point 6 = 0 stress intensity factor
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is equal of the critical value: K; =K 4. and the criterion of the “critical” crack-
like defects will be condition:

cscp (AKfc ) under (c/a)= const. (8)

Thus, all detected crack-like defects in the pipelines by depth about ¢~ c .
can be considered as critically dangerous, because exist high probability to their
spontaneous growth that will lead to catastrophic failure of pipeline.

3.7. DIAGRAM FOR ASSESSMENT OF WORKABILITY AND FRACTURE RISK
OF PIPELINE WITH CRACK-LIKE DEFECTS

Grounding on considered above criteria, the diagram [12] for assessment of
workability and fracture risk of pipeline of the given dimension-type with
crack-like defects of different shape can be built (Figure 4).

| Zone of Brittle Fracture |

Che =J.‘""5(a/{3}

(_‘. )‘ﬁ'

| Exploitation with Predicted Crack Growth | ~

e — I5(afc) under defdN — const. "

Characieristic defects depih

G = F (a/c] ‘ Zone of Safe Exploitation ‘

Defects shape (cfa)

Figure 4. Schematic view of diagram for assessment of workability and fracture risk of pipeline
with crack-like defects.

This diagram consists of three zones. The area below curve ¢, = Fj(c/a)
determines the conditions of safe exploitation and area above curve
=5 (¢/a) indicates of brittle fracture zone. The area between curves
¢y =F(c/a) and ¢ e =5 (¢/a) is zone of subcritical crack-like defects
growth. Here, for assigned operating conditions of pipeline, the appropriate
limiting curve c, = F5(c/a) may be built. Below this curve growth rate of all
existed defects will not exceed the admitted maximum rate during planned
operation term to next inspection of pipeline.

Thus, all detected defects by NDT methods under inspection can be com-
pared with described above diagram and expert assessment of workability and
fracture risk of the given pipeline can be done.
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4. Determination of Corrosion Fatigue Crack Growth
Resistance of Feeding Pipelines Metal

4.1. EXPERIMENTAL PROCEDURE

The power engineering steel 16HS (oyg =250MPa and oypg =480MPa)
was investigated. Steel chemical composition (in weight%): C = 0.12-0.18; Si
=0.4-0.7; Mn=0.9-1.2; Cr<0.3; Ni < 0.3; Cu<0.3; S<0.04; P <0.03; As <
0.08; remainder Fe.

The standard beam specimens by thickness of 10 mm and with V-shape
notches were machined from metal of tubes. Three different materials were
used: metal from new tube, metal from pipe-lines of power plant “V”” and metal
from pipe-lines of power plant “L”.

Two types of the environments were used. First — an environment of
nominal composition according to rules of power plants exploitation. It was the
high purity water under pH =7+0.5 and conductivity y <3mS/m. Second —
the same environment but with organic additions: the formic acid (C =
3,000 pg/kg) and 2, 4-dinitrophenyl (C = 400 pLg/kg). It should be noted that
these additions were chosen on the base of the preliminary investigations. These
electrochemical studies showed that formic acid and 2, 4-dinitrophenyl are the
most corrosion aggressive additions with respect to pipes metal among others,
which were detected in natural reservoir for the given power plants [1,7].

Corrosion fatigue crack growth tests were carried out under frequency of
cyclic loading f =1.0Hz and stress ratio R=0.7 that imitates the real
pulsation of operating pressure in feeding pipelines of heat-and-power gene-
rating units. The tests were carried out with using the specially developed
technique [4], where the constant environment composition in the crack tip area
was provided by circulation of the environment through crack cavity.

4.2. CORROSION FATIGUE CRACK GROWTH RESISTANCE DIAGRAMS
OF FEEDING PIPELINES METAL

The corresponding series of the corrosion fatigue crack growth tests were
conducted both for different metals and environment composition. The received
experimental data were initially presented as scatter plots of crack growth rate
versus stress intensity factor range, from which the following basic parameters
were determined: constants C and n in eq. (3); threshold intensity factor range
AK,, and critical intensity factor range 4K fe (see Table 2). Corrosion fatigue
crack growth diagrams for considered cases are given in Figure 5.

The main observation to be made from these results is the decrease of the
corrosion fatigue crack growth resistance characteristics of exploited metal with
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comparison to new that shows on degradation of materials properties under
given operating conditions. Especially it can be seen for metal from power plant
L, for which crack growth rate curve have the highest steep slope (see Figure 5,
curves 3). It is inauspicious for providing of the pipelines workability, because
any negligible operating overload may lead to significant increasing of
corrosion fatigue crack growth rate [1,7].

TABLE 2. Corrosion fatigue crack growth resistance data for metal of feeding.

No. SysFem “material — C K th,MPa-\/Z K ;. ,MPa- \/;
environment” n -

1 New metal — nominal 11.21 87110716 6.32 22.05
environment

2 New metal — with 10.55 3.02-10°1 6.36 23.79
organic admixtures

3 Exploited metal from 32.87 1.66-107% 6.83 9.94
Power plant L - nominal
environment

4 Exploited metal from 18.36 43610722 6.86 14.57

Power plant L - with
organic admixtures

5 Exploited metal from 14.07 1.66-10~'8 6.89 18.35
Power plant V -
nominal environment

6 Exploited metal from 10.66 324.70°15 6.11 22.87

Power plant V - with
organic admixtures

1,00E-02 ¢
[ —1
1,00E-03 £ ----- 2
—3
)
E P o---4
g LOOE-04 £ _ . _5
S P 6
= 05 L
3 1LOOE-05 ¢
3 2
1,00E-06 E
1,00E-07
1 10 100
K ;. MPa(m)"”?

Figure 5. Corrosion fatigue crack growth diagrams for metal of feeding pipelines. Number of
curve corresponds of the number of “material-environment” system given in Table 2.
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These data were used for forecasting of workability and fracture risk of
feeding pipelines of different dimension-types with crack-like defects.

5. Forecasting of Workability and Fracture Risk of Feeding Pipelines
With Crack-Like Defects from Different Power Plants

5.1. TUBES SIZE AND OPERATING CONDITIONS

The four dimension-types of tubes are used for feeding pipelines of heat-and-
power generating units (see Table 3). High purity water at maximal pressure
DPoae =39MPa serves as operating environment. The possible operating
pulsation of pressure is Ap =10.5MPa .

TABLE 3. Tubes size for feeding pipelines.

Nominal external diameter D, mm Nominal thickness of wall ¢, mm Material
526 50
467 45
Steel 16HS
405 40
165 16

5.2. INFLUENCE OF EXPLOITATION TERM

Based on proposed fracture mechanics approach and corrosion fatigue crack
growth resistance data, the diagrams of workability and fracture risk assessment
for feeding pipelines with crack-like defects have been built both for different
operating conditions and dimension-types of pipes.

The diagrams, which are shown in Figure 6, demonstrate the influence of
exploitation term. It can be seen that degraded metal from power plant L pos-
sesses the very low corrosion fatigue crack growth resistance and as result the
characteristic crack depths c;,, c.and cy are lower than for new pipes.
Besides that, a difference between curves c,,(c/a) and ¢ fe (c/a) is significantly
smaller for exploited pipes than new one.

These facts show on the low reliability of exploited pipes where even
relatively small defects have potential ability to propagation and difference
between threshold and critical crack depth is only few millimetres.



STRESS CORROSION AND HYDROGEN INDUCED CRACKING 109

30 C
———] a)

Characteristic defects depth

Characteristic defects depth

0 0,2 0,4 0,6 0,8 0

Defects shape (c/a) 0 0.2 0,4 0,6 0,8

Defects shape (c/a)

Figure 6. {SEQ Figure\* ARABIC}. Diagrams of workability and fracture risk assessment for
new (a) and exploited on Power plant L: (b) pipes with crack-like defects for nominal environment:
1 — ¢y 2 - c*(dc/dN =107 mm/cycle); 3 - c*(dc/dN =107 mm/cycle); 4 -
Cy (dc/dN =1073 mm/cycle) 35— ¢y (pipes size: D =526 mm; t = 50 mm).

5.3. INFLUENCE OF LOCATION OF DEFECTS AND THEIR SHAPE

From engineering practice it is know that pipelines bends are subjected more
intensive damaging than straight parts from the reason of higher stress level.
This factor takes into account by coefficient &, in eq. (1) for stress intensity
factor of semi-elliptical crack in pipe wall. It is accepted that &k changing
range is 0.8<k, <1, where kr =0.8 for elbow bend and k, =1 for straight

pipe.
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Figure 7. Influence of cross section form of pipe (k) on threshold ¢y, (a) and critical c. (b)
defects depth of different shapes (new pipes: D = 165 mm; t = 16 mm; nominal environment).
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The diagrams in Figure 7 reflect the influence of location of different
defects (c/a) on their threshold c,, and critical ¢ fc depth. For all crack shapes
the parameter ¢, is more sensitive to the &k, changing with comparison of the
¢ .- Although, the variables rate dc/dk; of these parameters versus crack
shape are principally different (Figure 8).

Thus, for realistic assessment of the existed defects in pipelines, it is
mandatory to know their actual location and shape.

5

w

dc/ky; mm

NS}
T

—_

c/la

Figure 8. Variables rate dc/ dk s of threshold c;, (1) and critical ¢, (2) defects depth versus
crack shape (¢/a ) for new pipes by size: D = 165 mm: t = 16 mm (nominal environment).

5.4. INFLUENCE OF ENVIRONMENTAL COMPOSITION AND PIPES SIZE

The factor of operating environment is important for the given considerations,
because it defines the corrosion fatigue crack growth behaviour in pipelines
wall.

This statement is confirmed by results, which are shown in Figures 9 and
10. The presence of organic admixtures in operating environment increases the
risk of failure, because in this case the threshold defects depths ¢, are decreasing
(Figure 9). Although, at the same time, these admixtures can positive affected
(in some degree) on the critical defects depthc 4. (Figure 10). Last circumstance
may be explained by the specificity of material/environmental interaction at
high level of stress intensity factors [4].

Finally it should be noted that actual size of threshold and critical defects
depths are depending on the given pipe size, that is clear from the analysis of
the structure of relations (egs. 1, 4 and 8).
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Figure 9. Threshold defects depth c,, versus defects shape c/a for different size of pipes from
power plant V: a — operating environment of nominal composition, b — with organic admixtures.
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Figure 10. Critical defects depth ¢ . versus defects shape for different size of pipes from power
plant V: a — operating environment of nominal composition, b — with organic admixtures.

6. Conclusions

Problem of corrosion and corrosion fatigue damaging of feeding pipelines of
heat-and-power generating units under long-term operating conditions was
considered with taken into account of metal degradation and real composition
purity of operating aqueous environment.

Corrosion fracture mechanics approach for assessment of workability and
fracture risk of pipelines with crack-like defects is proposed, which is based on
conception of threshold and critical cracks depth and also corrosion fatigue
crack growth parameters.
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For assessment of the detected defects in pipelines, the special diagrams are
developed, which contain three zones: safe exploitation, brittle fracture risk and
zone of exploitation with predicted growth of existed defects. Here, the
importance of factors of exploitation term, location and shape of defects and
composition of operating environment has been shown.
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Abstract: Environmentally assisted cracks in line-pipe steels are initiated either
as a result of stresses in combination with environmental effects, as in stress
corrosion cracking (SCC), or as a result of trapped hydrogen in the steel, as in
hydrogen-induced cracking (HIC). To understand better the mechanism of the
crack initiation process, key metallurgical and environmental elements that can
affect the cracking phenomena were investigated and are reviewed in this paper.
The complexity of both cracking phenomena results from the dependence of
SCC and HIC on multiple metallurgical, mechanical, and environmental para-
meters that may all influence both crack initiation and propagation; e.g., com-
position, microstructure, and nonmetallic inclusions in the steel, applied stress,
water chemistry in the field, and ionic concentrations in the groundwater near
the pipe surface to name a few for SCC. In addition, for HIC phenomena, one
can add the concentration of hydrogen sulfide (H,S) in the fluids transported in
the pipe as well as concentration of CO,, pH, etc. In this paper, cracking of line-
pipe steels is analyzed critically, with particular attention to the crack initiation
process. The paper is divided into two parts: The first part covers SCC and the
second covers HIC.

Keywords: stress corrosion cracking, hydrogen-induced cracking, environmentally
assisted cracking, oil and gas line-pipe steels
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1. Stress Corrosion Cracking (SCC) Phenomena

1.1. CANADIAN NATIONAL ENERGY BOARD INQUIRY

SCC is a form of environmentally assisted cracking (EAC) that is of great
significance to Canadian oil and gas pipelines. In these pipelines when ground
water penetrates under the pipe coating, cracks may develop and grow through
the pipe wall. Over the past decades, thousands of colonies of such cracks have
been found in pipelines in Canada (see Figure 1). These cracks frequently go
dormant at depths of about 1 mm. Occasionally, for reasons as yet not
understood, the cracks continue to propagate and this can lead to pipe rupture.
This phenomenon led to several serious ruptures within the Canadian pipeline
system between 1985 and 1995 and the phenomenon was the subject of two
National Energy Board (NEB) inquiries in the 1990s."

Figure 1. Small “SCC” cracks, that are widespread in tape-coated pipeline.

1.2. SCC MECHANISM

SCC has been observed on the soil side of buried, natural gas pipelines since
the early 1960s. Transgranular SCC has caused service as well as hydrotest
failures, and cracks have been found associated with gouges and dents. Trans-
granular cracking occurs in environments with pH about 6.5, and is referred to
as near-neutral pH cracking, as opposed to high pH cracking, which is inter-
granular in nature.

The SCC results from multiple metallurgical, mechanical, and environ-
mental factors. Chemical composition of the steel, residual stress in the steel as
well as applied stress, water chemistry in the field, including CO,, oxygen, and
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ionic concentrations in the groundwater near the pipe surface, may all have an
effect on crack initiation and propagation [2—6].
SCC in pipelines involves several steps:

1. The coating applied to the pipeline during installation becomes degraded, an
electrolyte comes into contact with the surface, and the environment that
causes SCC to develop

2. The initiation and growth of multiple cracks that form colonies

These cracks may continue to grow and coalesce

4. In the final step, a dominant crack reaches a critical size for rapid growth to
failure, producing either a leak or a rupture

W

The time to failure depends on a number of factors, including the pipe
material, stress history, environment, and crack distribution. Nevertheless, most
colonies do not result in failure as the cracks become dormant.

Nearly all studies of SCC have been carried out without distinguishing the
characteristics of initiation from those of propagation. Many of the studies on
propagation have focused on growth of long cracks in precracked specimens.
Initiation of SCC is, however, studied using specimens that are not precracked.
The definition of an initiated crack is not well defined, and there is no clear
mechanistic interpretation of the events that lead to initiation.

SCC has been observed to initiate from the base of localized corrosion sites
(i.e., pits, crevices) for a variety of metal-environment combinations [7—10].
There remains debate on whether the stress intensification at the base of the
pit or the enhanced electrochemical conditions within the pit is the controlling
factor in SCC [11-14]. Several investigators believe it is the localized environ-
ment that plays the biggest role in crack initiation and not necessarily the stress
concentration provided by the localized corrosion site [15—16], whereas others
believe that crack initiation in smooth samples requires the presence of a stress
raiser [17]. The most common way to establish such a stress raiser is either
through corrosion or mechanical damage.

1.3. COMPLEXITIES IN SCC PHENOMENA

SCC in steels for oil and gas pipelines is a very complex and challenging
phenomenon. The complexity of SCC is reflected in the changes, with time, of
the diverse parameters influencing the cracking phenomena, whereas the big-
gest challenge is in obtaining field-relevant reproducible laboratory data. SCC
encompasses major effects from metallurgical, mechanical, and environmental
parameters, all of which can be dominant under specific conditions. Adding to
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the complexity are the loading conditions in operating pipelines that define the
mode of failure as SCC or corrosion fatigue (CF). While SCC and CF are
sometimes regarded as different modes of failure, the distinctions between them
in mechanistic or engineering terms are becoming less sharply defined. Thus, to
consider SCC and CF as involving static and cyclic loads, respectively, appears
increasingly arbitrary, since in many cases SCC is found in operating pipelines
where the loads are not static.

1.4. INITIATION OF SCC

There are generally three stages for the cracking process: (i) generation of an
environment that causes cracks to initiate; (ii) Initiation of cracks; and (iii)
propagation of cracks until failure occurs. The present study is focused on crack
initiation, types of cracks, crack behavior, role of crack initiation sites,
inclusions, factors governing crack growth, and the crack coalescence process
in the context of low-pH SCC in line-pipe steel. For the current research, the
validation of the results under accelerated test conditions is based on the
assumption that the microprocesses, microstructural features, and specific sites
associated with initiation of cracks in laboratory tests are those associated with
the initiation of SCC in operating pipelines. In this context, the following
aspects were studied for SCC initiation:

1. The sites where cracks are initiated in relation to metallurgical factors, such
as nonmetallic inclusions (see Figure 2), grain boundaries, specific phases,
or other forms of surface discontinuity or surface defect

2. The role of applied mechanical loading conditions, including: the effects of
stress level (for static and cyclic loading), strain rate (for dynamic loading),
stress ratio, R, and loading frequency, f

3. The time dependence of crack development, including: (i) existence of an
incubation time, (ii) changes in crack number density, crack size with time,
dormancy, and (iii) the crack growth rate. The cracks are found to become
dormant and hence are innocuous. Significantly, they are always found
near the site of ruptures (see Figure 3), so it is felt that these cracks are
sometimes precursors to rupture [18]

4. The spatial distribution of cracks. Spacing affects crack interaction and
coalescence and significantly influence the overall cracking behavior and
hence, the lifetime of a pipeline. The linking or coalescence process for
neighboring growing cracks (see Figure 4) that was proposed [19, 20] as a
means to encourage growth, but which was shown by measurements to be
more likely associated with crack tip dormancy [21].
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CaAlO;

(b)

CaS

All

EDX Spectrum Before After

Figure 2. EDS spectra indicating chemical composition of three different inclusions as associated
with the initiation of pits in X-65 steel sample (before and after test at smax = 90%YS, R = 0.6
and, f = 0.1Hz in NS-4 solution saturated with N2/5% CQO,). Note the rapid dissolution of CaS
inclusions and the formation of corrosion pits around the inclusions.

Fracture surface

Figure 3. (a) Failure in hydrostatic testing, SCC as root cause; (b) Magnetic Particle Inspection
(MPI) picture of SCC colony found next to a pressure failure. The outside pipe surface shows
additional, longitudinal cracks adjacent to the fracture origin.
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“Exposure Time
309 h 469 h

Figure 4. Development of five cracks a, b, c, d, and e after total exposure time show, in a X65
specimen at Smax = 70% YS, R = 0.6, and f = 0.1 Hz in NS4 solution saturated with CO,,
showing the correlation of crack initiation at pits from nonmetallic inclusions and the interaction
and coalescence of cracks (observations were made on replicas) Ref. 7.

1.5. IMPLICATIONS ON THE OPERATION OF PIPELINE

There are several implications of the above factors on the operation of a
pipeline. The cause of stresses that are exerted on the pipe during its operation
must be considered. For example, the operating pressures in the pipeline and
more importantly the pressure variation during operation. Other implications
are concerned with the type of soil surrounding the pipe and expectations of soil
movements and permafrost that could exert pressure and external stresses on
the pipe. The type of soil and how it could affect the acidity around the pipe is
also important. Metallurgical factors relate to nonmetallic inclusions in the steel
from which the pipe is made and what steel making practices were used in its
production. Other metallurgical factors relates to the various welds in the pipe
and what kind of problems that could be expected from welds. It is hoped that
this work provided some valuable insights on the initiation process of SCC and
some understanding of the competing processes in the development of SCC in
steels for oil and gas pipelines.
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2. Hydrogen-Induced Cracking (HIC) Phenomena

2.1. HIC MECHANISM

HIC of pipeline steels and oil country tubular goods (OCTG) is a very
important problem in sour oil and sour gas environments. Cracks were caused
by hydrogen embrittlement of metal during corrosion reaction in environments
containing H,S. Such factors as metal microstructure, type of heat treatment,
grain size, type, and shape of nonmetallic inclusions (oxides, sulfide, etc.) and
alloying additions exert a great effect on HIC susceptibility [22, 23].

Some common features of HIC are now known: HIC occurs when hydrogen
concentration (C,) in the steel matrix exceeds the threshold hydrogen con-
centration (Cy,). The Cy, might be considered as a parameter unique to a given
material [24]. With increased material strength, Cy, tends to decrease, and
threshold stress-intensity factor becomes dependent on C, irrespective of
material. Hydrogen content in the steel is known to be dependent on alloy
composition, H,S partial pressure, and pH, whereas Cy, depends on inclusions
and segregation in the matrix [25, 26, 27]. The atomic hydrogen formed at the
reacting surface can diffuse into the steel where it may cause embrittlement
and/or accumulate at the inclusion/matrix interface, building up pressure that
leads to cracking. Two typical types of HIC cracks are shown in Figures 5 and
6: blister cracks and centerline cracks. Blister cracks are those hydrogen-
induced cracks that are formed near the surface so that the hydrogen pressure is
able to lift the material and form blisters that are observable on the surface
(Figure 5). The formation of blister cracks is directly related to the type and
distribution of nonmetallic inclusions in the steel [28].

H,S is known to poison the hydrogen recombination reaction, thereby
increasing hydrogen diffusion into and its absorption in steel. As a consequence,
H,S accelerates HIC in carbon steel and low-alloy steel in sour environments.

The most probable mechanism of the accelerating effect of H,S involves the
formation of a molecular surface complex (Fe H-S-H).4, which on cathodic
polarization leads to formation of hydrogen atoms. Some of the hydrogen atoms
may recombine while others diffuse into the metal.

Fe + HS™ —> Fe (Hsi)ads
Fe(HSf)ads + I‘I3OJr —> Fe (H'S'H)ads +H20
Fe (H-S-H)ads +e - Fe(Hsi)ads + Hags
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2.2. THRESHOLD HYDROGEN CONCENTRATION, Cry

The use of Cy, of a steel as a measure of its resistance to HIC would be a rational
alternative to that used in the present NACE standard test [28]. There would be
less difficulty in ranking steels in their susceptibility to HIC; also, the Cy, value
of steel can be related directly to the performance of that line-pipe steel contain-
ing a corrosive sour environment. In such pipe, permeation methods can be used
in the field to determine the maximum concentration of dissolved hydrogen in
the wall Cy; HIC should only occur when Cy > Cy,.

Data on Cy, and pHy, values for line-pipe steels in Table 1, are summarized
in Table 2. Also reported in Table 2 is the occurrence of cracking as indicated

25KV WD:16MM  S:00000 P:00003

Figure 6. Hydrogen-induc ed cracking — centerline cracks.
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by ultrasonic C-scans (Figure 7). For each steel, the Cy, and pHy, are arrived at
from the data presented in the corresponding table for that steel. It may be noted
here that cracking was observed below pH 5 in all but two of the steels. These
two steels CTR-2 and AM-2, did not crack even at pH 1, whereas the other
steels showed cracking below pH 5.

TABLE 1. Chemical analysis (weight%).

Steel C Mn |P S Si Cu Ni Cr Yield
code strength,
MPa (ksi)

WC-1 | 0.105 | 1.03 | 0.010 | 0.0270 | 0.075 | 0.20 | 0.08 | 0.05 | 518(75)
G-2 0.130 | 1.09 | 0.012 | 0.0084 | 0.165 | 0.22 | 0.07 | 0.06 | 646(93)
AM-1 | 0.120 | 0.69 | 0.006 | 0.0031 | 0.008 | 0.33 | 0.095 | 0.17 | 597(86)
PC-1 0.090 | 0.73 | 0.013 | 0.0036 | 0.200 | 0.23 | 0.08 | 0.06 | 538(78)
CTR-2 | 0.100 | 0.84 | 0.018 | 0.0013 | 0.175 | 0.005 | 0.25 | 0.03 | 526(76)
AM-2 | 0.120 | 0.80 | 0.003 | 0.0016 | 0.410 | 0.011 | 0.015 | 0.027 | 572(85)

2.3. ROLE OF INCLUSIONS IN HIC

The EDX microanalysis revealed that the inclusions in cracks are manganese
sulphide (MnS). The present investigation shows that MnS inclusions are the
dominant initiation sites for cracking. In fact, microvoids around MnS and other
inclusions provided sites for hydrogen to accumulate, leading to higher HIC

susceptibility.
TABLE 2. Data on threshold pH and C,.
Steel Threshold | Threshold hydrogen Ca/S | Cracking
pH concentration ratio
mL (STP)/100 g steel

Three samples | WC-1 | 5.3 0.3+0.1 0.15 | Yes
were tested in
each pH G-2 5.0 0.6+0.3 0.50 | Yes

PC-1 5.1 04+0.3 0.96 | Yes

AM-1 |52 1.2+04 1.31 | Yes
Six samples CTR-2 |<l1.1 >1.5+0.2 2.62 | No
were tested in
each pH AM-2 [<1.1 >2.0+0.2 2.50 | No
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Figure 7. Ultrasonic C-scan images of six coupons tested in TM-0284 solution: coupons#1, 2,
and 3 tested at pH 4 show significant cracks. However, coupons #4, 5, and 6 tested at pH 5.5 have

no crack detected.

Figure 8a shows a montage of SEM micrographs following a long string of
fragmented inclusions on a polished metallographic section. In order to assess
the relationship between HIC and nonmetallic inclusions and in particular

ELFEC)

4

SeemmEs

Figure 8. (a) Montage of SEM photomicrographs showing a long string of fragmented inclusions
on a polished metallographic section. (b) The image analysis methodology where maps are
constructed and used to measure long microscopic features that run through more than one
microscopic field. Measurements of nonmetallic inclusions in line-pipe steels.
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planar arrays of aligned inclusions, it was desired to obtain quantitative metallo-
graphic information for the inclusion population in a number of line-pipe steels
that were assessed for HIC (see, Table 1). This was achieved by image analysis
where two types of inclusion geometry were identified and measured separately:
long strings of fragmented inclusions and other dispersed inclusions. The end
map shown in Figure 8b illustrates this. The end map is basically a low magni-
fication assembly for the metallographic information observed at high magnifi-
cation, which indicates the overall picture of the inclusion population through
the wall thickness of the line-pipe steel. The sample covers by 12 microscopic
fields through the wall thickness (6 mm) by 46 fields in the longitudinal
direction (each field is 400 x 400 mm). The end map shown in Figure 9b
identifies susceptible areas for HIC on the sample as indicated by the thick solid
lines (representing long strings of fragmented inclusions) and blister crack in
Figure 5.

Data on volume percent, average size, and length of inclusions were investi-
gated by image analysis and are reported in Table 3(29). The results are correlated
with Cy, and plotted in Figures 9 and 10. Both volume fraction and total length
per unit area have a relationship with the Cg,. It is clear from these figures that
the steel with minimum inclusions has the highest Cy, and vice versa.

The size and shape of the inclusions were considered to depend on the Ca/S
ratio in steel. The Ca/S ratio [28] in Table 2 showed that a greater ratio of Ca/S
decreases the hydrogen damage susceptibility (i.e., steels CTR-2 and AM-2).
According to the results, steel susceptibility to SSC and HIC depends on the
stress localization around large and hard inclusion particles. This localized
stress could exceed the yield strength.

The metallurgical aspects of HIC can be summarized as follow: (i) the
formation of internal blister cracks by the accumulation of hydrogen at
inclusion microvoids, (ii) the extension of these cracks parallel to the rolling
plane by the internal hydrogen-pressure, and (iii) the linking of nearby cracks
along directions inclined to the rolling plane by plastic deformation and
fracture. The formation of blister cracks seems to be directly related to the type
and distribution of nonmetallic inclusions in the steel. Extension of blister
cracks takes place along paths of low-fracture resistance parallel to the rolling
plane. The exact nature of these fracture paths is not known, but it has been
suggested that they are bands of certain transformation products in the steel.
The linking of nearby cracks takes place along bands of localized shear, which
result from the internal hydrogen pressure acting on elongated blister cracks.
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TABLE 3. Line-pipe steels data on inclusions.
Sample | Vol. % | Av.size (m) | #/mm® | Length/mm® | Threshold hydrogen
concentration
mL (STP)/100 g
WC-1 0.387 1.73 16963 293 0.3
G-2 0.338 2.45 5729 14.1 0.6
AM-1 0.209 3.71 1774 6.5 1.2
PC-1 0.205 4.96 1382 6.9 1.3
CTR-2 0.042 3.25 278 09 >1.5
AM-2 0.034 1.41 1614 2.2 >2.0
E 2.3
‘-E
g 3.
g
g 1-"
L=
E
E u.l.
8 008 01 045 42 028 03 033 04 DA 0F
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Figure 9. Effect of the volume fractions (%) on Cy, for cracking.

Hydrogen, as an embrittling element in steels, is still a significant problem.
The mechanism of hydrogen in steels is not completely understood, especially
since no one theory in particular is able to describe all of the hydrogen-metal
interaction phenomena observed. From the various damage theories proposed,
in the de-cohesion theory both the adsorbed and absorbed hydrogen may be
accepted.

According to the reduced atomic cohesion/model for hydrogen embrittle-
ment proposed by Oriani [30], hydrogen embrittlement might be interpreted as
being due to reduced atomic cohesion at the location of stress concentration by
the accumulation of hydrogen atoms. The higher the C, value, the greater the
extent of reduction in atomic cohesion at the stress concentration location.
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Figure 10. Effect of the total length inclusions on Cy, for cracking.

3. Conclusions

e Multiple types of crack initiation sites exist for SCC of pipeline steel in
low-pH solutions.

e Stress corrosion crack initiation is a competitive process, cracks initiate at
the most favorable sites first, then at other sites.

o The correlation between pits and nonmetallic inclusions indicates that pitting
results from effects associated with inclusion composition.

o There is a good correlation between inclusion measurements and HIC.

o The elongated MnS and planar array of other inclusions are primarily res-
ponsible for HIC.

o Lower volume fractions of inclusions corresponded to higher resistance to
HIC.

e However, the microstructure may also plays a role in HIC, in particular,
heavily banded microstructures could enhance HIC by providing low fracture
resistance paths for cracks to propagate more easily. The balance of C and Mn
has an overriding effect on resistance to HIC.

e HIC depends on both material composition and Cy. The HIC susceptibility
would increase due to increased Cy as the consequence of decreased D.
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Abstract: Natural gas transmission and distribution industry is using pipes of
different origins to transport hydrocarbons under pressure. The use of poly-
meric material such as polyethylene (PE) made it possible to achieve significant
profits in construction times and installation costs. However, some catastrophic
failures took place for various reasons. The objective of this study is to highlight
the various mechanisms of rupture of PE pipes in service and in laboratory con-
ditions. It is clear that at least two mechanisms control PE pipe failures based
on results cumulated in operating conditions. They are nominally ductile and brittle
mechanisms respectively characterizing short and long-term failures. Several
laboratory tests are used to extract design data for long-term failure-type predi-
ction based on stress and time to failure relationship. It remains difficult to
assess the relation between creep and fatigue loadings on the one side. On the
other side, the manufacturing process of the test specimens (extruded pipes and
compression molded sheets) influences considerably the obtained performance
for viscoelastic materials subjected to working conditions. When analyzing
different results, it is found that there is a certain correlation between failure
times under both constant and fluctuating loading patterns and moreover, fatigue
can be used as an accelerating agent of brittle fracture which normally occurs in
the long-term span and under low load levels. Brittle-to-ductile transition is
studied under fatigue crack propagation mode using an energy criterion. It is
found that the approach leads to critical energy rates of 211 and 695 J/m? for
brittle and ductile regimes respectively. The brittle fracture damage zone is
characterized by a single craze made up by locally drawn fibers and dispersed
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voids whereas ductile rupture is rather dominated by highly yielded material and
significantly transformed matter as observed under polarized-light microscopy.
PE mechanical behavior is affected by several factors including the state of
residual stresses and the morphological variances induced by the extrusion
process and subsequent cooling. As a result, there is a crystallinity increase
from inner to outer layers of the pipe. The assessment of PE pipe failure mecha-
nisms is to contribute to a better understanding of effects of other external
chemical agents such as solvents in degrading the pipe overall resistance.

Keywords: polyethylene pipe, failure, fatigue, creep, damage zone, brittle, ductile

1. Introduction

Polyethylene (PE) resins are processed into pipes and fittings on a large scale to
construct water and natural gas transmission and distribution networks. As
shown in recent statistics [1], more than 22,000 km of PE pipes constitute the
Algerian medium pressure gas network and all newly installed gas distribution
systems around the country are exclusively made of PE because of its relatively
low cost, ease of installation and maintenance, and long-term durability against
environmental degradation; these properties made it a real alternative to metallic
systems. Despite the large acceptance of PE pipes as an economic alternative,
safety and reliability remain basic issues, especially for long-term brittle-like
failure and accelerated stress corrosion cracking in both water and gas mains.
Many studies have been carried out to highlight various behavioral aspects
of both medium density polyethylene pipes (MDPE) and high density poly-
ethylene pipes (HDPE) in terms of service lifetime [2], mechanical characteri-
zation [3], structure relationship [4], failure mechanisms [5], pipe joining [6],
and environmental effects [7].

To a certain extent, it is possible to control the mechanical properties of
semicrystalline polymers by morphology management [8] during processing
operations. Substantially improved Young’s moduli and tensile strengths have
been obtained in shear-controlled orientation in injection-molded and high-
pressure injection-molded HDPE because of the appearance of highly oriented
structures. Quasi-static mechanical testing of HDPE processed by shear-
controlled orientation in injection molding exhibited an improvement of 59% in
the flexural modulus in comparison with the mechanical performance of con-
ventional injection-molded specimens. The search for homogeneous geometrical
dimensions in terms of the diameter and wall thickness, which are represented
by the Standard Dimension Ratio (SDR is the ratio between the outside pipe
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diameter and the minimum pipe wall thickness), imposes rapid cooling. As a
result, compressive stresses in the extrusion process are generated on external
pipe layers, whereas the internal layers develop positive stresses. The resistance
to crack propagation is amply influenced by the state and magnitude of these
residual stresses. Moreover, it has been shown that the propagation of cracks is
slower in the external layers when they are subjected to compressive residual
stresses.

Slow crack growth (SCG) is additional critical issue because PE pipe
materials exhibit stress-lifetime curves [9] that have at least two separate rates
corresponding to both ductile and brittle fracture mechanisms. The long-term
behavior associated with brittle-like failure is most feared as it takes place
without any presaging signs. At the same time, the long-term strength is
substantially reduced, and so linear predictions from short-term behavior are no
longer applicable. As a result, appropriate test designs have been developed to
study crack propagation in real pipe materials under creep and fatigue modes
[10-12] and to establish correlations between various mechanisms. Using a
fatigue crack propagation mode at a maximum stress intensity factor of 13
MPaVm, researchers have identified basic differences [13] in the damage zone
between HDPE and MDPE pipe resins with scanning electron microscopy exami-
nations. Those observations are critical because the damage zone represents
sites at which most hierarchical events happen and automatically controls the
crack growth rate. Subsequently, this control defines the ultimate resistance to
long-term fracture. Knowing that most of the pipe lifetime [13] is controlled by
the initiation period and having identified the notch root damage zone,
researchers become interested in single and epsilon-shaped crazes in PE pipe
materials. The corresponding morphologies reveal drastic differences in the organi-
zation of the highly drawn material. Although a single HDPE craze accom-
modates uniaxially drawn fibrils, the multiple MDPE craze is solely made of
voids and biaxially stretched planes. At this stage, we need to correlate the
usual mechanical properties, measured macroscopically, with the associated
structure of pipe resins. In other words, there is a need to explain the physical
properties of pipe materials with respect to the molecular architecture and
viscoelastic behavior. This resistance is deeply affected by the processing and
service temperatures during the transmission of pressurized gas and consequently,
both the vitreous transition and fusion temperature become significant para-
meters that condition the employment and working opportunities of PE pipes.

This work is aimed to investigate mechanisms of failure in PE pipes and
fittings under service and laboratory conditions. The understanding of those
mechanisms needs to study some associated phenomena such as damage evolu-
tion, residual stress distribution, morphology layout, and the various changes in
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mechanical properties caused the extrusion process. Also, it is necessary to
comprehend the possible transition between mechanisms and the effects of
environment on the long-term pipe behavior.

2. Polyethylene (PE) Applications

2.1. PE PRODUCTION

PE is a generic name employed to describe polyolefins resulting from the
polymerization process of gaseous ethylene that is a subproduct in natural gas
and crude oil. Its molecular structure consists of two carbon and four hydrogen
atoms in the basic repeating unit called a monomer. Usually, the polymerization
conditions of low temperature, low pressure and appropriate catalysts and co-
monomers result in a linear PE indicating that there are limited branches in the
polymer chains. Mainly, three great families are defined according to their
density: (i) low (LDPE), (ii) medium (MDPE) and, (iii) high (HDPE) density
PEs. In 2003, among the 44 millions of tons of PE produced worldwide [14],
approximately 40% was HDPE. More than 90% of the PE production is
consumed by six principal applications, including 50% for films and sheets,
approximately 25% for the moulded products and just 6% for pipes. These data
inform us about the development undertaken by PE as a potential substitute of
metals and similar materials for specific technical applications in manufacturing
spare parts, machine elements and coatings as illustrated in Figure 1. Pipe appli-
cations are very much diversified as it is possible to use them for the construction
of networks to convey fluids under pressure such as drinkable water and natural
gas or for agricultural irrigation and in the petrochemical industry. The main
uses of PE pipes are compared for both USA (Figure 2a) and EU (Figure 2b)
during 2003, and it is observed that natural gas and drinkable water networks
come well behind drainage applications. The part reserved for natural gas distri-
bution is important and is in constant increase. In a developing country such as
Algeria, the use of plastic pipes is expanding [1] at a dramatic rate while both
steel and cast iron pipes are becoming costly and difficult to maintain (Figure
3). HDPE is one type of linear PE with a density range from 0.941 to 0.965
g/cm’ as stated in ASTM D-883.

2.2. PE PIPE INTERACTIONS

As shown in Figure 4, in real conditions, plastic pipe is in constant interaction
with the other underground networks (sewers, drinking water, cables, etc.),
which are not necessary made out of polymers. So its vulnerability increases as
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the risks of being deteriorated might become significant. The protection
measures are reexamined by including different means of protections and
suitable pipe backfills. Physical indications of are placed with gas networks
upon pipe burial to facilitate spotting and to reduce the probability of damage
by third parties. It should be emphasized that most significant applications of
PE pipes remain related to fluid conveyance.
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Figure 1. Percent distribution of worldwide PE applications.
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Figure 2. Main applications of PE in (a) USA and (b) EU.

2.2.1. Fuel Pipes

HDPE is the reference material used for gas transport under pressure. As a pipe,
it has the advantages of being smooth-walled and with small SDR. SDR is
related to the allowable pipe pressure through the following equation shown in
French Standard NF EN 921 for pressurized plastic pipe:

OD — h :
Ghoap: P 2h ( )
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Using SDR definition, eq. (1) becomes:
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Figure 3. Evolution of PE pipes installation in the Algerian gas industry.

Figure 4. HDPE gas pipe with protective duct being installed close to a drinkable water main and
a sewer line.



FAILURE OF POLYETHYLENE GAS PIPES 137

where, Ghoop = hoop stress, P = gas pressure, OD = average outside diameter,
and h = minimum wall thickness. ASTM D-2837 defines the pressure rating of
the pipe as the estimated maximum pressure that the medium in the pipe can
exert continuously with a high degree of certainty that failure of the pipe will
not occur. Safety factors impose a working pressure in the pipe lower than this
upper limit.

2.2.2. Water Pipes

Today in Algeria, HDPE water pipes are laid in the northern part of the country
with diameters reaching up to 300 mm. The introduction of plastic pipes
enabled eliminating corrosion and water loss problems. More than 50% of input
water in the Algerian steel-cast iron network is lost by uncontrolled leakages
and lack of maintenance. As much as 19% of PE pipes are chosen for drinkable
water systems in EU countries (Figure 2a) whereas in Algeria, this figure is yet
much less. When exposed to hot water, long-term HDPE pipe failure occurs by
precipitation and diffusion-controlled migration of antioxidants combined to
thermal oxidation [9] of the polymer.

2.2.3. Drainage Pipes

Most gravity water flow systems are constructed using corrugated HDPE pipes.
They basically comprise mostly sewers, drains, under-drains, and sanitary
sewers. In drainage systems, underground pipe diameters may be as large as
1,524 mm and they are calculated to support both soil and live loads. HDPE
pipe flexibility is used to transfer a portion of the overload onto the surround-
ing soil. The risk of pipe buckling exists as a result of excessive deformation.
Corrugation is incorporated into the pipe profile to increase the structural
stiffness of the structure and according to AASHTO M294 standard; three types
of HDPE pipe profiles [15] are used:

e Type C: Full circular cross section with an annular corrugated surface both
inside and outside.

e Type S: Full circular dual-wall cross section with an outer corrugated pipe
wall and a smooth inner liner.

e Type D: Circular cross section consisting of a smooth inner wall joined to a
smooth outer wall with annular or spiral connecting elements.

e Observed field problems [16] included: (i) Deflection resulting from the
lack of control of construction procedures and the use of poor backfill
materials, (ii) Erosion at outlet ends which often resulted in significant loss
of material and longitudinal bending and cracking of the corrugated HDPE
pipe and, (iii) Erosion as a result of joint leakage.
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2.2.4. Protection Ducts

In this case, HDPE pipes are used as external shields to isolate cables or pipes
from external aggressive environments. Usually, the protection is aimed to
reduce significantly the presence of both moisture and oxygen. In the gas
industry, HDPE ducts are commonly used to protect steel pipelines crossing
swampy and marine environments.

3. Pepipe Testing

3.1. SUSTAINED PRESSURE

In 1962, the Plastic Pipe Institute (PPI) selected stress rupture testing as the
most suitable test method for rating plastic piping materials. The design of is
achieved through the “Rate Process Method for Projecting Performance of
Polyethylene Piping Components” which is standardized in ASTM D-2837,
ISO 9080, and D-2513. It well established that PE creep rupture curve may be
divided into three regions as illustrated in Figure 5 and the same testing
procedure allows differentiating between various PE resins and manufacturing

processes (Figure 6).
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Figure 5. Schematic of a creep rupture curve for PE pipes at high temperature.
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Today, the calculation is based on two or three coefficients equations [2, 17—
19], which link lifetime (time to failure), hoop stress, and testing temperature:

Logt = A+ BLogo 3)
and
B  Blogo
Logt =A+—+ g @)
T T

where A, B, C = constants, t = failure time (hours), ¢ = hoop stress (Pa), T =
temperature (°K). Either ASTM D-2837 based on hydrostatic design basis
(HDB) or ISO 9080 based on minimum required strength (MRS) use data from
sustained hydrostatic pressure tests of pipe specimens, but the extrapolation
protocols are different [2]. It is understood that the actual long-term performance
under internal pressure and temperature will be the same regardless of the
method. Normally, HDB and MRS are used to obtain allowable pressure ratings
considering pipe diameter, thickness, and a safety factor.
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Figure 6. Stress versus time to failure under sustained pressure for 50 mm OD pipes (ethylene/
hexane copolymer; PE2306-1IC: two lots) and (ethylene/butene copolymer; PE2306-1A: three lots).
3.2. CREEP

Under conditions of constant low stress and room temperature, it is established
that PE resins fracture by slow crack growth. This mode of failure limits pipe
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lifetime but constant tensile load (CTL) test was devised to extract long-term
information from accelerated testing [11, 20, 21]. Available data from such a
test is able to differentiate between similar products coming from different
manufacturers or using different copolymers in the extrusion process. CTL is a
good quality assurance test to evaluate new pipe lots and to set a minimum
required resistance [22].

3.3. FATIGUE

In general, fatigue can be defined as a phenomenon that takes place in
components and structures subjected to time-varying external loading and that
manifests itself in the deterioration of the material ability to carry an applied
load that is well below the elastic limit. Testing under fatigue has been used in
different studies as an accelerating agent to deduce PE lifetime under specific
conditions. As gas consumption is fluctuating throughout the day, so will do
operating pressure. This indicates that fatigue is a possible loading mode of PE
pipes and if temperature fluctuations are added, cycling will occur but the
amplitude is of a random form. In fact, such conditions complicate the real situa-
tion since it is necessary to load a pipe in conformity with service operating
conditions. Laboratory studies use basically periodic loading functions and have
to limit frequency to avoid hysteric heating in the tested specimen [11, 12, 23].
In order to describe the fatigue strength, Wohler curves are the most common
model for practical use and design. The log-scale leads to a straight line
between the stress amplitude and the number of cycles to failure. When crack is
initiated, the analysis of crack growth history shows that there is a log—linear
relationship between the apparent crack size and the lifetime. Also, there is a
linear relationship between the crack growth rate and the crack length or the
stress intensity factor range in mode I(AK;) when plotted in a log—log scale as
stated by Paris-Erdogan [11, 12, 23-25] law.

Statistical analysis of PE compression molded sheets has shown that fatigue
lifetime cannot be suitably modeled by lognormal distribution as usually
adopted in the literature. Two- and three-parameter Weibull distribution, as well
as three-parameter lognormal, can be adequately applied for probabilistic life-
time characterization (Figure 7) and an expression in the power type form has
led to more appropriate representation of fatigue data [25] compared to linear
fitting in the log-scale.

3.4. BRIDGING BETWEEN FATIGUE AND CREEP

The correlation between creep and fatigue strengths, undertaken by Parsons
et al. [12], showed that MDPE was much more creep resistant than HDPE, but
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Figure 7. Fatigue lifetime quantiles at 10% for three multiparameter models.

MDPE pipes was much more sensitive to strain rate in fatigue. In the same
approach, Zhou and Brown [11] concluded that a higher resistance to fatigue
does not necessarily correlate with a higher resistance to failure under creep.
Since ASTM tests are based on creep data, it is interesting to compare it with
fatigue data. Figure 8 illustrates such relation between failure times from both
creep and fatigue modes. The data were gathered from literature and a
proportional relation is found to characterize both modes (Figure 8). This is an
important result which states that fatigue tests can also be used to draw
conclusion on pipe life under acting pressure.

These results suggested an article to Chudnovsky et al. [27] about a
mathematical model to bridge creep and fatigue lifetimes with crystallization
behavior. The model relates two morphology parameters (z; = onset of
temperature of crystallization and 2z, = rate of crystallization) with
crystallization kinetics and rate constants of degradation (ao, ajj, and c;) through
a function ¢ in the form:

2
Lnga(Z] ~Z, )=a0 +Za(Zi—ci )(Zj—cj) ®)]
ij=1
The 2D normal distribution density of z, and z, is used to approximate the
fatigue-creep correspondence function ¢. Just in these areas of investigation,
numerous testing methods have been proposed and some were adopted as new
standards.
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Figure 8. Relationship between failure times under creep and fatigue modes for different resins [26].

It should be noted that there is some aspects of complementary information
between different tests depending on test type, specimen source, test condition,
and the purpose sought as summarized in Table 1 [15, 27].

Laboratory work has well established that extruded plastic pipes fail in a
ductile manner as applied loads are sufficiently high and failure zone is
characterized by large deformations around the damaged area. Despite such
favorable important ductility, PE piping and fitting materials are also found to
undergo brittle-like fracture under service conditions when they are subjected to
low stresses for long service periods or to temperatures above the ambient one.
Such conditions usually favor SCG fracture mode in PE pipes. As a result,
constant load tests (Figure 6) exhibit two general crack propagation mechanisms:
(1) ductile failure which is dominated by large-scale homogeneous deformations
in the bulk and (ii) brittle failure that starts at stress concentration points and
propagates slowly preceded by a craze zone containing transformed material.
Figure 9 shows failure modes that could occur in PE pipe cracking depending
on the loading spectrum and the environmental conditions.

It is clear that stress cracking (SC) is critical as it leads to brittle failure
under either creep or fatigue-related working parameters. The mechanisms of
fatigue failure of externally notched sections of PE pipe under pressure have
been investigated by Reynolds et al. [10], who confirmed that the origin of
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TABLE 1. Comparison of PE test methods and specimen shapes according to some standards.

Test Standard |Specimen [Specimen |Notch |Test Note
Method source shape condition
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branching fracture features lies in the localized shear deformation. Basically,
ductile and brittle failure modes dominate the damage mechanisms of PE pipe
fracture as studied through microscopy.

Mechanisms
of PE cracking

| Yieldin | Creep rupture | Impact | Stress Cracking
| Fatigue- | | Creep- |

Figure 9. Failure mechanisms occurring during PE cracking under different loadings.

4. Failure Mechanisms of PE Pipes

4.1. DUCTILE FAILURE

Ductile failures are characterized by large-scale material yielding adjacent to
the failure location. For instance, a flow phenomenon takes place represented
by cold drawing during in typical tensile tests of semicrystalline polymer
samples. Ductility is more expressed as applied stresses are higher and usually

Figure 10. Ductile failure in HDPE pipes (a) wall thinning and tearing in circumferential direction,
(b) large-scale deformation and tearing in the longitudinal direction.
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rupture occurs in a relatively short time. This mechanism is related to the vis-
coelastic behavior of PE materials and specifically refers to the creep rupture.
The resulting failure shows large deformation accumulating in during this
process as indicated in Figure 10.

4.2. BRITTLE FAILURE

Typical brittle failures in HDPE pipes are exhibited in Figure 11. Less deforma-
tion characterizes the fracture process, which is a long-term mechanism. Temp-
erature [22, 26] is known to accelerate brittleness from sustained pressure tests.
Brittle failure in semicrystalline polymers has been claimed to originate from
chain disentanglement in fibrils, and recently other studies have also concluded
that chain breaking due to applied stress during crack propagation involves
fibrillation within the damage zone [9, 19-21, 24, 26]

A level of complexity lies in the intramolecular heterogeneity of co-unit
distribution that should be as efficient as intermolecular heterogeneity for
producing tie molecules and random chain folding at the expense of regular
chain folding. Crystalline domains within semicrystalline polymers strongly
influence such low-strain-rate properties as the elastic modulus, yield stress,
SCG, and environmentalSC, whereas high-strain-rate properties such as impact,
tear, and rapid crack propagation are basically controlled by amorphous regions
[28]. In many cases, complementary techniques have been adopted to assess

Figure 11. Brittle failure in HDPE pipes (a) typical region II and (b) typical region III [9] (Figure 5).
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from physical property measurements molecular information. For instance,
brittle fracture toughness, crazing, and SCG measurements have been used to
determine the tie-molecule concentration and to infer valuable structural informa-
tion. In simpler cases, tie-molecule concentrations have been evaluated from the
modulus of a mechanically oriented material. Post-yield experiments assume
that tie molecules and entangled chains behave like rubbery networks in the
drawing and strain-hardening regions; these molecules are steadily pulled out
from fragmented lamellae to become part of an oriented amorphous domain.

5. Brittle to Ductile Transition

Ductile failure is mostly associated with macroscopic shear flow of the
ligament while brittleness is linked to SCG of a permanent craze. It is known
that brittle fracture in PE pipes refers to slit-like cracks (Figure 11a) that are
obtained under long-term hydrostatic laboratory testing. In the example given in
Figure 12a, a hoop stress of 9.85 MPa was continuously applied for a period of
14,528 h (>20 months); and the failure occurred at the end cup starting from the
inner side at a stress concentration point. To reveal fracture surface, crack
length and crack opening, the pipe and the welded end cup were sectioned in
the radial direction and then separated into two parts. It is evident that
propagation under constant load started from a stress concentration point and

R

Figure 12. End cup brittle failure, (a) end cup, (b) fracture surface after sectioning, (c) higher
magnification of region ‘“2” (d) higher magnification of region “3”.
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went from the cup bore through the wall on a distance of almost 26 mm at the
leaking slit. The mirror-like flat fracture surface appearance is a typical long-
term brittle failure (Figure 12b) and the final ligament failed by ductile tearing
(point 3). Closer SEM examinations, however, revealed that progressively
increased ductile contributions are noted as crack length increased (Figures 12¢
and d). In fact, these findings ought to guide our attempts for brittle crack
acceleration under fatigue mode.

5.1. DUCTILE VERSUS BRITTLE FAILURE

It is accepted that ductile failure in PE pipes is associated with macroscopic
yielding. The time to failure of ductile failure is determined by creep rate. On
the other hand, brittle failure is associated with crack growth. It is suggested
that the two processes occur simultaneously; and the final failure depends on
which process is faster under given stress, temperature, and notch depth. As a
general rule, the long-term fracture resistance of a given material can be
expressed in terms of its stress and time dependent yielding as the following
relationship [29, 30]:

t,=Co™ (6)

where C is the load capacity parameter, a positive constant representing stress
level at which the material fails at unit time. The exponent »n is a damage
evolution index. Typical values of n for ductile and brittle failures are in the
ranges 2027 and 2.5-4.5 respectively. The transition stress is roughly equal to
one half the yield points at a given temperature. Ductile failure is characterized
by microscopic shear flow while brittle fracture occurs by slow crack growth.

5.2. BRITTLE TO DUCTILE TRANSITION

Other workers [31-33] concentrated their studies on the phenomenon of brittle
to ductile transition in PE in an effort to understand the underlying mechanics-
causing component’s life termination catastrophically. It is found that at a given
temperature brittle-like behavior has been observed at high and low speeds
while ductile failure characterized intermediate speeds. An increase in temp-
erature shifted brittle—ductile—brittle transitions to higher speeds because of a
competition between three rival mechanisms: (i) brittle failure by disentangle-
ment, (ii) ductile shear yielding and, (iii) brittle failure by chain scission. Using
Charpy impact test, brittle-ductile transition temperatures (BDTT) of PE were
investigated with different degrees of crystallinity. A rise in the cooling plate
temperature for MDPE and HDPE brought out a fall in BDTT and an increase
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in impact energy. With decreasing degrees of entanglement density, PE exhi-
bited a slightly decreasing BDTT. Using rapid crack propagation in pressurized
PE pipes, the brittle—tough transition temperature was assessed and shear lips
controlled the failure process. Short-term failure in PE is accomplished through
fibril breakdown within the central part of the craze because of overall yielding
whereas long-term failure occurred by an accumulation brittle damage as
microvoids at fibril roots and film joints.

In view of the unacceptable length of time required to observe brittle
fracture particularly in newer tough resins, it became urgent to develop an
alternative testing procedure based on fatigue crack propagation acceleration. A
C-shaped specimen [24] is introduced to study accelerated fatigue crack pro-
pagation in resistant PE materials (Figure 13). Some studies [10-13, 23, 27]
converged in someway toward the conclusion that fatigue might simulate the
stepwise fracture mechanisms observed in real pipe.

Figure 13. Schematics of side (A) and front (B) views of PE C-shaped specimen with its gripping
metallic fixtures (2 and 3) and loading pins (4).

5.3. FATIGUE BRITTLE TO DUCTILE TRANSITION

The fracture surface of a failed C-shaped specimen is shown in Figure 14.
Crack propagation initiated from a manufactured notch and clearly exhibits
both brittle and ductile mechanisms. Microscopy is used to identify the plastic
zone ahead of the crack tip. Thin sections were obtained from interrupted
fatigue crack propagation tests and observed using microscopy. The results are
illustrated in Figure 15. In the brittle regime, the plastic zone is very small and
is associated with a main craze. The latter is made of yielded material and
structural voids. Under polarized light, the extent of damaged material is
confined to a narrow zone next to the crack plane. For the ductile regime, the
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damaged zone is much important and the craze are longer compared the brittle
stage. The SEM examination illustrates the multiple crazes and the highly
deformed material at the crack tip. Around the damage zone, another part of the
transformed material is highly affected plastically as its limits extend many
folds until the specimen edge. Figure 16 illustrates higher magnifications of the
hierarchical events inside the craze zone that appears to be constituted of highly
yield local matter and important voids.

In order to study the FBDT, it is interesting to use an energetic approach
proposed by N. W. Klingbeil [34] for ductile solids failed under fatigue. This
study is concerned with a new theory of fatigue crack growth (FCG) in ductile

Figure 15. Optical, SEM and polarized light photomicrographs of plastic zone shape ahead of the
crack tip in both brittle and ductile regimes under fatigue mode.
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Figure 16. SEM observation of the inner part of the craze zone at higher magnification; (a) brittle
and (b) ductile.

solids based on the total plastic energy dissipation per cycle ahead of the crack
tip. The FCG is explicitly given in terms of the total plastic dissipation par
cycle and the plane strain fracture toughness of the material from the equation:

Lo LAV (7)

where G, is the critical energy release rate. In this instance, typical plots of the
rate of irreversible plastic work as a function the crack propagation rate are
constructed. These plots for 20%, 25%, 30%, and 35% of yield stress are shown
in Figure 17. It is observed that both damage mechanisms are well separated
and each slope would represent an independent resistance to fatigue crack
propagation. The equivalent load levels are well below the failure loads
indicated in Figure 6 since it is the same PE being tested under fatigue. The
computed values of toughness are summarized in Table 2.

It is found that the brittle regime critical energy release rate so calculated
lies between 97.7 J/m? and 264 J/m? and these values are quite small compared
to the measured energy rates from potential energy evolution [26]. The ductile
regime energy is important as it considers a lot of energy spent on damage and
high deformation. There is a consistent evolution of calculated G, as this value
is much higher when ductility becomes important. This approach is interesting
as it allows separating brittle from ductile contributions in a given FCP test. The
use of microscopy enables to confirm the extents of each mechanism from
fracture surface analysis and damage dissemination within PE. Compared to
long-term hydrostatic strength (LTHS), FCP may be considered as a more
efficient approach since it helps produce BDT in much shorter times. A recent
study [32] showed that under creep testing, ductile failure is primarily driven by
the yield stress of PE. The examination of ductile failure data at different
temperatures also indicated that a systematic improvement in performance is
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Figure 17. Rate of irreversible work spend on deformations as a function of corresponding
fatigue crack growth (FCG) rate at (a) 20%, (b) 25%, (c) 30%, and (d) 35% of applied stress.
observed with increasing temperature, and this might be related to the pro-
gressive relaxation of internal stresses.

TABLE 2. Calculated fracture toughness from brittle to ductile transitions under fatigue testing
with determination coefficients (R?).

Stress level G, brittle R? G, ductile R?
(% o) (J/m?) (Brittle) (J/m?) (Ductile)
0.20 97.7 0.937 589.5 0.997
0.25 256.5 0.928 411.6 0.976
0.30 226.2 0.971 790.1 0.982
0.35 264.0 0.980 987.8 0.988

6. Residual Strain Relaxation

For extruded pipes, the residual stresses and morphology variations are pri-
marily due to the fabrication process, which does not allow progressive heat
dissipation.

6.1. RESIDUAL STRESS

Residual stress can also be a factor causing SC. It is known that all plastic pipes
contain residual stress introduced during the manufacture processes. The extent
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and distribution of residual stress vary significantly depending on manufacturing
process. One of the main factors causing residual stresses is differential shrink-
age through the pipe wall during the cooling process. If cooling takes place
from only one side of the pipe wall, the cooled side will shrink rapidly. The
newly solidified section constrains the adjacent part from shrinking freely. As a
result, compressive residual stresses are created in the cool side and tensile
residual stress is formed in the opposite side. However, if both sides are cooled
simultaneously, compressive stress will be created near the two surfaces and
tensile stress in the center [15].

High residual stress in the pipe could have significant impact on the SC
property of the pipe. Therefore, quantifying the residual stresses in the pipe is
essential in predicting the long-term behavior of the pipes.

6.2. STRAIN RELAXATION

Elasticity manifests itself by the tendency to oppose deformation to which a
material is subjected. Generally either (i) instantaneous or (ii) delayed elasticity
are considered and are explained using the very different microscopic origins.
Considering both first and second laws of thermodynamics, two particular cases
can arise: The first case corresponds to a state where the material entropy would
not be modified by the deformation and thus, this state will characterize cry-
stalline structure. Such behavior is solely caused by an increase in internal
energy and is termed as instantaneous elasticity. Indeed, the crystal lattice reacts
instantaneously to any stress by the modification of the interatomic distances
and angles of the structure. In the second case, the internal energy of the matter
remains constant during the deformation. This is the typical state of an amor-
phous polymer constituted by independent macromolecular chains. The internal
energy is roughly constant whatever their configuration looks like and in the
absence of stresses; the macromolecular chains accumulate maximum disorder
corresponding to maximum entropy. After application of an external load, the
state of final balance becomes characterized by a higher order and thus cor-
responding to lower entropy caused by orientation effects. The new configuration
is not instantaneously reached and, indeed it takes a certain time to establish
equilibrium. The lower the thermal energy of agitation and the temperature the
longer the duration. Such state is referred to as delayed or differed elasticity and
usually it is necessarily accompanied with heat release even in the case of an
infinitely slow deformation. However, PE as a semicrystalline material, presents
simultaneously the two types of elastic strains when it is subjected to a constant
load as a function of time (creep case). In fact, such load can be internal stresses
due to material processing effects.
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Figure 18. HDPE pipe ring under residual deformation for PE 80 (Gas) and PE 100 (Water).
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Figure 19. Deformation as a function of time and ring width.

In order to materialize such an idea [35], rings were machined out of a
HDPE pipe, sliced longitudinally and set to deform in the circumferential
direction as shown in Figure 18. The deformations (¢) are measured and plotted
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Figure 20. Rate of deformation as a function of time and ring width.

against elapsed time (7). The results are presented in Figures 19 and 20. It is found
that deformation-time curves are similar to those of creep of semicrystalline
viscoelastic materials.

The results are well described by the following mathematical models that
are commonly used in describing creep studies:

and
£=B+C-Ln(t) ©)

where 4, B, C, and n are parameters specific to the material PE obtained by
treatment of the measured deformations. In this case, the applied load is
represented by the residual stress already present in the tube. The variation of
the deformation as a function of ring width can be explained by the effect of the
stress state. The rate of deformation (de/df) was defined as being the first
derivative of the deformation-time curve. This rate is inversely proportional to
time, which corresponds at the first stage of creep where the rate of deformation
continues to decrease. As the measured deformation is due to modifications and
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rearrangements within the bulk of a finite number of macromolecular chains,
the rate of deformation must decrease with time and will tend to vanish. The
values of constants 4, B, C, and exponent n are tabulated in literature [35].

7. Mechanical Properties Evolution

Figure 21 illustrates a typical set of stress—strain curves of specimens obtained
from a filament machined throughout a HDPE pipe. Three distinctive zones
characterized the behavior [28]: (i) a linear elastic region, (ii) a cold-drawing
region, and (iii) an ultimate material tearing coupled with failure. This curve
intrinsically identifies the mechanical behavior of semicrystalline polymers,
which are normally more ductile, especially between the glass-transition
temperature and the melting temperature, and undergo cold drawing before
ultimate failure. Additionally, a trend is being followed as the measurements
moved from the inner layer toward the outer one. For the elastic modulus
(Figure 22) and stress at yield there were clear increase from the inner pipe
layers toward the outer layers, and within the region between 30% and 70% of
the pipe thickness, a plateau was observed; it probably indicated a zone that was
not readily affected by transient heat transfer during extrusion, especially for
pipes obtained from the melt and rapidly water cooled from the external
surface. On the other hand, the inner surface had enough time to cool down by
free convection. Alternatively, in other cases, the onset of drawing was charac-
terized by multiple necking locations independently evolving and then merging
together. Although plastic flow took place, the crystallites became deformed
plastically and underwent plastic shearing localized in slip planes. The plastic
hardening was ascribed not only to a weak share of crystalline plasticity con-
solidation but also to the strong entropic effects of the molecular orientation in
the amorphous phase and then in the crystallites themselves.

For large plastic deformations, the chains also underwent a progressive
orientation, and so their later distortion became increasingly difficult. This
required an increase in the strain-hardening stress, and the crystallites finally
split into a strongly anisotropic fibrous texture oriented in the direction of
traction. Final fiber rupture occurred by large-scale deformations and locally
cracked fibers. Using Statistica software (version 5.1), the goodness of fit was
tested with the Fisher—Snedecor test for a preset probabilistic error level of p <
0.05. The accepted correlations are shown with an asterisk in Table 3.

To confirm the usefulness of the approach with statistical analysis, we ob-
served that stress and strain at the yield point presented an acceptable correlation
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(Figure 23) while both E and o, correlated very well with increasing pipe wall
thickness. Consequently, a plot of yield stress as a function of £ was con-
structed and compared with data from the literature (Figure 24). We concluded
that the linear relationship between these two mechanical properties was pre-
served in this approach. The correlation governing this relationship for PE 80 is:

o, = 0,0152F +4,2367 (10)
TABLE 3. Determination coefficients and <p> values for selected variables.
Position |Young’s |Yield Stress [Sigma |Stress |Strain |Strain |AStrain
inside pipe|modulus [stress [Max |CD failure |yield |failure |CD
wall _0.2%
Young’s 0.772* -
modulus p=10.0001
Yield stress ~ [0.725% 0.881* -
0.2% p=0.0005 |p=0.0000
Stress 0.784*  [0.878*  |0.972% |-
p=0.0004 |p=0.0007 |p=
max
0.0000
0.861%* 0.886* 0.929%* 0.967* |-
SigmaCD |5 =0.0000 |p=0.0005 |p= p=
0.0000 0.0000
0.343* 0.334%* 0.151 0.199 | 0.249 |-
Stress failure p=0.0223 [p=0.0273 [p= p= p=
0.3271 0.1968 [0.1029
—0.358* -0.453* |-0.718* |-0.669* |-0.589* | 0.190 |-
Strain yield p=0.0177 |p=0.0022 |p= = p= =
0.0008 0.0009 {0.0009 [0.2170
-0.284 -0.224 -0.253 —-0.232-0.281 |0.565* 0.200 |-
Strain failure p=0.0624 [p=0.1444 |p= p= p= p= p=
0.0982 0.1301 [0.0651 |0.0004 |0.1930
0.503* 0.538* 0.623* 0.645* 10.632* | —0.206 |-0.511* |-0.349* |-
AStrain CD p=0.0003 [p=0.0008 [p= p= p= = p= p=
0.0003 0.0005 [0.0002 |0.1796 [0.0001 |0.0208
0.596%* 0.643* [0.710* [0.382* [-0.270 [-0.250 |0.306*
Cristallinity 0.923* 0.633* p= p= p= p= p= p= p=
p=0.0000 |p=0.0003
0.0005 0.0003 [0.0009 [0.010 |0.0760 |0.1020 |0.0436
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Figure 21. Comparison of stress—strain curves from inner to outer HDPE pipe layers.
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Figure 22. Young’s modulus evolution as a function of pipe thickness in air.

For the testing conditions adopted here and recent measurement of
crystallinity across pipe wall, it is found that a good correlation exists with
thickness [36] (Table 3). This result should be integrated as new evidence in the
assessment of long-term strength and is to be closely correlated with internal
stresses.
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8. Environmental Stress Cracking (ESC)

Perhaps this topic is the most complicated when considering mechanisms of
failure in PE pipes. It is a mixture of aspects in connection with material
integrity, environment parameters and the stress—strain relationship (Figure 25).
Environmental stress cracking (ESC) occurs when PE is subjected to a
combination of a stress field and an environmental agent (chemical). Although,
fundamental molecular mechanism of ESC in PE is still discussed;
nevertheless, both ESC and SCG share many similarities, such as load and
temperature dependence of failure time, and brittle-like failure surface.
Therefore, it is thought that they probably have a common microscopic
deformation mechanism that governs failure. If so, it would be valuable to use
ESC as a tool to evaluate the long-term behavior of PE material, since the ESC
times are much shorter compared to other tests [7, 9, 15, 20]. The acceleration
process is supposed to be due to the pressure of aggressive agents and to
diffusion and/or absorption within crystallites.

Again, machined filaments are exposed to both ambient air and to some
organic solvents in order to study the effect of SC. From stress—strain analysis,
typical curves as in Figure 21 are obtained. Part of results analysis is shown in
Figure 26 based on young’s modulus calculations.

MATERIAL ENVIRONMENT

o Polymer Additives . o Tempgrature
o Processing history Chemical Attack o Chemicals

o Surface condition Weathering o UV )
o Crystallinity o Atmo.spherlc
o Morphology o Coatings

Environment
Stress Cracking
ESC

Environmentally
assisted fatigue

STRESS/STRAIN

Service stress (P°)
Time-to-failure
Residual stress/strain
Strain rate
Test type

O O O OO0

Figure 25. Interaction between material integrity, environmental parameters, and the stress—strain
relationship in ESC of PE pipes.
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Figure 26. Comparison of Young’s modulus evolution in air and in controlled aggressive
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Figure 28. Gap in an electrofusion join.
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It is concluded that both solvents (mixture of toluene-benzene and dichloro-
methane solution) are very aggressive to PE pipe materials as E dropped by
almost one half of its value in air after an [37]. The problem is that those
solvents could be present in natural gas streams and might degrade irreversibly
the pipe. Another issue that needs attention is PE pipe weldability since dif-
ferent polymeric phases are brought together in the melt state (Figures 27 and
28). Here, we may obtain residual stresses and morphology variations which
will complicate further the behavior for long term. The evolution of crystallinity
should also be studied and how it is redistributed after welding; many aspects
have to be considered such as the knowledge of thermal history, the degree of
molecular interpenetration from both melts and the role of pigments and some
additives [38].

9. Concluding Remarks

PE pipes in the gas and water industries have open wide many fields of
research. World production of PE is an important indication on how this material
became part of our life and our industries. Technical developments are found in
long-term performance evaluation and how research is trying to bridge between
different approaches such as fatigue and creep. Mechanisms of failure of PE
pipes are basically driven toward the understanding of brittleness, as it is the
most dangerous for the integrity of a PE underground structure. The study of
brittle to ductile transition is a potential way to establish PE toughness from
short-term fatigue tests. The assessment of residual stresses and morphology
variances is relevant to model and to predict lifetime under creep or fatigue.
Finally, ESC of PE remains the most critical issue to settle since many questions
remain unanswered if not clearly asked.
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STABLE AND UNSTABLE CRACK GROWTH IN PIPES

V.T. SAPUNOV
Moscow Engineers and Physicians Institute
31, Kachirskoe Chosse. 115409, Moscow, Russia

Abstract: For pipe containing surface cracks, the possibility to build in sub-
critical and critical fracture diagrams is realized by calculation. Fracture and
leak conditions for a pipe are presented as generalized fracture diagram which
makes possible to determine the admissible dimensions of surface cracks for
service regime.

Keywords: pipe, surface crack, subcritical growth of a crack, diagrams of fracture,
generalized diagram of fracture

Pipes defects occur at different stages of production, construction, or repair, as
well as those obtained in service. Development of crack from surface or
through walls results in pipe fracture or leak. It is possible to assert, that
presence of pipe defects (cracks) is the first of principal causes of fracture and
the second one is the insufficient ductility of steel and its ability to resist to
emerging and development of defects (cracks).

From the point of view of maintenance for safe operation of the pipe, the
greatest interest is represented by the stage of the subcritical development of a
crack associated with fracture initiation (the beginning of unstable development
of a crack). Accordingly, it is important to obtain answers to the following
questions:

e What are the critical dimensions of a crack?

e What way subcritical growth of a crack from initial size (found out or
prospective) up to critical (inadmissible) size?

e How to determine the crack size for leak or fracture?

Some answers to these questions are presented in this paper.
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1. Build-in of Subcritical and Critical Fracture Diagrams
for a Cracked Body

Criteria of linear and nonlinear fracture mechanics describe the critical state of
equilibrium (limiting state) of a body containing a macroscopical crack. In other
words, if in a body there is a crack with length /; the chosen criterion gives
value of critical load p. for this crack. Note that the initial crack length is
considered to be a critical crack and starting one when the crack is unstable.
Such case is relative to brittle fracture of a cracked body with.

Let us note that it is necessary to distinguish the stress state of the material
(elastic or elastic-plastic) and the fracture criterion. Criteria such as K =K ,
J =J_ are related to different stress states, but they use the same crack
propagation model of brittle fracture described above.

For real materials being in overwhelming majority of cases elastic-plastic,
the steady subcritical crack growth increases from of its initial length /; up to
its critical one /.

Introduction of subcritical crack growth concept needs two criteria: criterion
for crack initiations that determine the initial condition of subcritical growth of
a crack, and fracture criterion as condition of transition from stable to unstable
crack growth. Different initial conditions of crack development (according to
the first criterion) are shown in Figure 1: curve 1 corresponds to the case of
crack starting at load p # 0, curve 2 corresponds to the case of py =0.

p

p st ’L_“‘—-z

S o]
0 lo i

Figure 1. Subcritical growth of a crack at different initial conditions.

The representation of the mathematical relationship between external load p
and macro crack length / (subcritical growth crack curves of types 1 and 2 in
Figure 1) is named the subcritical fracture diagram. The limit states curve is as
the critical fracture diagram.

Fracture diagrams indicates material resistance to crack development and
can be used serve, on the one hand, as estimate characteristic for the choice of
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the material, and on the other hand as the basis for design of a structural
element exhibited a crack since it makes possible to estimate fracture kinetics.
Fracture diagrams are obtained experimentally by the means of equipment record-
ing crack extension. They can also be determined by means of calculations.

Possibility of computing subcritical crack growth and fracture diagrams is
obtained using an energetic fracture criterion in integrated form [1] as is shown
in [2, 3] where the above mentioned criterion is written as follows:

[
8[(2r-0,v)dx=0 (1)
0

Here & is the variation operator; 6, =c y(x) is the applied stress from
external loading in an un cracked body acting on the crack sides (the x axis
coincides with the direction of the crack) and opens this crack; v=v(x, /) is the
displacement of points of the crack; 2y is the fracture surface energy. The
resulted equation approximately takes into account the existence of a thin
plastic zone area ahead of the crack tip, we assumes that the following crack
opening displacement COD v=v (l, l) is not equal to zero.

Eq. (1) can be used for calculation of the subcritical diagram with

o= 2ﬁtid—p 6/ and the critical one with at 8=i8l, where p is the
ol oOp di ol

external load parameter: o, (x) =pf (x) .

The use of eq. (1) for construction of fracture diagrams required the
preliminary definition of COD function v(x, l) for given body, geometrical,
configuration and given loading which is in many cases, complicate. Introduc-
tion into eq. (1) of stress intensity factor (SIF) K allows us to simplify sub-
stantially the problem since, on the one hand, it takes into account the geometrical
body and loading configurations and, on the other hand, for many structure
components and modes of loading K is either known or easily calculated with
the use of numerical methods, for example, the Finite Elements method (FEM).
Omitting intermediate transformations and accepting 2y = G. we have:

e For the critical fracture diagram

G(.[l—izl)}—K—f=0 ®)
E

9,

e For the fracture subcritical diagram
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Here o is flow stress of the material, a mean value of the yield stress oy
and ultimate strength o, of the material 6y <o\ <o . Experience on fracture
diagram construction shows better agreement between calculated and experi-
mental results when 6 = o ;. Since eq. (2) derives from eq. (3) for dp/dl =0,
the critical fracture diagram can be built as the geometrical location of maxima
of subcritical fracture diagrams.

The use of eq. (3) for construction of fracture diagrams by computing needs
the SIF formula for the considered cracked body for a given loading, the stress
distribution cyy(x) and the material mechanical characteristics o, (cy ), E,

G, (Kj.). It is easy to see that the main difficulty here is the preliminary deri-
vation of the formula for the SIF.

The initial condition for solution of eq. (3) for construction of fracture
diagrams can be presented as:

1(0)=1,.p(4,)=p, 4)

Determination of starting load is a separate problem. As a variant of its
solution, we can consider a similar equation to fracture diagram (2), but written
newly with 6y = oy,

Uj(lo)_Klz(l‘)) =

2 2
o, K

Ie

)

where KIZC = EG,. . The analogy is pertinent from physical reasons. If fracture
as a critical state is defined by ultimate strength ¢, = 5, then condition of
crack initiation (being also critical) could be defined by the yield stress limit
Op=0Oy.

The obtained eqgs. (3)—(5) are easily transformed into dimensionless form by
introduction of the following dimensionless parameters:

A=plog, (=1/C, e=nKi. /802, Ko =K /Ky, (6)
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Thus, for construction of subcritical fracture diagrams by calculation it is
necessary to solve the integro-differential eq. (3) for a zero starting load or for a
starting load p determined by initial condition (5).

2. Calculations of Pipes of Nuclear Energy Installations

Experiences in service conditions on pipes of small, as well as big diameters on
nuclear power plants shows, that service failure with formation of cracks
leading to leak-or-break are not hypothetic events.

Study of fracture and leak conditions has been carried out with on a 500
pipe of the nuclear power plant VVER-440 (Russia) exhibiting superficial
cracks at different operational regimes. The material of the pipeline is
OX18HI12T steel having the following characteristics:

o At T'=20°C: the yield stress limit is equal to oy =270 MPa (with deviations
up to 18%); the ultimate strength equal o,; = 550 MPa (with deviations up
to 12%); the Young’s equals £ = 2-10° MPa; the Poisson ratio equals v =0,3;
the fracture toughness Ky.= 93 MPa\/m

e At T=130°C: 6y = 186 MPa; o, =436 MPa; E = 1.97-10° MPa; v=0.3

e At T=300°C: 6y = 172 MPa; o,; =377 MPa; E = 1.84-10° MPa; v = 0.3

For stress analysis and calculation of fracture mechanics parameters of the
FEM is used. FEM is done with original developments such as an envelope
special final element, the weight functions method, the crack rod model and
corresponding complex program [4].

For analysis of the subcritical growth and estimation of critical states in a
cracked pipe 500 the Irwin criterion and the energetic fracture criterion as
eqs. (3)—(5) are used.

2.1. PIPE CONTAINING A SEMI-ELLIPTIC LONGITUDINAL SURFACE CRACK

Study of fracture and leak conditions for of different parts of a pipe under static
loading was performed for the following three service regimes:

e Normal operational conditions characterized by internal pressure p = 12.5
MPa and uniform temperature field 7= 300°C

e Proof tests characterized by pressure p = 17.5 MPa and uniform temperature
field 7 = 130°C

e Emergency regime for triggering the pipeline protection at pressure p = 12.5
MPa and temperatures on external and internal surfaces respectively 300°C
and 290°C (temperature gradient across the wall thickness AT = 10°C).
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2.1.1. FEM SIF’s Calculation for Straight and Curved Parts of the Pipeline
with Surface Longitudinal Cracks

Straight part of the pipe. A straight part of a 500 pipe is represented by a
cylindrical envelope with internal radius R;,; = 248 mm and wall thickness
t = 32 mm. Envelope length is equal to 1,600 mm. Surface semi-elliptic
longitudinal cracks located on the internal surface of the pipe were examined.
Three series of cracks with the following dimensions ¢.=.64, 128, and 192 mm
(c is the greater semi-axis of the ellipse) and relative crack depth a/¢ =0.1;
0.25; 0.5, and 0.75 were analyzed.

Preliminary calculations have shown, that temperature gradient drop
AT =10°C across the wall thickness practically does not influence the SIF, so
only the internal pressure loading is considered.

It is convenient to present the calculated values of SIF in the following
dimensionless form:

— R
I(lzl(l/(h ﬂa/d)j @)
t

where @ is the second species full elliptic integral.
As an example values K1 are presented in Table 1 as function of
dimensionless coordinate x/c , started from the deepest point of the crack front

along the greater semi-axis and for different values of the relative depth a/¢
(¢ =192 mm).

TABLE 1. SIFs for an internal longitudinal surface crack (c = 192 mm) in a straight part of a
pipe.

K

a/t e

0 0.125 | 0.250 | 0.375 | 0.500 | 0.625 | 0.750 | 0.875
0.10 | 1.24 1.22 1.20 | 1.16 1.12 | 1.05 | 0.96 | 0.80
025 | 147 1.41 1.37 | 1.33 1.25 | 1.16 | 1.04 | 0.88
0.50 | 1.98 1.93 1.88 | 1.81 1.71 1.57 | 143 | 1.21
0.75 | 242 | 2.4l 239 | 2.32 222 | 2.05 | 1.81 1.49

Let us note, that the greatest value of SIF for a surface crack with semi-axis
¢ = 192 mm and relative depth a/¢ = 0.75 at pressure p = 17.5 MPa equals
89 MPa+/m , that is equivalent to the SIF value for a through longitudinal crack
with length / = 58 mm.
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Curved part of the pipe. It should be noted that calculation of formulas for
the SIF for cracks in the curved part of the pipe with circular cross section is
carried out using relationships for determining stress state of a toroidal
envelope, i.e., the curved part of the pipe is considered as a part of a tore. Here
the greatest stresses under at loading by internal pressure occur on the tore
internal contour. But operational practice of curved pipes shows that surface
damages (cracks) appear usually on the external surface of the tore external
contour. That emphasizes the necessity to consider a curved part as a part of the
entire pipe and introduction of the corresponding boundary conditions. The
schematic of half of the curved part (—n/4<0<mn/4) and the imposed
boundary conditions are presented in Figure 2.

/4

S S

Figure 2. Schematic of half of the curved part and the imposed boundary conditions.

The calculation model of the curved pipe part of diameter 500 includes a
radius of curvature R, = 650 mm. The internal radius of the envelope is equal
to R, = 248 mm, the wall thickness equals to 7 = 50 mm. The semi-elliptic
cracks located on the external surface of the external contour of the curved part,
were considered as the most dangerous. They have the following parameters:
dimensions of the greater semi-axis ¢ = 75, 125, and 175 mm and the relative
depth a/t =0.1;0.25;0.4; 0.5; 0.6, and 0.7.

For example, in Figure 3 the SIF K71 (7) versus the dimensionless
coordinate z/c, which starts from the deepest point of the crack front along the
greater semi-axis on external contour of the curved part here ¢ = 75 mm and
values of the relative depth are taken as above a/¢ (curve 1 — a/t =0.1; curve
2 —0.25; etc.).
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Figure 3. SIFs for a longitudinal internal surface crack (¢ = 75 mm) in the curved part of the pipe.

From Figure 3 it is clear, that over the coordinate variation interval
0<z/c<04-05 K71 values decrease with crack depth growth. That SIF
behavior is typical rather for short cracks. It could be explained by the distri-
bution law of hoop stress across the wall thickness of the curved part. On the
external side of the curved part tensile stresses are observed where as on the
internal one compression stresses are present. In case of short cracks; the contri-
bution of tensile stresses is comparable to the influence of compression stresses.
For long cracks (in our case ¢ = 125 and 175 mm), the influence of tensile
stresses is prevailing and the SIFs increases with crack depth. Note, that the
greatest SIF value, for surface crack with semi-axis ¢ = 175 mm and relative
depth a /¢t = 0.7 for a pressure p = 12.5 and 17.5MPa are equal to 73.7 and
103.2 MPav/m respectively.

The surface crack of growth in a curved part can be drawn by the way of
Irwin criterion K = K. and increase of K| with crack growth is presented in
Figure 3. At beginning, crack increases in depth. After achievement of some
depth, the maximum value of K (as can be seen from Figure 3), is displaced
from the deepest point of the crack front to its surface, and the crack starts to
grow in length. After achievement of some length the crack is growing in depth
again, etc. This process explains the existence of the long superficial cracks in
the curved part which are observed in practice.
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By comparison of SIF values for surface cracks in the curved part and linear
part of the pipe J500 with loading by internal pressure, it is possible to turn
into conclusion, that the curved part has smaller brittle fracture resistance than
the linear one.

2.1.2. Construction of Fracture Diagrams for Pipe Parts Based on Calculation

Complete comprehension of the fracture process kinetic for static loading is
based on the subcritical fracture diagram. For a cracked cylindrical envelope
loaded by internal pressure, the subcritical crack growth eq. (3) can be rewritten
as

A
do_’?:l o, KIZL. ®)
dl 2 i j-
o, p 60‘

Here oy is the hoop stress of a noncracked envelope and, acting on facets
located along crack line and perpendicular to this line. The critical fracture
diagram is obtained from (8) for dog/dl =0. Note that on the internal surface
of a cylindrical envelope, the hoop stress g can be determined by formula
Gg = pR ,, /'t with 0.3% error.

Constructions of subcritical and critical fracture diagrams based on calcu-
lation are made by taking o, = o in the eq. (8) and using two different starting
conditions for subcritical cracks. In one case, the starting stress py =0 1S
assumed to be equal zero, and in the other one is determined from the condition

AR S AR )
(o

2.1.3. Fracture and Leak Conditions for a Surface Longitudinal Crack under
Static Loading

MFE-calculations of SIF for longitudinal semi-elliptic surface cracks in a
straight part of a pipe 500 gave a discrete set of SIF values that is to be
expressed as an analytical function for its use fracture diagrams construction.
For the case of a straight part of a pipe, the following known relation [5] would
be used
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R, 1,65
x PR /ﬂ.F(ﬁ, ﬁ), 0141 464(alc) (10)
t 0 c t

The correction function £ valid for a/¢t<1 and 0.2 < a/c¢ < is determined
by the formula

F=097f M +M,(alt) +M, (alt)']
where

fe=1152-0,05\ a/t
My =1,13+0.09(a/c)
My =-054+089/[02+(alc)|

My =-05-1/[0,65+(a/c)]+14[1-(a/c)]**

Comparison of SIF values obtained with relation (10) and with the numeri-
cal solution shows that the relation (10) yields some overestimated results.
However, the maximal error does not exceed 10%. It should be noted, that
formula (10) takes into account the pressure on crack surfaces, whereas MFE-
calculation does not take it into account.

The determination of the critical dimensions of a surface crack for straight
part of a pipe will be performed according to the following scheme. Specifying
the calculated pressure and one parameter (one of semi-axis) of the examined
semi-elliptic crack (supposing it is critical) and using Irwin criterion K| = Ky,.,
we shall determine the critical value of the second semi-axis. Results of this
procedure are presented in Figure 4, where dependence of critical semi-axis ¢,
versus ratio a, /¢ for pressure p = 12.5 MPa (curve 1) and pressure p = 17.5
MPa (curve 2) is shown by solid curves. Each curve determines an interval of
the safe dimensions of the crack for the given calculation pressure.

The dotted line in Figure 4 presents the same dependence cg, = f (g, /1),
obtained from the equation determining the critical fracture diagram for the
straight part of the pipe at the same pressure values. Note that the obtained
diagrams do not take into account subcritical crack growth.

Construction of subcritical fracture diagrams for a crack with ¢ = 200 mm
(the regime of proof tests) under starting condition py =G4 =0 is shown in
Figure 5.
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Figure 4. Dependence of critical length versus critical depth for a longitudinal internal surface
crack in a straight part of a pipe.
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Figure 5. Fracture diagrams of a straight part of a pipe with a longitudinal internal surface crack
(c =200 mm).

The dotted line in Figure 5 shows results for pressure p = 17.5 MPa. It is
obvious that for this crack and for this pressure it is possible to determine the
interval evolution of a /¢, taking into consideration that value a/¢ =1 is related
to the through crack:

al/t<0,5 — the crack does not reach the critical state (there is no fracture,
there is no leak);
0,5<a/t<0,8 — the crack reaches the critical state but not yet through
(fracture, leak);
al/t > 0,8 — the crack cuts the pipe wall and becomes a through crack but
does not reach the critical state as through one (there is no
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fracture, but there is leak), however for some values of ¢ the
transition into the critical state is possible (leak with
fracture).

Carrying out similar calculations at various values of semi-axis c, it is
possible to construct the generalized fracture diagram which makes possible to
determine the admissible dimensions of the surface cracks for the given
calculation pressure p = 17.5 MPa (Figure 6). The solid line shows the
generalized fracture diagrams from subcritical diagrams build up constructed
for zero stress starting condition whereas the dotted line corresponds to the
starting condition like (9).
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Figure 6. The generalized fracture diagram for the straight part of the pipeline at calculation
pressure p = 17.5 MPa (1 — fracture; 2 — there is no fracture, there is no leak; 3 leak with fracture;
4 there is no fracture, but there is leak).

The generalized fracture diagram completely defines conditions of fracture
and leak for the considered straight part of the pipe with an internal surface
longitudinal crack and can serve as characteristic behavior of this part at static
loading.

2.2. PIPE CONTAINING SURFACE CIRCULAR SEMI-ELLIPTIC CRACK

2.2.1. SIF FEM Calculation for Straight and Curved Parts of the Pipe
with Surface Circular Cracks

Straight part of the pipe. Conditions for fracture and leak of various parts of the
pipe were carried out for the following three operational regimes:
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e Normal operational conditions characterized by the gross tensile stretching
stress o = 57 MPa, the gross bending stress ol =316 MPa, and the
uniform temperature field 7= 300°C

e The proof tests characterized by % =89 MPa, ol =316 MPa, and uniform
temperature field 7= 130°C

e The emergency operational regime characterized by o%'= 64 MPa and o =
31.6 MPa. The temperatures on the external and internal surfaces of the
pipe are equal to 300°C and 290°C. Temperature gradient AT over the wall
thickness in this case is equal to 10°C.

By calculations it is shown that a gradient temperature AT = 10°C over the
wall thickness of the pipe in the emergency regime (regime 3) leads to deter-
mines considerably smaller values of the SIF, than loading by internal pressure,
and thus can be neglected.

On the straight part of the pipe (internal radius R;,; = 248 mm, thickness of
the wall # = 32 mm) circular semi-elliptic cracks located on the internal surface
(as more dangerous), with greater semi-axis length ¢ = 64, 96, 128, 160, and
192 mm and relative depth a/t =0.1; 0.25; 0.5, and 0.75 are considered.

It is convenient to present the SIF, calculated in points located along the
front of the surface semi-elliptic crack in dimensionless form:

K;=K|/cgnal/Q (11)

where o is the greatest values of tensile stress or bending stress; a is the depth
of the crack; Q =1+1,464(a /c)l’65 .

Calculation values of the SIF for external surface semi-elliptic cracks on the
straight part of a pipe @500 (¢ = 128 mm) in dimensionless form for tension
(numerator of fraction) and bending (denominator) are presented in Table 2.
The coordinate x is counted along circular direction, starting from the deepest
point of the crack front.

TABLE 2. SIFs for a circular surface crack on the straight part of the pipe subjected to tension
and bending.

K; (c=128 mm)

a/t x/c

0 0.2 0.4 0.6 0.8
0.10 1.22/1.22 1.20/1.20 1.16/1.13 1.08/1.03 0.91/0.86
0.25 1.39/1.38 1.36/1.33 1.26/1.16 1.18/1.13 0.98/0.90
0.50 1.79/1.74 1.75/1.70 1.65/1.60 1.46/1.40 1.21/1.13
0.75 2.16/2.06 2.13/2.04 2.06/1.95 1.89/1.78 1.56/1.46
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For the estimation of FEM results, comparison was carried out on the
obtained maximal values of the SIF for the straight part of the pipe with
external semi-elliptic surface crack. This crack is submitted to axial tension and
bending with similar values [6] for a strip width 2nR,,; without crack. This
comparison is a relative one, however it shows good enough accordance of
results: the maximal error of the axial tension loading exhibits a scatter from
—5% up to +7%. Comparison of results related to bending of the straight part of
the envelope and the strip with surface cracks shows greater divergence: the
maximal error here has a scatter from —13% up to +7%.

Curved part of the pipe. By calculation, SIF for the three loading regimes
were considered similarly to the case of straight part but with other stress values
in Table 3.

TABLE 3. Loading of the curved bent part of a pipe &500.

Stress, Regime

MPa 1 2 3
c" 37 58 42
" 15 15 15

For the curved part of the pipe (radius Ry = 650 mm, internal radius R;, =
248 mm, thickness of the wall £ = 50 mm) the external circular surface cracks is
located symmetrically with respect to the external contour. It has a semi-axis
length ¢ = 64, 96, 128, 160, and 192 mm and a relative depth a/¢ =0.1; 0.25;
0.5, and 0.75.

Calculated values of the dimensionless SIF for the external semi-elliptic
surface crack in the curved part of a pipe D500 (¢ = 128 mm) for tension
(fraction numerator) and flexion (denominator) are presented in Table 4.

TABLE 4. SIFs for a circular surface crack in curved part of a pipe for tension and flexion.

K71 (c=128 mm)
a/t x/c
0 0,2 0,4 0,6 0,8
0.10 1.16/1.16 1.15/1.15 1.08/1.12 0.98/1.04 0.81/0.84
0.25 1.32/1.32 1.28/1.28 1.22/1.25 1.08/1.14 0.84/0.96
0.50 1.66/1.67 1.61/1.64 1.59/1.57 1.36/1.42 1.11/1.19
0.75 2.00/— 1.96/2.0 1.90/1.94 1.73/1.80 1.45/1.53
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Maximal values of the SIF obtained with FEM calculation for a discrete set
of cracks characterized by parameters n=a/¢t and £=a/c, can be approxi-
mated by the following relationship:

K =\rzalQ(c"F, +c"F,)) (12)
where 6™ and o' are the tensile and bending stresses in the longitudinal

direction. Functions F,, (&, n) and Fy (&, n) for a straight part of a pipe have
the following form:

F, =1,2+(0,06647+0,75711& 9,914 ) +

+(3,6204-18,836& +66,654&” — 43,998 )’ +
+(0,1031-0,73286 £ —22,205&" +23,609&° ) 1’

F,=1,2+(0,18827-2,7038£+2,6732&" ) +
+ (3,1958 —6,2549¢ +6,1189¢£2 —4,2318¢3 )n2 +
+ (— 0,56394 — 2,4077 & +8,2732£% — 4,5605 &> )n3 .

The maximal error for the strip approximation does not exceed 2.5% for all
range of crack parameters variation. Relation (12) is used as analytical
presentation of the SIF for the investigated surface crack in the straight part of
the pipe.

2.2.2. Conditions Fracture and Leak for Pipe from Circular Surface Crack
under Static Loading

Let us carry out the estimation of critical dimensions of an external surface
circular crack by varying the stress for the considered loading regime and
assuming the size of one crack semi-axis as critical. The critical length of the
second semi-axis is determined from the Irwin criterion K| = Kp... Results of
such a calculation for the straight part of a pipe at different operational regimes
are shown in Figure 7. Dotted lines represents the relationships ¢, /= f (ag /1).
In the same figure, continuous lines are related to similar results emanating from
the critical fracture diagram.

Carrying out the same calculations for the curved part of a pipe for the same
operational regimes and comparison with results for the straight part shows, that
existence of the external surface circular cracks on the straight part is more
dangerous. Calculations which take into account subcritical crack growth are
performed only for the pipe straight part.
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Figure 7. Critical dimensions of external circular semi-elliptic crack in straight part of the pipe
(1 — normal operational conditions (NOC); 2 — proof test; 3 — NOC +9 score earthquake).

2.2.3. Construction of Fracture Diagrams for Pipe with Surface Circular
Crack by Calculations

The equation of subcritical growth of a crack can be presented as:
dp 1 1-(c*/al)-(K/K})

dil 2 | K K
[ o 00 K OR 4
o, Op K, 0Op

(13)

0

where p is the parameter of external loading; o is the stress on the crack line in
a body without crack, which is caused by the external loading p, and opens the
crack. The SIF K is determined by relation (12).

The initial condition for solution of eq. (13) is the starting condition (the
beginning of crack growth) of the subcritical crack o (Z 0 )= Ot -

The peculiarity of the subcritical fracture diagrams construction for a
circular surface cracks in a pipe consists in presence of two stress components
opening the crack: the gross tensile stress 6° and the gross bending stress ofl.
In the following, the bending stress component ol is chosen as variable and
the following algorithm would be used for diagram construction:

1. Bending. The component ofl acts as loading. Stresses in the body without
crack is determined by the relationship o = o™l cos(//R). The initial crack
half-length is /. Solving eq. (13), for example, under zero starting
condition, the crack growth increment A/ is determined for the loading
change from zero up to the corresponding fixed value defined by char-
acteristics of the considered regime (up to o=316 MPa, 89 MPa, etc.);
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2. Tension with bending. The longitudinal stress component o™ acts here as
loading. The stress in a body without crack is o =c™ + o cos (I/R). The
initial crack length is /; =1 +alm, By solving eq. (13) under the same
initial condition, it is possible to find the critical value of loading thr and
corresponding crack growth increment Al S The total crack growth is
determined as Al =A/T+A [

Subcritical fracture diagrams would be constructed for different values of
the semi-axis length ¢ and initial crack depth a/¢. The length of crack semi-
axis ¢ (this parameter is assumed to be critical) and stresses o and csﬂ,
determined by the chosen operational pipe regime, then, are known. The
analysis of subcritical crack growth diagrams constructed as described above
makes it possible to obtain the generalized fracture diagrams (see Figure 6) for
the straight part of a pipe with an external circular semi-elliptic crack for the
considered operational regime.

The analysis of generalized fracture diagrams for various operational
regimes of pipe shows that critical conditions (for fracture as well as for leak)
can be realized only for rather long (in circular direction) and deep circular
surface cracks, that, in general, is improbable.

3. Conclusion

The study of the behavior of a body containing a macroscopical crack allows
computing of subcritical crack growth and subcritical and critical fracture
diagrams as characteristics of the fracture process.

The method is applied to realize a pipe containing surface (longitudinal or
circular) cracks submitted to static and temperature loading.

Study of fracture and leak conditions for different parts (straight or curved)
of a cracked pipe with are presented as generalized fracture diagram which
makes possible to determine the admissible dimensions of surface cracks under
the operational regime.
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1. Introduction

Various statistical studies [1] carried out over the last 100 years of exploitation
of installations under internal pressure, show that 89% of rupture are due to the
presence of surface defects and particularly those of angle shape (semicircular
or semi-elliptic).

Several organizations or international associations activate in the field of
monitoring the various pressure apparatuses park in the world. Among them we
note three organizations:

e The American National Board of Pressure Vessel Inspectors [2]

e The association of owners of vapour and electric apparatuses “APAVE”,
which supervises at days a park of approximately 33,000 overheated water
vapour generators and 10,000 boilers [3]

e The Institute of reactor monitoring in Germany, Technischer Uberwachungs
Verein “TUV” [4]

The question of the knowledge of the form taken by a semi-elliptic or semi-
circular defect propagating by fatigue inside a cylinder aroused, and arouse until
now, a great interest on behalf of the designer engineers of apparatuses under
pressure.

For rather constraining technical considerations related to the performing of
fatigue tests under internal pressure on cylinders with quasi-real conditions, led
the researchers to circumvent this difficulty by carrying out fatigue cracking
tests on thick plates in three points bending (Figure 1a) [5—13] or tension [6, 7,
14-23] (Figure 1b). The results of these tests are then transposed on tubes.

[ Boukahrouba et al. [5]
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Figure 1a. Development of crack aspect a/c versus normalized crack depth a/t under tension plates.
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Figure 1b. Development of crack aspect a/c versus normalized crack depth a/t under tension
plates.

This problem arises to the engineer at the steps of design, fabrication and
start-up of this type of apparatus. For considering only the start-up, and as one
cannot prevent these defects to evolve to critical form much more dangerous,
one must supervise them.

Therefore, in order to study this type of problem, it is necessary:

1. To carry out cracking tests
2. To perform 3D simulations
3. To use prediction models giving the defect form

2. Experimental Methods

Few results of fatigue cracking were published on tubes under pressure. The
totality of the results listed in the literature relates to plates in traction or three
points bending.

Boukharouba et al. [5, 24] published experimental results carried out on
tubes under internal pressure [24] and on plates under three points bending [5]
containing the same type of surface defect of semi-elliptical form. The plates
were machined in the wall of forged steel tubes, initially of 80 mm thickness.
Several fatigue cracking tests were carried out on tubes as on plates, whose an
example of result is given in the Figure (2a and b) below.
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(a): tube under internal pressure [24] (b): plate in three points bending [5]

Figure 2. Experimental results of fatigue evolution of semi-elliptic crack.

In the case of a tube under internal pressure, the curves of shape evolution
of the initially semi-elliptic crack converge towards a quasi-horizontal asymptote.
The authors conclude that the propagation occurs according to two phases, the
first short corresponding to the in-depth propagation is carried out in a dominating
way compared to the on-surface propagation. The second phase longer corres-
ponds to a homothetic in-depth and on-surface propagation of the crack. Hence,
the crack tends to take a semicircular form at the end of the first phase. The
beginning of the second phase (and thus end of the first) depends mainly on the
initial dimension of the defect (a/c);.

Nevertheless, in the case of a plate subjected to three points bending, the
curves of shape evolution of the initially semi-elliptic crack show two distinct
phases. During the shortly first phase (as in the tube case) in-depth propagation
is carried out in a dominating way compared to the on-surface propagation.
During the second phase, longer than the first one, the crack is propagated more
on surface than in-depth. Therefore, the crack tends to take an increasingly
lengthened semi-elliptic form on surface, at the end of the second phase. The
beginning of the second phase (and thus end of first) corresponding to a peak on
the curve depends mainly, as in the case on tube, of the initial dimension of the
defect (a/c);.

Yoo and Ando [25] carried out tests on tubes of various geometrical dimen-
sions containing circumferential semi-elliptic cracks of different sizes, loaded in
four points bending. Both authors noticed, for all the studied configurations that
the a/c ratio tends towards a slightly tilted asymptote, stabilized around 0.7 and
0.9 values (Figure 3).

Summon and Ratwani [26] carried out two tests of fatigue crack growth, the
first on a 16.5 mm thickness plate, the second on a semi-cylinder of same thickness
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Figure 3. Evolution of semi-elliptic cracks contained.

with interior radius of 40.25 mm. The two specimens containing semi-elliptic
cracks of same dimensions and same form were subjected to an alternate tension.

So, the two authors conclude that (Figure 4):

e At the beginning of the growth, the crack depth increases definitely more
quickly than length

e Beyond the ratio of a/t = 0.5 in the case of the semi-tube, it is hazardous to
seek to interpret the results

e The curve corresponding to the semi-cylinder is very close to a line whose
slope is very slightly lower than one.

3. Numerical Simulation

The majority of the works we consulted concerns finite elements calculation of
the local stress intensity factor. It was noted that a little of researchers were
interested to describe the form which a defect takes during its propagation by
fatigue.
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Figure 4. Experimental results of the crack growth in tension fatigue [26].

Shlyannikov, Tchadaev and Kalatchev [27], performed a numerical study on
the progression of semi-elliptic cracks contained in a cylinder. Various
geometrical dimensions of cylinder and defect were used. These authors used
an approach based on the detection of the damaged zone and the calculus of
stress intensity factor by the analytical expression of Newman and Raju [28].
They conclude that the a/c ellipse two semi-axes ratio tends towards an asymp-
totic value ranging between 0.46 and 0.52.

However, Lin and Smith [29] proposed a general method which allows to
follow, in three dimensions, the change which occur to the crack shapes during
their propagation by fatigue. The authors affirm that their method can be
applied to any surface defect and in particular the defects of semi-elliptic forms
contained in any type of structures. The two authors used the local stress
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Figure 5. Crack growth prediction using local approach [29].

intensity factor and a propagation law-like Paris-Erdogan one [30] to follow the
progression of a certain number of crack front points (Figure 5). The new posi-
tions of these points allow to draw the new cracking front.

Boukharouba et al. [31] start from the principle that a semi-elliptic crack of
(ap, Co) initial size propagating of dA increment tends towards a final form of
(a1, ¢1) dimension. This selected final form minimizes the potential energy of the
cracked structure. By applying this principle, the authors set up a procedure of
follow-up in 3D of the changes occurring to the crack shape during its pro-
pagation, without having recourse to a propagation law.

For each new cracking front, the authors calculate the potential energy I1
(case of plate and tube) for fictitious increments having the same increment AA
(Figure 6a) compared to the initial defect. The various values obtained charac-
terize a variation of potential energy which can be represented by a parabola
with a minimum (Figure 6b).

The interpolation of these points designates a curve whose minimum
represents the new crack front (a;, c;). By this way, the authors recreate incre-
ment by increment the evolution of the cracking front until the critical dimen-
sion. They validate then their results on the real cracking front obtained by tests
[5, 24].

An example of computation results compared to experimental data is
represented in the Figure (7a and b). We notice in both cases that the precision
is a very appreciable degree.
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Figure 7. Between the experimental results and those obtained by numerical simulation; (a) case
of a tube under internal pressure; (b) case of a plate in three points bending.

4. Empirical Relationships

The empirical equations require only the knowledge of the size of defect
propagating by fatigue at a moment (t;) corresponding to (a;, ¢;), in order to seek
the form which this defect adopts after propagation at a moment (tu),
corresponding to a new size of defect (a1, ci+1). This successive determination
of various fronts is done until the critical size. We find in the literature various
models allowing the prediction of the form which adopts a semi-elliptic or
semicircular defect during its propagation by fatigue.
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with: a/c <0.1
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for: C. =C, [38]
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Aaf Ac = [ (a/c)” (1.1 +0.35(a/t)’ (a/c))]_m (9b)

with: a/c¢> 1.0
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BOUKHAROUBA ET AL. (FIGURE 8)
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Figure 8. Comparison of the model proposed by Boukharouba et al. with their experimental
results, case of a plate in three points bending.
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Figure 9. Comparison of the model proposed by Boukharouba et al. with their experimental results,
case of a tube under internal pressure [31].

5. Use of a Propagation Law

From the assumption that the crack propagation is sensitive to the stress
gradient, therefore governed by the local stress intensity factor (obtained by
numerical simulation [5, 24]), even semi-local (obtained by empirical relation-
ship of Cruse and Besuner [39]), and by using a cracking law-like that of Paris
[30], the authors calculate the propagation velocity at the deepest point (A) and
on surface (C). The stress intensity factor was calculated using the cracking
results obtained by tests on tubes [24] and plates [5] for a load ratio R = 0.1, 0.3
and 0.5.

At the deepest point On surface

j—]il,:CA(AKI,A y j_]i]:CC(AKI,CynC (12)
da = = Y de = (= Yc
j—]C\Z]=CA(AKI,A )”A j—]f/.=CC(AKI,C)ﬁ

The question is to know if the cracking parameters of Paris law m; and C;
defined in the system of equation (12) are the same ones.
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An example of their results is shown in the Figures (10, 11, 12 et 13),
obtained on plates subjected to three points bending and on tubes under internal
pressure for a load ratio R = 0.3. The line in continuous feature represents the
cracking curve determined on a CT specimen (same material) taken as

reference curve.
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Figure 10. Crack growth rate on surface and at the deepest point against the local value of SIF
range, case of three points bending plates, stress ratio R = 0.3 [5].
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Figure 11. Crack growth rate on surface and at the deepest point against the average value of SIF
range, case of three points bending plates, stress ratio R = 0.3 [5].
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or average value of SIF range, case of tubes under internal pressure [24].
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Figure 13. Experimental determination of the mean value of crack propagation C; and m; of Paris

law [24].

Varfolomeyev et al. [40] performed five tests of fatigue crack propagation.
These tests were carried out on standard specimens containing semi-elliptic
defect, under four points bending with a load ratio equal to 0.32. A marking of
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the cracking front was carried out. From the measurements taken on the crack
front, the authors determine the variation of the stress intensity factor:

e Local 4K, using the formulation given by Newman and Raju [38]

e Semi-local AK 7, using the formulation given by Cruse and Besuner [39]

e Effective AK; . (not to confuse with AK; .4), given by the formula: AK; . = »
AK; 10car, With 7 is a coefficient determined by experiments [40]

On the basis of the possibility to use the stress intensity factor-like fatigue
crack propagation criterion and basing on the analysis of Letunov et al. [41], the
authors estimate that AK , (at the deepest point) = AK . (on surface). The use
of Paris law gives the following:
dc

da " m
—=C, (AK =C -AK =C.(AK ) =Cly.-AK 13
dN A( I,A) (7//-1 I,L') dN C ( 1.() ()/( I,,é‘) ( )
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Figure 14. Crack growth rate on surface (dc/dN) and at the deepest point (da/dN) against the
local, average and effective value of SIF range, case of four points bending plates [40].

The m parameter is independent of the position of the crack front point
corresponding to the value found by tests. For a propagation governed by the
relationships (13) (Figure 14), the authors conclude that the effective stress
intensity factor 4K, , assemble the experimental points better and that all points
are inside the dispersion band.

Mahmoud [36] has studied data from literature for crack propagation of a
semi-elliptical surface crack under tension loading. The experimental data used
in our analysis are taken from the following references [6, 7, 9, 13 to 20, 22, 23,
26, 42 to 44]. Results have been analyzed using the local and the average crack
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propagation laws and particular local values of parameters C;; and m;; given in
Table (1). Experimental and predictive results have been compared using a
parameter R; called residu defined as:

e
C /i, prediction C /i experiment

The standard deviation d; is given by the following relationship:

’ (n— 1)0'5

where n is the number of experimental data.

All results have been divided into four groups and are presented in Figure
(15). The choice of the most accurate law and the determination of the best-fit
coefficient are given by statistical criterion based on the combination of lowest
value of residual R; and the standard deviation d;. The author in question [36]
has found that the best solution for the crack propagation law is obtained by
using the local SIF and the particular following values: m, =m. =4 and
C, # C (Table 1).

(15)

TABLE 1. Particular values of C; and m; given by Mahmoud [36].

Criterion | Point Ci,j m;

AK A A Ca=Cc

AKI,C ¢ Ce= (0.9)m -Cy fia =Mc =M
AKia |[A | Ca=Cc ma =mc =m
AKic C lee- (0.9)™ -Ca

6. Discussion

Since nearly one-half century, several researchers tried to predict the surface
cracks evolution during their propagation in fatigue, especially those of semi-
elliptic shape. The quasi-totality of this works concerned defects contained in
plates and in tubes loaded cyclically in three and four points bending or in
tension. A summary of the results reported in the literature relating to plates
under bend or tension loading and cylinders loaded in bending and under
internal pressure give us already a suspicion of an answer, relatively to:
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e The shape evolution of the defect during its propagation

e The criterion or approach to use for the data reduction of test results

e The validity degree of such or such empirical relation established in order to
predict the shape evolution of this type of defects during their propagation
in fatigue

From the use of empirical models (Figures 15 and 16), one noticed a very
great dispersion in the results and even by times contradictions. We can estimate
that predictions given by the formulas of lida [33] and those of Mahmoud [36,
37] with C.= 0.9".C, are very far away from experimental results obtained by
Boukharouba et al. [5, 24], and this, in both two cases. Nevertheless, the
relations of Groner et al. [32] underestimate the crack in-depth progression in
the case of a tube, on the other hand that proposed by Mahmoud [36, 37] while
using C.= C, and that given by Boukharouba et al. [31] give a good prediction
of the crack shape evolution in both cases, in spite of the fact that Mahmoud
relation tends towards an inclined asymptote at the end, in the case of tube
(Figure 17).
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Figure 15. Values of standard deviation and residue for the different crack propagation law for
points A and C. Tension case [36].
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Figure 17. Comparison of the various models, case of a plate in three points bending.
This can be explained by the deficiency of physical justifications and the

practical insufficiencies in the use of empirical models (see 4th paragraph) in
order to predict the changes in geometrical forms of surface defects during their



FATIGUE CRACK PROPAGATION IN PRESSURE TUBES 201

propagation in fatigue. This justifies the results dispersion and by time even
their contradictions.

However, the results obtained by different researchers using local, semi-
local and effective approaches, give propagation law coefficients (m; and C;) at
the deepest point (A) and at surface (C), and even for intermediate points (see
Sth paragraph), completely different.

7. Conclusion

This review paper allows us to note that from a simple numerical simulation or
by the use of existing empirical models, one can easily predict the evolution of
an elliptic defect propagating in a tube wall or a plate. This method offers some
advantages:

e The non-recourse to onerous experimental tests, as in the case of tests under
internal pressure, in order to determine the relation between the crack size
and the number of cycles in fatigue propagation

e The non recourse to a propagation law which allow to deduce the profile
adopted by the crack after or during the propagation. Generally, these
propagation laws are inadequately adapted or their validities are not really
checked for the 3D cases

This review paper enables us to affirm, that in the case of a plate in three
points bending, the evolution of the (a/c) two semi-axes ratio according to the
(a/t) ratio is much more complex than in the case of a tube under internal
pressure.

¢ In the case of a plate subjected to three points bending, the a/c ratio passes
by a maximum (a evolves more quickly than c) then decreases thereafter
linearly (c evolves more quickly than a). During the propagation, the crack
thus remains semi-elliptic but no homothetic.

e In the case of a pressurized tube, the a/c ratio passes also by a maximum
(a evolves more quickly than ¢) then remains constant following a horizontal
asymptote. The cracking front shows in a first stage a no homothetic semi-
elliptic shape, followed by an evolution with a tendency to take a homothetic
semi-elliptic form, or straightforwardly semicircular one. This stabilized form
adopted by the crack during its propagation strongly depends on the initial
ratio of the two semi-axes a and c.

One can conclude that:

e The variation of the same type of defect contained in a thick plate in tension
or a thick tube under pressure would give the same type of evolution, see
Figure (15)
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e From this first remark rises the second one; the evolution of this type of

defect depends only on the initial size of the defect and the loading nature

e During its propagation, the initially elliptic defect remains elliptic but no

homothetic in the case of bend loading. On the other hand, it tends towards
a stabilized form in the case of tension loading or in the case of the internal
pressure.
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HYDROGEN EFFECT ON FATIGUE LIFE OF A PIPE STEEL
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Abstract: The adverse effect of hydrogen environment on notch resistance and
fatigue life of pipeline steel is experimentally proved and quantified by about
70% reduction of life. The experiment is performed in an air and also in a
hydrogen atmosphere by three-point bend testing, in specially designed device,
applying specimens shaped from the pipe initial form of steel for pipeline
application.

Keywords: hydrogen, fatigue test, electrolytic solution NS4

1. Introduction

Pipelines are today increasingly applied for the transport of energy from the
extraction region to the region of consummation. In order to prevent explosion
or leakage in pipeline which might pollute the environment and cause the loss
of human lives mechanical properties of steel applied for pipes manufacture
have to be specified properly. Hydrogen is new source of energy in more
extended use and in some cases can be applied to replace the oil or the gas. It is
necessary to determine the damage kind and level of applied steel in hydrogen
environment as an important item in its specification.

1.1. FRACTURE CAUSES IN PIPES

The causes of the failures of the gas pipelines are various natures. They can
appear either by a fracture, or by a leak (it depends of the nature of the fluid
transported). The majority of these failures are caused by pitting corrosion or
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cracking by stress corrosion, but there are also problems related to the defects
of welding. Movements of ground (landslip, earthquake) can also be the cause
of damage on the buried pipelines. The owners of pipelines study these
problems for a long time and have a good knowledge of the methods allowing
to manage them.

- General corrosion
- Damage by contact

Geological causes
(earthquake, landslip, ...)

19 %

Figure 1. Causes of the fracture of pipelines in the course of exploitation recorded by the members
of the ACPRE of 1985-1995 [1].

It is clear from Figure 1 that the failure caused by corrosion is most important,
expressed in 56% cases. But also very important cause of failure is connected
with mechanical damage due to soil digging or excavating by machines. Fre-
quently happens that the notches are formed in the pipelines by machines used
in ground removal during construction. Together with cracks caused by corrosion
(general, pitting, stress corrosion) these notches are stress raisers, reducing the
material resistance to fatigue and fracture. Stress concentration is considered as
the origin in more than 90% of the failures in service.

This study is performed with the aim to get an insight in material response
to variable loading (fatigue) in hostile environment of hydrogen (corrosion) and
stress concentration by notch. Obtained data can be useful in life prediction of
damaged pipes.

1.2. STEEL USED

The steel used is a steel intended for the manufacture of pipeline, employed in
the Ukrainian network. The API X52 was the most common gas pipelines
material for transmission of oil and gas during 1950—-1960. The standard chemical
composition and mechanical properties of this steel are shown in the Tables 1
and 2.



HYDROGEN EFFECT ON A PIPE STEEL 207

TABLE 1. Chemical composition of the steel (mass proportion in %) [2].

C Mn | Si Cr Ni Mo | S Cu |Ti Nb Al
022 | 122 {024 | 0.16 | 0.14 | 0.06 | 0.036 | 0.19 | 0.04 | <0.05 | 0.032

TABLE 2. Mechanical properties of API X52 [3].

E (GPa) | oy (MPa) | oy (MPa) | A% n K (MPa)
203 410 528 32 | 0.0446 587.3

where E, oy, oy, A%, n, and K are the modulus of elasticity, yield stress,
ultimate stress, relative elongation, hardening exponent, and hardening co-
efficient, respectively.

The Ludwik [4] law will make it possible to introduce the real behaviour of
steel into its plastic range, where the hardening parameter is », and the
resistance coefficient is K.

oc=Keg

) (1)
2. Fatigue Test

2.1. SAMPLE USED

The view of sample taken from tested pipe (outer diameter 219.1 mm, wall
thickness 6.1 mm) is presented in Figures 2 and 3. It is to notice that welded
joint is avoided, since the data of parent metal were requested. Shape,
dimensions, and view of machined specimen are given in Figures 4 and 5.

Figure 2. Curved sample used.
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Figure 3. View of the sample cut from a pipe.

m\ 6,1
~/—/ \_@219,1 W

Figures 4 and 5. Shape, dimensions, and view of prepared specimen.

1,22

It was not possible to produce standard tensile or bending specimen from
available sample of given diameter and low thickness. For that the form of
circle arc, corresponding to central angle of 160°, long 60 mm, is accepted. The
zone comprising the welding being avoided). The V notch of 45°, with root
radius of 0.15 mm, is machined to a depth of 1.22 mm (about 20% of wall
thickness), simulating the expected mechanical damage caused during the
removal of ground for construction by excavator or digger.

2.2. ELECTROLYTIC SOLUTION

The electrolytic solution is used to achieve required hydrogen ion concentration
around the notch tip. This standard solution Natural Soil 4 (NS4), applied in the
experiment, produced the effect of stress corrosion caused by the soil surround-
ing the tested pipeline. Chemical composition of NS4 solution is given in Table 3.
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TABLE 3. Chemical compound of the NS4 solution [5].

Chemical compound Formula Concentration (mg/L)
Potassium chloride KCl 122

Sodium

hydrogenocarbonate NaHCO; 483
Hydrated calcium chloride | CaCI2,2H,0 181
Hydrated magnesium MgS04,7H,0 131

sulfate

This solution was prepared from these chemical compounds and distilled
with demineralized water, the solution volume is about 17 1. Homogeneity of
the solution during the test was saved applying the pump. The natural pH value
of the solution is between 8 and 8.5, and in the first test the value of 8.56 was
held. To be in the same condition that in reality, the pH is decreased until 6, 7
during the fatigue test. During all the test the level of the pH is controlled and
regulated between 6, 6 and 6, 7, applying a bubbling of CO, gas. Another
bubbling of N, gas is used to stabilize the solution and to take off oxygen
inside. The bubbling of gas set out again in the following way: 80% of N, gas
and 20% of CO, gas.

2.3. EQUIPMENT

2.3.1. Fatigue Machine

Specially designed three-point bending device was positioned on the closed
loop hydraulic testing machine INSTRON 1341 (Figure 6) with a load cell of
capacity 0—10 kN for operation in load or displacement control. The applied load,
frequency, and the type of cycle (sinusoidal, trapezoidal, or rectangular) were
monitored on the control panel. The set-up for bend test with variable load with
positioned specimen is presented in Figure 7.

All testing device components were produced of stainless steel 316L, in
order to avoid the problems with corrosion in NS4 solution. The specimen was
exposed to variable load through a support A (Figure 7), and supporting rollers
B and C allowed the bending of specimen. Support and rollers were produced
of PVC for electrical insulation and reduced friction.
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Figure 6. Hydraulic fatigue machine.

Figure 7. Design of set-up for three-point bend test with variable loading 1 — Connection of
testing device to the load cell 2 — Transmitting component with rounded tip 3 — Connection to the
machine bottom 4 — Curved specimen.

2.3.2. Hydrogen Cell

The hydrogen cell is a recipient containing the NS4 solution, sufficiently spaced
to dispose three-point bending set-up in it (Figure 11). The recipient of open
upper side was produced by welding of PVC plates. Potentiostatic device was
used to control the electrolysis. Complete remote monitoring of the system was
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enabled by used PC computer. The EC-Lab software allowed to process all the
parameters and the data (i.e., work potential, test duration, signal type, limits).
This electrolysis was performed with three electrodes:

e The working electrode (in blue on the Figure 8): is the curved sample
because we want to make a reduction of this sample (hydrogen atom are
adsorbed on the surface of the sample and with the time they can diffuse
towards the interior of the sample).

e The counter electrode (in yellow on the Figure 8): is made with a stainless
steel (platinum). It is used to measure the evolution of current during the
fatigue test.

e The reference electrode (in red on the Figure 8): is saturated calomel (KCI)
electrode. It is used to control the tension applied.

> Bubbling gas

Cyclic load

%E r

)

Potentiostat

)

Computer

Figure 8. Assembly of the hydrogen cell.

The free potential of tested steel is —0.78 V. (Figure 9), is determined from
experimentally obtained polarization curve. We have chosen to set the work
potential at —1 V., at this potential we will certainly carry out a reduction of the
sample near the notch (adsorption of hydrogen atom on the sample) [6]. The
difference between oxidation and reduction is explained in the Figure 9, based
on a chemical principle.
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Free potential = 0 78V

T (maA/ene)

Figure 9. Free potential of steel used.

E working electrode 4
{Ewe)

]

=k
(=RE =)=
AL

OXIDATION

Ewe(Vsce)

04

-0,8

172

@ Metallic ion
@ Metal atom

-0,8Vsce

REDUCTION
][l¢[dl electrolvte

Figure 10. Difference between oxidation and reduction.

O Metal atom

. Hydrogen atom

A pump is used to have always a homogeneous and a stable solution during

the fatigue test which can last up to two months.

The Figure 10 shows the difference between the two great chemical
principles that are the oxidation and the reduction. The first is characterized as
being a loss of a metallic ion and the second as being an adsorption of a

hydrogen atom (in our case).
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Figure 11. Hydrogen cell.

3. Results

3.1. TESTS IN AIR

For testing in air atmosphere sinusoidal loading cycle was selected, with the
frequency of 7 Hz, and load ratio R = 0.5. The load ratio is defined by holding
account owing to the fact that the pressure in pipeline fluctuates in average once
a day between P,,;, = 40 bar and P,;,,x =70 bar:

| 40
R = == (2), So in our case we have: R = — = 0.57
P 70

max
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Figure 12. Profile of pressure during 20 days for a pipeline with liquid products [1].

The selected sinus amplitude of loading corresponded to the accepted
pipeline life between 60,000 and 300,000 cycles. Approximate value of the
amplitude was calculated based on Haigh’s diagram and the relation of

Basquin:
o, =C*N} 3)

We carried out 12 tests with six different amplitudes of loading, so there are
two points by different tests.

3.2. TESTS IN HYDROGEN

Applying the same loading parameters (amplitude and ratio) (Figure 13) testing
was performed in hydrogen environment, with the applied constant potential of
electrolyse of —1 V.. The frequency was reduced to 0.5 Hz, in order to achieve
better diffusion of hydrogen atoms in the notch region of the specimen.
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Figure 13. Shape of the cycle used during the fatigue test (load versus time).

3.3. COMPARISON OF RESULTS OBTAINED IN AIR AND HYDROGEN

For 12 performed tests with six different loading amplitudes it was possible to
obtained two points for Wohler’s curves from each test performed in air and in
hydrogen atmosphere, presented in Figure 14. It is clear from test results that
the lifetime in presence of hydrogen is decreased by 70%.

The coefficient “b” in Basquin’s relation (3) obtained for the test in air
atmosphere was found to be —0.19. This value is close to referenced values for
tested steel (—0.2)%, so the obtained Wohler’s curves can be accepted as
representative. In hydrogen atmosphere Basquin’s coefficient “b” is found
reduced by 42%.

The fracture surface appearance is shown in Figures 15 and 16 for both speci-
mens, tested in air and in hydrogen atmospheres. The regions of fatigue and brutal
fractures can be clearly recognized. The surface of fatigue crack is smooth and
even. The surface of final, brutal fracture corresponds to brittle fracture, and
which small region of blunting can be identified. The region of fatigue fracture
is clearly smaller for the specimen tested in hydrogen, and this is expressed by
the reduction of about 70% in crack length.

4. Conclusion

Detrimental effect of hydrogen on fatigue life of pipeline steel is experimentally
evidenced and quantified by about 70%. Existing notch as a stress raiser has an
important contribution to this adverse effect. Anyhow, the first results obtained
are not sufficient, and next experiments are required in order to understand the
effect of hydrogen environment on the crack initiation, what can be performed
applying an acoustics emission device in similar tests.



216 J. CAPELLE, J. GILGERT AND G. PLUVINAGE

1200}

11
=
=
=
S
=
=
=
= LK
=
=L
£

batl]

# Hylrogen
= A
——Pussance (Hycmgen] |
= Pu s5EncE (AT
] —— v
100 1000 10RO

Cycles

Figure 14. Wohler curves in presence of air and hydrogen.
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Figures 15 and 16. Fracture appearance after the fatigue test.

References

1. Rapport de I’enquéte MH-2-95, Fissuration par corrosion sous tension des oléoducs et des

gazoducs canadiens, Office National d’Energie (1996).



HYDROGEN EFFECT ON A PIPE STEEL 217

C. Monin, Etude de I’impact de 1’hydrogeéne sur un défaut de soudage de canalisation par
I’approche déterministe, Ecole Nationale d’Ingénieur de Metz (2001).

J. Capelle et al., Hydrogen Effect on Fatigue Life of a Pipe Steel, Paper presented at the
conference ICMFM XIII (2006).

J. Capelle et al., A comparison of experimental results and computations for cracked tubes
subjected to internal pressure, Materials and Technology, volume 40, 233-237 (2006).

A. Benmoussat and M. Hadje, Corrosion behaviour of low carbon line pipe steel in soil
environment, JCSE, volume 17 (2005).

J. L. Crolet and G. Béranger, Corrosion en milieu aqueux des métaux et alliages, Techniques
de I’Ingénieur, M150-4.



THE EXPERIENCE ON SAFETY, RELIABILITY
AND RISK ASSESSMENT OF SOME UKRAINIAN, RUSSIAN
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Abstract: The advanced Expert System (ES) “InfoPipeMaster” is developed for
transit pipeline management incorporating databases (DB) “Objects”, “Materials”,
“Defects”, and “Loadings” with special attention to assist especially in defining
the different materials damage processes during pipeline operation. Main results
of ES application to the safety, reliability, and risk assessment are demonstrated
for different pipelines: transit ammonia pipeline 8355.6 mm “Togliatty — Odessa”
(territory of Ukraine), transit oil pipeline 720 mm from Latvian oil corridor,
transit gas pipeline 81420 mm “Braterstvo”, transit oil pipeline ¢1020 mm
“Kremenchug — Kherson” and other. Comparative analysis of diagnostics is
provided for each pipeline using the nondestructive testing results of different
time period. Special attention is paid to the geographic navigation system, to the
pipeline inspections results, to the repair and mitigation amounts, to the materials
degradation in service, to the calculation modules developed for stress—strain
fields as well as for the flaw risks assessment. Existing Codes of different
countries and fracture mechanics methods are used for flaw assessment and
remaining lifetime prediction. Categorization of flaws method is proposed with
respect to the safety factor to prescribe the repair terms for different defects in
order to diminish reasonably the amount of repairs and inspections. Software
complex “BucklingPipeMaster” is developed to solve the physically and
geometrically nonlinear problems related to the large displacements of buried
transit pipelines and its application is demonstrated to estimate the stresses due
to the soil movement. Risk assessment is made for different pipelines.

Keywords: pipeline, reliability, flaw, risk, fracture, expert system
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1. Introduction

The great number of transit pipelines in former Soviet Union was constructed
many years ago mainly on the basis of the timely technological policy. The
lifetime management of these pipelines has become of strategic importance for
NIS countries, especially as the environmental and risk requirements are now
more stringent. The territory of Ukraine, for instance, intersect about 35,000 km
of transit gas pipelines, near 8,000 km of transit oil pipelines, and more than
1,000 km of transit ammonia pipeline. The great part of these pipelines has the
age between 25 and 40 years whereas some of them are about 50 years old.
Similar situation exists in some other NIS countries. This is why the safety,
reliability, and risk assessment of these pipelines is thus a critical issue in NIS
countries from both economical and environmental points of view.

The transit pipelines are territorially spread objects for which current
monitoring of technical condition is a very difficult task with respect to the
huge amount of information that has to be taken into consideration. The modern
information technologies are only the way to solve correctly this problem. The
development of ES for pipeline management requires a combination of data and
expertise from different areas, for instance geography navigation, computer
models derived from knowledge gained in studies of stress distribution, failures
(due to corrosion, fatigue, stress corrosion cracking, corrosion fatigue, brittle
fracture, or plastic collapse, etc.) and tested in the context of case studies of past
failures and current state of pipelines.

The problem of life extension and risk assessment of the ageing transit
pipelines is considered as a final goal of research. There is absent in Ukraine
generally adopted approach to its solution, and a problem is complicated by the
declared harmonization of the Ukrainian system of safety regulations with
European one. The latter have moved away from prescriptive requirements to
goal-setting ones to put the onus for safety back on the designer/builder/operator
[1]. Thus, the western approaches and existing documents are considered with
respect to three key questions: (1) the modern principles and limit state criteria
for providing the safety at design; (2) the operational procedures and the usage
of notion of risk in the safety management of existing pipelines; (3) the Fitness-
for-Service procedures and criteria for analysis of the structural integrity of
in-service component containing a flaw.

The strength calculations of transit pipelines are executed in the countries of
former Soviet Union in accordance to code CHull-2.05.06-85 [2]. Internal
pressure is the basic loading factor, which results in the hoop stresses. To pre-
vent the failure the sufficient wall thickness of pipe is provide taking into
account the corresponding safety factors. Concerning the other specific loading
factors (limit states) that result in the origin of considerable longitudinal stresses
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from axial force and bending moment that can arise up during building and
exploitation of pipelines (loss of stability, soil displacement and earthquakes,
emerging, and other), domestic norms require their obligatory consideration by
the use of methods of structural mechanics. However, traditionally, structural
mechanics mainly operates by the concepts of the small displacements and,
unfortunately, such practice is used for the calculations of buried pipelines.
There is why the above mentioned requirement remains often only a declaration,
as not only the concrete examples of calculations but also the methods of
calculation of such important features in general are absent in standards.

Unfortunately, suggestions as to the improvement of norms in domestic
literature are mainly concentrated to the clarification of safety factors related to
the circumferential stresses. Indisputably, they substantially influence the price
of new pipe building as well as the economic efficiency of operating pipelines.
However, from the point of providing the reliability of pipelines the practice of
exploitation and statistics of pipeline failures specify on the large role of exactly
longitudinal stresses. For example, from the data of the European group on gas
pipelines integrity only to the soil movement, as a reason of failure, belongs
about 7% of pipes failures without flaws, whereas the circumferential stresses
are the reason of failure only for pipes containing defects [3]. Therefore within
the framework of this task we are thoroughly concentrated on the analysis of
longitudinal stresses, especially for the case of the large displacements when a
pipeline is characterized as both a flexible filament and a beam. It is necessary
to point out that the pipe stability can be estimated correctly only on the basis of
consideration of the large displacements and, main, can be described both its
post-critical geometrical position and loading of pipeline on the direct and
banded parts taking into account the movement of earth, the implementation of
repair and building works, at presence of the water areas, etc.

2. The Expert System (ES) for Pipeline Management

The development of a considerably improved knowledge-based expert system
for the accurate assessment and management of operating pipelines to enhance
their reliability and for predictive maintenance is of utmost importance from
technical, economic, and environmental viewpoints. In order to solve many pro-
blems related to the safety, reliability, and risk assessment of transit pipelines
the ES “InfoPipeMaster” has been developed in the G. S. Pisarenko Institute for
Problems of Strength, National Academy of Sciences of Ukraine. Main tasks of
this system are as follows.Collection and storage (i.e., Integration) of all
information about pipeline:
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e Computer portrait, digital maps, schemes, drawings, photos of object, docu-
ments, etc.

¢ DB for materials, flaws, pipes, loading conditions, and soils

e The results of inspections

e The results of calculationsGlobal and local stress and strain fields calcu-
lations with respect to the real technical state and to the whole spectrum of
loading conditions

e Comparative analysis using the inspection results of different time periods

e Technical reports and summary conclusion about the object conditions and
risks. Safety declaration

2.1. MAIN COMPONENTS OF ES

¢ Information — search component (ISC)

e Geography information system (GIS)

e Automatic system for current documents Integration module for remote
control and remote management

Expert modules for strength, reliability, remaining life and risk assessment,
flaw assessment procedures (CODE’s) existing in different countries;

e Component for actualization of DB distributed territorially
e Safety system and allowed information distribution

Integration of information is a key element of ES. It is an analytical process
what attracts to the general consideration the information about design,
construction, exploitation, maintenance, tests, diagnostics, etc. According to the
code [4] the definition of the information sources is the first step of the data
integration. Two special analytic modules are developed for ES, “3D position
of object” and “Internal pressure calculation”. The first one is prescribed for the
pipeline attachment to the digital geography map, for creation of the situational
trace plan (i.e., attachment of the objects to trace), for comparison the data from
different sources, for creation the corrosion map. The module “Internal pressure
calculation” is prescribed to calculate the internal pressure at each point of
pipeline with respect to its real profile and to the transportation regime, which is
governed by standard [2]. The procedures for internal pressure calculation are
different for gas and for oil pipelines.

3. Databases (DB)

Special attention is paid to the structure of several Databases (DB) where all
information is stored about pipeline and to their interactions. DB of unified
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structure is incorporated into ES. The typical structure of some DB is pointed
out at Tables 1 and 2.

TABLE 1. The structure of DB “objects”.

Object position Geometry Loadings Calculation results
* Object label * Object type * Pressure * Displacements
and angles
* Coordinates, GPS * Dimensions » Temperature * Forces
attachment, digital gradient and moments
map
* Environment » Schemes, * Forces * Stresses
photos, and strains
drawings
* Documents » Weight, etc.

3.1. DB CONTENT:

General information

Linear part of pipeline

Protection system against corrosion
Previous diagnostics

Repair and mitigation

Earth and soils

DB “Loadings” contains information about all loading factors affected the
pipeline.

As an example of such information the internal pressure variation is shown
on Figure 1 during three years.
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Figure 1. The internal pressure variation during period of 2000-2002 years. Transit gas pipeline
“Ivankov - Chernobyl”.
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TABLE 2. The structue of DB “defects”.

Defect position Geometry Loadings Calculation
results
* Defect label * Defect type * Axial force * Stress intensity

factor

* Element number | ¢ Dimensions * Bending * Reference
moments stress
* Coordinates * Position * Pressure « Safety factor

¢ Schematization

« Corrosion rates

* Risks

DB “Materials” has the set of physical and mechanical properties of steels

typical for given pipeline segments. Chemical composition typical for steel of

given pipeline segment as well as some special physical and mechanical
properties of steels can also be found in this DB. For instance, the Charpy V-
notch energy characteristics are demonstrated on Figure 2 [5] of the pipeline
steel 17GS degradation after 35 years of service, transit oil pipeline 8720 mm,
Latvian oil corridor. This result shows essential aging of material: the brittle to
ductile transition temperature shift is about 50°C due to the 35 years of service.
In contrast, the Charpy U-notch energy of steel X46 (ammonia transit pipeline,
22-years old) versus temperature does not reveal significant shift of transition

temperature.
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Figure 2. Degradation of pipeline steel 17GS after 35 years of service, transit oil pipeline ¥720
mm, Latvian oil corridor. Open points — as received material, black points — the same material

after 35 years of service.
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The Charpy energy is one of the most sensitive mechanical properties of
material to the ageing process. In contrast, the fatigue crack growth rate shows
less sensitivity to the ageing degradation (Figure 3). In spite of different structure,
operation age, chemical composition the fatigue crack growth diagrams are
quite similar for 8 materials variations, thus this properties can not be used as a
good parameter to define the material degradation value.

4. Geography Information System (GIS)

This system contains huge amount of information about pipeline. It allows
provide this information in the convenient digital cartography form with
additional textual explanations, diagrams, and photos and connect the pipeline
on map with the passport information at data banks. But the GIS is rather a
provider of operative information but is not the instrument for creation of the
management decisions.
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Figure 3. Fatigue crack growth rate versus stress intensity factor range for some pipeline steels
and their welded joints of the Latvian oil corridor. 21 — pipeline NP-2 (D = 530 mm) after 26
years of service, pipes of Czech production, base metal; 22 — the same pipe, longitudinal welded
joint; 12 — the same pipe, archival base metal; 31 — pipeline NP-1 (D = 720 mm) after 35 years of
service, steel 17GS, base metal; 32 — the same pipe, longitudinal welded joint; 33 — the same pipe,

circumferential welded joint; 13 — the same pipe, archival base metal; 11 — pipeline NP-3 (D = 720 mm)
after 20 years of service, steel 16G2, base metal.
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The image of ammonia pipeline “Togliatti — Odessa” (territory of Ukraine) is
presented in lecture as an example of GIS technology in the ES “InfoPipeMaster”.
The whole length of this pipeline is 1,018 km. Another example of GIS tech-
nology demonstration is the attachment of data revealed during the repeated
“Intelligent pig” diagnostics of the trace “Dolina — Rossosh” of transit gas
pipeline @1,420 mm (Carpatian mountains region). This effective technology
has been also used during the diagnostics of pipeline #1 (720) mm of Latvian
oil corridor. The results of recognizing along the trace “Ivankov — Chernobyl”
of transit gas pipeline ¥325 mm are also presented in GIS component of
developed ES. The GPS-attachment has been done as well for other different
objects along the trace and the DB “Objects” has been created.

5. Large Displacements of Buried Transit Pipelines

Software complex “BucklingPipeMaster” is developed to solve the geometrically
and physically nonlinear problems [6], related to great displacements of under-
ground transit pipelines. The complex takes into consideration:

e Earth movements:

¢ Longitudinal
e Transversal

e Large displacements of pipe at buckling

The effective numerical iteration procedure is developed within the
framework of implementation of task for the analysis of the stress—strain state
of plain pipeline in an environment taking into account the possible presence of
supports and pipe bifurcations. Raising equilibrium equations and geometrical
equations are written down in the geometrically nonlinear statement and com-
plemented by the boundary conditions found analytically for a semi-infinite
pipeline at a longitudinally transversal resilient bend.

The possibilities of complex were demonstrated by analysis of both trans-
versal (with respect to pipe axis) soil displacement and longitudinal soil
displacement measured using the soil markers movement of ammonia transit
pipeline “Togliatty-Odessa” near observatory “Stepove 2”.

Another demonstration of the complex possibilities is the modeling of the
installation process of new pipe 8720 mm into old one ¢1020 mm at crossing of
the river Dnepr [7] (the crossing length about 2 km, transit oil pipeline
“Kremenchug — Kherson”). During this procedure the supporting plastic rings
positions on the smaller pipe were optimized and the installation process was
successfully finished.
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The buckling was analyzed of buried pipeline at excavation of its part
considering the effect of its solar heating. With the help of software complex
“PipeMovement” the end position (after buckling) of pipe, large displacements,
bending moments, and stress distribution were calculated. Similar problem was
solved for the cases of transit pipeline in weak grounds (bogs, permafrost
melting) when some supporting weights are lost.

As an example, the building of the see bottom pipeline with a ship has been
considered, the task on emerging of pipeline, which has practical application at
the gasket of submarine pipelines. The following example has been considered:
it is necessary to know, what form will be taken by the pipe of defined length,
one of ends of which is in sea bottom, and other one is fastened on a winch on
ship and lift downward along the chamfer of some radius of curvature. The
calculated equilibrated configuration of the pipeline and its curvature and
stresses were defined. The geometries of the position are in good agreement
with ones known from literature.

6. Risks Assessment

The risk-analysis starts from the stage of collection and storage (i.e.,
integration) of information about pipeline required for all procedures of the
global stress calculation, the flaws danger and risk assessment as well as its
components: failure probability and failure consequences. The analytical
module “BucklingPipeMaster” has been developed [8—11] in order to calculate
the global stress and strain fields of the complex 3D pipeline systems. The
module allows to solve following problems:

1. Static stress calculation of multi-contoured 3D pipeline system (like pump
station)

Stress and displacements of pipeline due to the soil movement

Buckling of buried and open pipelines

Taking into account the loading history (pressure, temperature, etc.)
Comparison of different procedures of intelligent pigging with respect to the
pipeline 3D coordinates.

nkwbn

The results of such calculations are the input data for local stress and risks
calculation for individual defects by ES.

Calculation module “Strength” of ES for flaw assessment is based on
Ukrainian Code [12] what uses the philosophy of two criteria approach (like R6
Code) in fracture mechanics and the solutions [13—16]. The danger of defect is
defined by the actual safety factor, Figure 4.
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Figure 4. The “two criterion” assessment of the defect danger. Grey field corresponds to the laws
that do not require the repair. White field corresponds to three kinds of flaws that can be repaired
within the terms T, > T; > T, respectively. Black field requires immediate repair of flaw.

Fracture assessment diagram is presented in dimensionless coordinates
K, =Ky/Kj and S, =P/P;. = O, / o, where K; and K|, are the calculated stress
intensity factor and fracture toughness of material, respectively, P and Py are
the generalized loading and the limit load of plastic collapse, respectively, o,
o, and o, are the yield stress, ultimate stress, and reference stress, respectively, &
is the safety factor which represents the integral reliability coefficient of the
considered pipe part. According to the results of flaws assessment the decision
is taken concerning the repair term for each defect. Special method is developed
in ES for this procedure (Figure 4). All flaws are divided into three categories
depending on the field of FAD where the given defect is situated: F — forbidden
to operate without immediate repair, CF — conventionally forbidden (there are
three subcategories corresponding to different terms of repair) and A — allowed
to operation without repair.

The efficiency of calculation module for the flaw risks assessments is demon-
strated by analysis of limited internal pressure for each defect revealed during
diagnostics of oil pipeline “Kremenchug - Kherson», 91,020 mm (Figure 5). It
has been shown by comparison of local operating pressure in pipeline with the
limited internal pressure for each defect the possibility to graduate each defect
with respect to its real safety factor and to prescribe the reasonable term for
its repair. Such philosophy provides the possibility to diminish essentially the
amount of required repairs. Categorization of flaws with respect to the safety
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factor to prescribe the repair term has also been done for Latvian oil corridor,
pipeline 9720 mm, 33 years using the comparison of Russian, and R6 Codes.
Other demonstration of real flaw assessment and local integrity prediction using
the codes of different countries has been done at the analysis of diagnostic
results of gas pipeline “Ivankov — Chernobil” at excavated part No.6 (near
Priborsk town) for the recognized longitudinal scar.

Statistics has been established of flaws recognized on the part “Dolina —
Rossosh” by two diagnostics of transit gas pipeline “Braterstvo” ¢1,420 mm as
well as the comparison has been done of their results in order to estimate the
accuracy of flaw detection. The calculation model for pumping station PS-13 of
transit ammonia pipeline has been developed as an example in order to
demonstrate the possibility of “Strength” module. Risk matrix was constructed
for transit gas pipeline “Ivankov — Chernobyl” ¢325 mm.

Pressure (MPa)

LMpoKe Anapiiska CHirypiska

240 000 260 000 280 000

160 000 180 000 200 000

Longitudinal coordinate (mm)

Figure 5. Diagnostics results of transit oil pipeline ¥1,020. Two inclined black lines between
three pump stations represent actual internal pressure of pipeline. Each point corresponds to limit
pressure (with respect to safety factor) for each revealed flaw. Note the high density of revealed
defects in the region of high pressure just after pump stations.

7. Conclusions

1. The ES “InfoPipeMaster” is developed for transit pipeline management,
flaws assessment, and risk analysis. Main tasks are realized in ES: the
integration of all information about pipeline; global and local stress and
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strain fields calculations; comparative analysis using the inspection results
of different time periods; technical reports; and safety declaration about the
object conditions and risks.

2. Special attention is paid to the DB realization where all information is
stored about pipeline and its interactions. Several DB of unified structure
are incorporated into ES.

3. GIS contains huge amount of information about pipeline. It allows provide
this information in the convenient digital cartography form with additional
textual explanations, diagrams and photos and connect the pipeline on map
with the passport information at data banks.

4. Software complex “BucklingPipeMaster” is developed to solve the geo-
metrically and physically nonlinear problems, related to great displacements
of underground transit pipelines. The complex takes into consideration earth
movements (longitudinal and transversal), pipe buckling, and provide the
solution of different practical problems: static stress calculation of multi-
contoured 3D pipeline system (like pump station); stress and displacements
of pipeline due to the soil movement; buckling of buried and open pipelines;
taking into account the loading history (pressure, temperature, etc.);
comparison of different procedures of intelligent pigging with respect to the
pipeline 3D coordinates.

5. The analysis of diagnostics results and risk analysis have been done for
some transit pipelines of Ukraine, Russia, and Latvia.
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RELIABILITY ASSESSMENT OF PIPELINES USING PHIMECA
SOFTWARE
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Abstract: The present work deals with lifetime management of underground
pipeline for safe hydrocarbon transport. Reliability PHIMECA soft tool is used
for assessing the tubular structure under active corrosion. Basically, three parts
are presented. First, a theory of reliability methods is developed to make in
evidence the design philosophy. Second, the concept of reliability analysis under
PHIMECA soft is given to sort out the mechanical and probability models for a
determined limit state function. Finally, a case study applied to an underground
pipeline under severe loading and active corrosion is investigated in order to
analyze the reliability. A PHIMECA report on the obtained result is given. The
former approach concerns the experimental characterization of residual stress
distribution in large diameter pipes to be coupled with a corrosion model.
Along the pipe lifetime, the residual stress relaxation is involved due to the loss
of pipe thickness as material layers are consumed out by corrosion.

Keywords: reliability, pipeline, residual stress, corrosion, PHIMECA soft

1. Introduction

Over the last 30 years, there has been an increased interest in the use of high-
strength steel in automotive sector, offshore structures, ships, mining industry,
pipeline applications and others. These steels derive their high strength from a
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combination of mechanisms including solid solution, grain size, dislocation and
precipitation hardening. However a good combination of strength, toughness,
weldability and, for sour-gas service, also high resistance to hydrogen embrittle-
ment (HE) corrosion have to be obtained. In the case of pipelines, increasing
mechanical properties can allow the construction of larger tubes with the same
inlet without increasing the thickness and weight of the tube [1, 2]. Therefore,
the research tendency is oriented to the improvement of the material mechanical
properties in terms of yield strength and toughness corrosion resistance [3, 4].
Meanwhile, mechanical problems of pressure pipes containing defects remain
an important feature to solve despite considerable engineering and scientific
efforts which have been devoted to the characterization of the damage response
and the understanding of the mechanism of defect evolution. The need for such
characterization and understanding is essential to pipe design, service life, risk,
safety, economy and environment to avoid dramatic consequences [5].

In many cases, pipelines placed underground, under runways, railroads or
roadways are required to resist the influence of the overlying soil and many
surface traffic loads, accidents as well as the effect of corrosion attacks [5, 6].
In addition, the thermal and mechanical deformation manufacturing process
of structures always generates residual stresses that should not be neglected
since their effects are not evident until the structure is loaded or exposed to
environmental hazards [7, 8]. Moreover, uncertainties associated with geo-
metrical measurements, pipe manufacturing, operating conditions, rate of corro-
sion and nature of soil and load parameters can significantly affect the lifetime
behavior of the pipe structure. How to incorporate, the effect of corrosion and
residual stress in the structural analysis of a pipeline by handling the system
uncertainties and fluctuations, is evidently of practical importance [1, 2, 9].

For this purpose, structural reliability analysis has significantly increased
over recent years, because of computer facilities and powerful available
engineering software [10-12]. The basic principals of the reliability approach
are to calculate failure probabilities and to use them as a basis for demon-
strating safe and economical operation over pipeline lifetime. The philosophy
then consists, to identify the potential causes of failure, establish the mechanism,
which leads to the failure mode and evaluate the risk associated to these failures.

The aim of this work is to present a reliability assessment of a buried
pipeline structure. The application concerned the behavior of a pipeline under
severe loadings. This is achieved by developing, a mechanical model where the
loading parameters are included with both residual stresses and uniform
corrosion. The analyses have been carried out using the reliability PHIMECA
software [12]. Pipeline reliability is simulated in terms of corrosion damage
over 50 years considering at the same time residual stress distribution.
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2. Reliability-Based Methods

In any structural analysis the design philosophy is twofold. One design level is
based on a deterministic approach, while the second level is related to a pro-
babilistic approach. Both approaches should if used correctly, fulfill the basic
safety requirements implicitly by the deterministic method and explicitly by the
probabilistic method.

The mathematical models, which are derived, can be used in probabilistic
approaches to assess the reliability of structures. The concept of the reliability-
based method is well reviewed in the literature [13—16]. The scope comprises
design, operation, requalification and abandonment of the structure [13, 14].

A reliability-based design systems analysis may be performed as [15-16]:

e Complete probabilistic designs check, i.e., the probability of failure is
explicit, given and checked toward the acceptance criteria as the required
target level, Py

e A calibration of partial design factors to be used together with a selected
load and resistance factor design (LRFD) format, i.e., to develop the LRFD
format and determine the safety factors.

o A re-calibration of safety factors in the LRFD format, i.e., the probability of
failure is implicit in the acceptance criteria via safety factors and
characteristic values. A redesign or requalification due to material
deterioration and other lifetime changes of the design basis also comes into
this group.

2.1. PROBABILISTIC DESIGN APPROACH

The probabilistic design approach consists then, in modeling the generalized
stochastic load S and generalized stochastic resistance R [17-18], for a given
limit state. As a simple illustration, the corresponding limit state function may
be expressed in the form of:

G(x)=R-S (1)

When the distribution functions for R and S are established through
uncertainty analysis, the probability failure, as illustrated in Figure 1, is then
calculated using Eq. 2:

P, = J‘fR’S(R,S)deS )

G (x)<0
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Figure 1. Domain of failure probability and random load and resistance.

which should be equal to or less than the required target level, Ps e, for a
design to be accepted. A probabilistic design check can be then written as
follows:

Pf,calculated < Pf,target (3)

The probabilistic design approach includes the following steps:

Identify and express all relevant failure modes, e.g., limit states
Identify the physical variables

Define the limit state function

Uncertainty modeling of variables and properties

Determine the target reliability

Calculate the failure probability

Compare against acceptable failure probabilities

Evaluate results

2.2. RELIABILITY CALCULATION METHODS

The theory and methods of structural reliability have been developed signi-
ficantly during the last two decades. Intensive research on both philosophical
and conceptual issues as well as on computation methods has been performed.
The field has now reached a stage where use of the developed methodology
is becoming widespread. The methods and application of structural reliability
theory have been documented in an increasing number of textbooks [10, 11, 19,
20], along with numerous papers dealing with the subject [21-24]. The
reliability calculations are achieved by first calculating the failure probabilities.
The probability of failure of a component Pyis defined by [20]:
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Pr= J.fxl,xz,...,x,, (%15 %2500, Iy, (4)

G(x,)<0

where x; is a vector of stochastic variables, f{x;) is the joint probability density
function and G(x;) is the limit state function where G(x;) < 0 signifies failure.
The function G(x;) may represent a single failure cause, i.e., single event function,
or a system representation of several failure modes. Only few analytical solutions
of the above integral exist, and formal numerical integration [18], Monte Carlo
simulations [20] are very time consuming and costly due to high number of
stochastic variables normally occurring in reliability applications.

Estimates of the failure probability may be obtained by the complementary
approaches known as approximate analytical methods, first-order reliability
method and second-order reliability method (FORM/SORM). The reliability of
a component is defined by a limit state function G(X;) = 0 of design variables .X;
taken as random variables. Conventionally, two domains are chosen.

SAFETY DOMAIN:

3. G(Xy>0and Failure Domain: G(X;) <0

Hasofer and Lind [20] have shown that the reliability index should be taken in
standardized Gaussian variable space, U;. To do so, a transformation of the
stochastic variables into a probability space of standardized independent normal
variables must be defined such as:

U; = T(X)) (%)
and the new limit state will be defined as:
H(Uy) = G(T-1(Uy) (6)

To approximate the failure probability a FORM or SORM can be used. The
reliability index is therefore the minimum distance between the space origin of
U, variables and the domain failure space H(U;) < 0; in a simplified problem
this can be written as follows:

ﬂ:min(\/{U }t {U }) ,for a limit state H(U)<0 (7

The first proposition of the reliability index is due to Rzhanitzyn [21] in the
1950s. However, Cornell has popularized this index in the 1970s. Then, various
propositions have been presented, but the most complete one is that of Hasofer
and Lind [22].



238 A. AMIRAT ET AL.

RZHANTZYN-CORNELL INDEX [21]:

The proposed definition is very simple: the reliability index is obtained from the
means (u) and standard deviations (o) of the characterized variables of the
failure function (7).

p. == (8)

o,

However this definition is not invariant in all cases.

HASOFER-LIND INDEX:

This is the invariant definition and the reliability index can be given as a
function of the probability of failure:

p=-0"(P)) ©9)

The reliability R(?) is hence defined as the complement of the probability of
failure:

R()=1-P, (10)

In addition to the reliability index f, the cosines director o; sensibility and
elasticity factors are also obtained. ¢; denotes the i-th component of the
normalized gradient vector to the failure surface in the design point. The
quantity 0([2, is often denoted an (uncertainty) importance factor, which can be
interpreted as a relative measure of the significance of the uncertainty of a basic
variable (or a group of variables) for the problem, considered. The importance
of these factors for a variable is to identify the effect of the variable variation on
the mechanical system state. The aim of the investigation is therefore, selecting
the most significant variables that can be optimized toward the mechanical
behavior or the reliability.

A number of reliability analysis tools such as PHIMECA software [12] are
at present time also available on the open market. The simplified methods are
motivated by the fact that calculation of points on the failure surface in some
cases is very costly, e.g., if for each iteration in normalized space a new time-
consuming finite element analysis is required. It is therefore important to
establish methods in which the number of G(x) calculations is kept, minimum.
It should be mentioned that the number of interactions could in some cases be
reduced by application of response surface techniques.
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Figure 2. FORM/SORM approximate method. Hasofer-Lind reliability index [22].
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3.1. PHIMECA SOFT FOR RELIABILITY ANALYSIS

PHIMECA [12] is general reliability analysis software that can be coupled to
numerical code such FE codes, allowing a complete reliability-based design.
This is very interesting for component and structural design and maintenance,
when considering cost and safety parameters. However reliability analysis
required a high scientific level making reliability tools less used in industry but
reserved to research laboratories. Meanwhile, the need of using simple and con-
vivial reliability tools is felt and expressed by system designers to evaluating
the reliability of their structures. Therefore, the reliability tool tendency today,
is oriented toward the development of sensitively easy tools for reliability
calculations. PHIMECA soft offers this opportunity through a simple and con-
vivial concept. Figure 3 shows the concept of PHIMECA soft for reliability
calculations. The concept of PHIMECA integrates three parts:

The first part is a modeling part which consists in presenting the geo-
metrical model, expressing the failure modes, identifying the physical variables
together with their probabilistic distributions on the one hand, and in defining
the limit state function according to the reliability target on the other. The former
part allows to entering the mechanical model, the probabilistic model and the
limit state function into PHIMECA software.

Once the models are introduced, the second part consists in calculations
achieved through the physical analysis using deterministic approach and reliability
analysis using probabilistic approach. FORM/SORM calculations are obtained
through the direct method to determining the design point or the failure point.
Surface response calculation gives a good approximation of the limit states
around the design point. Monte Carlo simulations allow to obtaining references
and control the second-order approximations. Then distribution and parametric
reliability can be run.

The third part is the analysis part, in which interpretations of results should
be done. The basic results of a probabilistic analysis comprise, failure pro-
bability or reliability index, design point giving the most likely values of the
basic variables at failure and importance and sensitivity factors. The main
purpose of an evaluation is to examine whether the design point is reasonable
based on engineering judgement and experience from similar types of problems
and that it is not in conflict with obvious physical knowledge or limitations.
First, it has to be checked that the obtained point from the reliability analysis
is a global minimum solution to the optimization problem rather than a local
minimum. Further, the results from the reliability analysis also have to be
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Figure 3. Concept of reliability analysis using PHIMECA software.

assessed by verifying that the design point corresponds to physically realizable
outcomes of the stochastic variables. If a response surface technique is applied,
it must be verified that the response surface performs satisfactorily in the
neighborhood of the design point.

4. Case Study

The aim of this section is to present a reliability analysis of an uncoated buried
pipeline under given pressure rating and incorporating hoop residual stresses
using PHIMECA software.

4.1. MECHANICAL MODEL

Thin pipelines are mainly subjected to longitudinal and circumferential stresses
as shown in Figure 4.



242 A. AMIRAT ET AL.

Figure 4. Underground pipeline configuration [25].

The mechanical model aims to define these stresses as a function of
different applied loadings. The mechanical stress is directly obtained from von
Mises equation applied to nonvanishing stresses: circumferential stress o. and
longitudinal stress g, leading to the following expression of equivalent stress:

2 2
Gequiv = \/Gc + O-l - Gc O-l (1 1)

where o is the von Mises equivalent stress. The circumferential and

equiv
longitudinal stresses will be given in the following sections for uncorroded and
corroded pipes.

4.1.1. Uncorroded Pipes
CIRCUMFERENTIAL STRESS
The circumferential stress o, is composed of four principal stresses:

0.=0, +0, +0, +0,, (12)
where o, is the total circumferential stress, o, is the stress due to internal
pressure, o, is the soil loading, o, is the bending stress and o, is the

residual stress; the subscript ¢ indicates the circumferential component of
stresses. These stresses will be developed in the following.
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Under the hypothesis of thin tube, the circumferential stress o, due to
internal pressure is evaluated by:

o =P’ (13)

P t

Where p is the internal pressure, » is the internal pipe radius and ¢ is the pipe
wall thickness. The overlying soil creates a bending deformation of the pipe in
the circumferential direction; the corresponding bending stress is given by:

o 6k C,yB*Etr
Y Ef+24k, pr

(14)

where o is the overlaying soil bending stress in the circumferential direction
[9], B is the width of ditch at the level of pipe top, C, is the coefficient for earth
pressure, E is the modulus of elasticity, £, is the bending moment coefficient
depending on vertical load and associated reaction, k; is the deflection
coefficient and yis the soil density. In the same manner, the traffic loads generate
a bending stress in the circumferential direction:

6k, 1. C,yFEtr
0 = 3 3
‘ Le(Et +24kdpr)

(15)

where o, is the circumferential bending stress due to traffic loads [9], /. is the
impact factor C;is the surface load coefficient and L, is the effective length of
the pipe on which load is computed.

LONGITUDINAL STRESS

The longitudinal stress is again determined from four principal stresses:

0, =0, +0, +0; +0,, (16)

where o, is the longitudinal tensile stress, as a result of Poisson’s ratio effect

from the outward radial action of the internal pressure:

e (17)

P t

where 4 is the material Poisson’s ratio. o, is the longitudinal expansion or con-
traction stress [9], due to differences in operation and installation temperatures:

o, =a EAO (18)
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with « the thermal expansion coefficient and A& the temperature differential.
The longitudinal stress due to external load bending &, is calculated by:

Oy, =Ery (19)

with  the longitudinal curvature of a bent pipe. Finally, o is the longitudinal
residual stress, as a result of Poisson’s ratio effect:

ares, =H O-resC (20)

4.1.2. Corrosion Model

Simplified practical way in integrating the corrosion process in the mechanical
model is to use a power law postulated for corrosion to model the loss of wall
thickness P within the time of exposure:

t,=kT" 21

as f. thickness of the corrosion layer and 7 is elapsed time.

The model is an engineering one where the multiplying factor & and the
exponential constant n are obtained by fitting eq. (21) to corrosion data [9, 26].
In atmospheric pressure, the mean and standard deviation of & for these data
were 0.066 and 0.037, respectively, and the corresponding values of n were
found to be 0.53 and 0.14, respectively. If considering the net wall thickness
instead of the original wall thickness of the pipeline then eqs. (13—15) will
respectively take the following forms:

o =L (22)
" —kT"
6k C yB Er(t—kT"
o =—" 4 ( ) (23)

E(t—kT") +24k,pr’

6k, 1,C,yFEr (1—kT")
o = 2 (24)
L (E(t —kT") + 24kdpr3)

4.1.3. Residual Stress Model

Thin pipelines are mainly subjected to longitudinal and circumferential stresses.
The mechanical model aims to define these stresses in function of different
applied loadings.
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CIRCUMFERENTIAL RESIDUAL STRESS

The residual stress was measured using the layer removal method based on
Crampton technique [27], which consists in recording the relaxed strain gene-
rated after slitting longitudinally a tube. The distribution was determined through
the pipe wall by removing incrementally layers of 2 mm from the parent tube of
12.7 mm thickness. Figure 5 shows the distribution of the circumferential resi-
dual stress through the pipe wall.

The maximum calculated residual stress reached 15% of the yield strength
of the material and the law can be written in the form:

Ores, = —70(1 —%j (25)

O, 1s the circumferential residual stresses which are obtained practically for

res

X60 API standard seamless steel tube [7, 8] and 7, corresponds to the radial
coordinate of the design point.

120

L
100 - Dp=2197mm; t=127
Oy = -T0(1-213/1)
#+ Calculated stress .
80 A RY=07634
60
40

Eesidual Stress ores (MPa)

Standard deviation: 20= 15 MPa

Specimen thickness, t (tnm)

Figure 5. Residual stress distribution in a X60 Grade pipe [8].
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LONGITUDINAL RESIDUAL STRESS

o, is the longitudinal residual stress, as a result of Poisson’s ratio effect:

G}”(’S, = lLl O-I"ES(. (26)

2 Tn _ Trl
o =—70(1— k j(l—zrf k ] 27)
¢ t t

Eq. (27) presents one of the important items in this study. In fact, when
corroded layers of metal are removed a relaxation in residual strain occurs
causing a redistribution of the residual stresses. The layer removal method used to
determine the original distribution is very helpful to set a corrosion model when
considering the net wall thickness instead of the original thickness, Figure 6.
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Figure 6. Net wall thickness for corroded pipes and residual stress relaxation scheme.

The model is therefore obtained from simple calculation as follows:

If 7, is the considered point for stress analysis, the net wall thickness is the
difference between the original thickness of the pipeline wall to and the
thickness of the corrosion layer ¢.. The origin of the design point is displaced to
t.. When attributing the new origin of the design point 7, + z,, Eq. (27) takes the
form below:
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— kT’
o = —70(1 - 2‘—} (28)
' t

The new form of the residual stress in the equilibrium state will be:

r r r—kT"
o, =—0, |1-2— =-70| 1-2— 1-24t——- (29)
’ ' t—kT" t—kT" t

o kpr
" (kT )t

(30)

4.1.4. PHIMECA Mechanical Modeling

As the mechanical model is defined, the next step is to write in PHIMECA soft.
Figure 7 shows a part of the mechanical model program.

2 1. Meécanique : D220 [tube2003-1] *

P
et
R Lkd krn, e, Longueuar
REA L.tm.p.F.Rint10, SigResMex, Cosfp alaha 1.47e-005
RE ! B 4400007
= cd 13200
Coefp 0.2820
Cs 04200
Dalta_tata 10.0000
E 2 01e+005
F 1.50e-005
L] 4750000
- gams 1.68e-005
Fammalres  Moyennes I 1.2500
=1
“F:..-Eg??:{ . % 006D
0127 b [ 01080
Longuevr=1000 mm km 0.2350
B " il L 1000.0000
) Longueur 1000.0000
M 0.2500
n 0.5300
[} 20.0000
arm 20,0000
] o.oooo
Ririt a7 3nnn
Temps=0 | 5g= en nombre diznnces n 12,7000
ic=k*Temps**n Irmm » SinReshiin 70.0000 =

Figure 7. Sample of the mechanical model in PHIMECA soft.

4.2. LIMIT STATE FUNCTIONS

The reliability assessment for the pipelines considered in this study is mainly
divided into two steps. On the one hand, the contribution of determined residual
stress is obtained for an underground pipeline subjected to internal pressure and
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external loads and on the other hand, a corrosion model based on an empiri-
cally modeled power law (eq. 21) is used for the same pipeline under corrosion
activation, with respect to residual stresses. Therefore two limit state functions
G(x) are settled for reliability calculation according respectively to the case
study:

G . =f-c (31)

For a corroded pipeline:

chr = fY - O-equiv (32)

The limit state function is introduced through the limit state window given
by PHIMECA soft, as illustrated in Figure 8.

Etat Limite : G Residuelle [tube2003-1]

X
_ A |

M G résiduelle

o | Annuler
G= |fy-Seques

Description

|F‘Iasticité en considérant la contrainte résiduelle

Date 18/11/2004

Convention : défailance si G hégatif ou nul

Figure 8. Conventional limit state function within PHIMECA software.

4.3. PROBABILISTIC MODELS

It is worth to note that in both limit state functions, the corrosion power law is
used but for a noncorrosion case the calculation is made for times equals to
zero. So, there are considerable uncertainties to be associated with the corrosion
parameters k and n as described in the above stress expressions. All these un-
certainties result from geometry, loading, manufacture coefficients and operating
service of the pipeline. It is reported [9, 25] that the uncertainties associated to
the effective length L,, impact factor /., and curvature y are significant. The
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coefficient C,, C,, ky, k,, have moderate uncertainties associated with them since
they need to be selected for a given situation on the basis on imperfect infor-
mation. The geometrical parameters such as ditch width B, pipe radius and
wall thickness contain uncertainties highly dependent on workmanship and
quality control after ditch construction and pipe production process. Temperature
differential depends on pipe bedding and seasonal variation of temperature
relative to the lying process. The loading parameters in terms of internal
pressure p and wheel load F are particularly difficult to define probabilistically
as they depend on operational characteristics associated with the pipeline and
its daily requirements. Properties of pipeline material such as Young’s modulus
(E), yield stress (o)), thermal expansion coefficient (a), Poisson’s ratio and of
soil (for instance soil unit weight), are rather well defined and subjected to
variable quantities. The residual stress is usually unknown, therefore neglected.
The particular effort in this work is to emphasize on the residual stress by
determining its distribution through the wall of the pipeline. The layer removal
technique used for the residual strain measurements [8] is destructive and
results in a large scatter calculated residual stresses for a series of given thick-
ness, fluctuated between 20% and 30% of the mean value (Figures 5 and 6).

A probabilistic approach is then used to assess the reliability of the pipeline.
Each design variable is therefore represented by a random variable with an
estimated mean and standard deviation. For the present work, where available a
probability density function is employed, and the normal distribution is the
least-based distribution, Figure 9.
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Figure 9. Probability density function and correlation of the variables.

4.4. UNDERGROUND PIPELINE RELIABILITY ASSESSMENT

4.4.1. Pipeline Configuration and Uncertainties

The pipe under the present investigation is an underground pipeline made from
seamless tubes, passing under roadway. The pipeline is used to convey gas under
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high pressures ranging from 7 MPa to 40 MPa. The wheel loading F of the
traffic applied to the pipe length is that of maximum load during a given
lifetime 7. The effect of repeated loading that might lead to corrosion fatigue is
not considered. The reliabilities calculations are carried out at the time where
the wheel load is applied.

The random variable involved and their statistical distribution are given in
Table 1. Numerical values are determined from measurements for geometrical
parameters and from results on material testing for the properties; otherwise
they have been obtained from literature [9, 26], where details about their
importance and distribution are reported. The normal distribution has been
adopted for all variables since only means and variances are available.

The probability of failure as discussed above is calculated for two limit state
functions with regards to residual stresses.

4.4.2. PHIMECA Reliability Report

For a limit state function of eq. 31, a sample of PHIMECA reliability results are
given in Tables 2, 3, 4, 5.

HASOFER-LIND RELIABILITY INDEX: By;=2.6106

The failure functions that are expressed in eqs. 31 and 32 satisfy the usual
conditions, positive values of G imply safety and negative values imply failure.
It is evident that the failure functions are then nonlinear with respect to their
variables. It may also happen that the distribution of some of the variables is
nonnormal. An iterative advanced FORM [20, 22] is well equipped to handle
such problems and will be employed herein. In this approach, variables will be
characterized by their mean value my and their standard deviations oy, or
coefficient of variation (COV), Figure 9 and Table 1. In this case, it is assumed
that these variables are statistically noncorrelated. For the purpose of applying
the advanced FORM, the nonlinear limit state function must be linearized at
some point on the surface G = 0. Here, the target is to find a point defined by
the mean values of the variables. The point is known as the design point. An
interaction is usually necessary in order to find this point. Once the design point
is found, the mean mg, and standard deviation o of G can be used to determine
the reliability index [3, which is a measure of pipeline safety (see egs. 8 and 9).
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TABLE 1. List of 19 random variables.

Number | Variable Value Law Mean Standard
deviation
1 B 440.00 Normal 440 44
2 Cd 1.3200 Normal 1.32 0.264
3 CoefP 0.2830 Normal 0.30 0.0069
4 Cs 0.1200 Normal 0.12 0.0120*1.5
5 Delta teta 10.00 Normal 20 4
6 E 2.01E + 05 | Normal 2.01E + 05 | 0.033*201,000
7 F 1.50E + 05 | Normal 1.50E + 05 | 30000
8 Fy 475.00 Normal 475 24.5
9 Gamma 1.89E — 05 | Normal 1.89E - 05 | 1.89E - 0.06
10 K 1.25 Normal 1.25 0.250
11 Kd 0.1080 Normal 0.1080 0.2*%0.108
12 Km 0.2350 Normal 0.235 0.2*0.235
13 Length 1,000 Normal 1,000 100
14 N 0.53 Normal 0.53 0.053
15 P 40.00 Normal 40 4
16 Rint 97.30 Normal 97.3 0.04%97.3
17 SigResMax 70.00 Normal 70 15
18 TO 12.70 Normal 12.70 0.635
19 X 1.00E — 06 | Normal 1.00E — 06 | 1.00E — 07
TABLE 2. Probability of failure.
FORM P=4.52E-03
Hyper-sphere P=4.52E-03
Breitung P=4.52E-03
Tvedt P=4.52E-03

4.4.3. Reliability Analysis

RELIABILITY AND RESIDUAL STRESS

Using PHIMECA software reliability approach to assess the pipeline safety in
the case where the pipe is free from any flaws and when internal pressure is up
rated, the reliability index £ and probability of failure P; are computed with
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respect to residual stress distribution. Figure 10 illustrates the variation of
reliability index g as a function of up rated pressure for two cases (i) the
residual stress is not considered and (ii) the residual stress distribution follows a
linear law according to egs. (5 or 15).

Up rating pressure from 11 MPa to 45 MPa resulted in a decrease of the
probability index £, in both cases. For instance, if acceptable probability of
failure P, ranges from 107 to 107 corresponding to an index of reliability S

TABLE 3. Design point in physical space and reduced space.

Physical space Reduced space
Variable X U o o %
B 441.59 0.0361 —-0.0138 (-) 0.0192
Cd 1.3295 0.0360 —-0.0138 (-) 0.0190
Coefp 0.2998 —-0.0360 0.0116 (+) 0.013
Cs 0.1225 0.1364 —0.0523 (-) 0.2732
Delta_teta 19.6504 —0.0874 0.0335 (+)0.1121
E 2.01E + 05 1.67E — 03 —6.41E — 04 (-) 4.10E -
05
F 1.55 E+05 0.1789 —0.0685 (-) 0.4696
Fy 444.6528 -1.2387 0.4745 (+)22.5133
Gamma 1.89E - 05 0.0181 —6.93E - 03 (-) 4.80E-03
Le 1.2947 0.1789 —0.0685 (-) 0.4696
Kd 0.1067 —0.0593 0.0227 (+) 0.0516
Kn 0.2450 0.2123 —0.0813 (-) 0.6612
Length 990.5906 —0.0941 0.0360 (+) 0.1299
N 0.5300 —2.51E-14 9.60E-15 (+) 9.22E —
27
P 45.9636 1.4909 —0.5711 (-) 32.6156
Rint 100.0251 0.7002 —0.2682 (=) 7.1937
SigResMax 81.2152 0.7477 —0.2864 (-) 8.2029
TO 11.8347 -1.3626 0.5220 (+) 27.2459
X; 1.00E - 0.06 0.0188 —7.19E-0.03 | (-)5.17E -
03
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from 4.753 to 3.7191, then the pressure decreases significantly. However with
regards to residual stresses the probability index £ is again fairly reduced. In
fact for a given acceptable P, the pressure decreases of about 9 MPa. In this
study, a probability of failure P,= 107 is adopted showing values of pressure
equal to 40 MPa in the case where the residual stresses are not considered and
30 MPa when the residual stress distribution follows a linear law. The curves
obtained followed similar trend. The evolution of the probability index £ as a
function of pressure coefficient of variation p,, is plotted in Figure 11. A step
of 5 MPa starting from 20 MPa is used to reveal the behavior of the probability
index £ when increasing p,, from 0.1 to 0.3. It is evident that S decreases.

TABLE 4. Sensitivity and elasticity of the parameters.

Variable Sensitivity o Elasticity o | Sensitivity u | Elasticity p
B —1.14E-05 | -1.91E-04 | —3.15E-04 -0.0530
Cd —1.88E-03 | —1.90E-04 | —0.0522 —-0.0264
Coefp -0.0505 | -1.33E-04 | 1.6745 0.1924

Cs -0.3958 | =2.73E-03 | —2.9038 -0.1335
Delta_teta | —7 31E-04 | —1.12E-03 | 8.37E-03 0.0641

E -1.61E-10 | —4.10E-07 | —9.66E—-08 —7.44E-03
F —4.08E-07 | —4.69E-03 | —2.28E-06 -0.1312
Fy -0.0240 | -0.2249 0.0194 3.5238
Gamma -66.3019 | —4.80E-05 | —3667.6047 | —0.0266
Le -0.0490 | —4.69E-03 | —0.2741 -0.1312
Kd —0.0624 | —5.16E-04 | 1.0521 0.0435

Kn ~0.3669 | —6.61E-03 | —1.7301 —0.1557
Length —3.39E-05 | — 1.30E-03 | 3.60E- 04 0.1381

N 0.0000 | 0.0000 1.81E-13 3.68E- 14
P ~0.2126 | —0.3258 —0.1428 -2.1877
Rint 0.0482]0.0719 0.0689 2.5685
SigResMax | —9.0143 | —0.0819 -0.0191 -0.5120
TO ~1.1190 | —0.2722 0.8220 3.9990

X; —1348.4116 | —5.17E-05 | —71,905.4021 | —0.0275
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Figure 10. Variation of reliability index £ as a function of up rated pressure [25].

RELIABILITY AND CORROSION

The assessment of reliability of underground pipeline with active corrosion is
established with the model illustrated by Eq. 32. The model is used for
atmospheric pressure [9]. In this case the corroded layer calculated for k =
0.066 and n = 0.53, in a period of 50 years is about 0.55 mm. To activate the
corrosion process, a simulation based on increasing k is used. Therefore, for a
pipe thickness of 12.7 mm, there will a process that involves a loss of half, a
quarter and an eighth of the thickness. This is considered here as a very high
corrosion rate, high corrosion, moderate corrosion and low corrosion which
correspond to respectively to 1,000, 500, 250 and 100 years. The aim of this
study then is to determine the reliability of the pipeline with regards to
corrosion rates together with the residual stress.

Results on the reliability calculation as a function of elapsed pipeline
lifetime are shown in Figure 12. The evolution of £ as a function of the
corrosion rate is presented for 30 MPa in the nonresidual stress case and in the
presence of residual stress. As expected, the reliability index £ decreases with T
and correspondingly the nominal probability of failure increases with 7. The
effect of variation of 7 is investigated further more. For this purpose, the value
of T is varied from 0 to 50 years. It is seen that the probability of fail-
ure increases nonlinearly with 7. The higher the corrosion rates the higher the
probability of failure. The nonlinearity is well expressed for higher corrosion
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rate than the atmospheric corrosion. The influence of residual stresses observed
in the beginning is decreasing with time, since after 20 years, the probability
failure becomes less sensitive and converges to that obtained for a nonresidual
case. In fact, as the corroded layers are created, the pipe wall thickness reduces
thus the residual stresses relax and their effect is lost. One major advantage of
these curves is to give the designer and the maintenance service a good picture
of the level of the nominal risk of pipeline structural failure at various stages of
pipeline elapsed time life with regard to corrosion rate. An example to consider
is that for moderate corrosion rate in which, for a 30 MPa pressurized pipe, the
probability of failure is acceptable for a range of 50 years whereas for a 40 MPa
pressurized pipe this is not true since after 20 years the corroded pipeline could
have blown up.

TABLE 5. Safety factors.

Variables Partial safety factors
B 1.0036
Cd 1.0072
Coefp —1.0007
Cs 1.0205
Delta_teta -1.0178
E 1.0001
F 1.0358
Fy —1.0682
Gamma 1.0018
Le 1.0358
Kd -1.0120
Kn 1.0425
Length —1.0095
N —-1.0000
P 1.1491
Rint 1.0280
SigResMax 1.1602
TO -1.0731
X; 1.0019
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Figure 12. Reliability as a function of elapsed time.

VARIABLE IMPORTANCE

The relative contribution of the random variables to the pipe reliability is shown
in Figure 13, for gas pressure increases from 11 to 40 MPa. The most important
variables for the pipeline safety are the thickness, the yield stress and the
applied pressure. When the mean value of residual stress is 15 MPa and the
pressure is up-rated, the thickness and the yield strength dominate with more
than 50%; the remaining part is equally divided between the other parameters.
For an operating mean pressure up to 11 MPa, the contribution of all parameters
is significant. The importance of the residual stresses increases with lower gas
pressure; this importance is 8.5% for a pressure of 40 MPa and increases to
14.5% when the pressure is reduced to 11 MPa.
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Figure 13. Variable importance on the pipe safety [25].

5. Conclusions

The reliability software PHIMECA has been used to assess the reliability of a
pipeline under active corrosion with respect to residual stress. A corrosion
model of the residual stresses is developed on the basis of experimentally
determined distributions. The reliability is assumed to be a function of 20
independent variables. The main results are given below:
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The residual stress increased the probability of failure. In terms of reliability
index g, for an acceptable value of 4.265, the pressure is decreased from 40
to 30 MPa.

Increasing the coefficient of variation of pressure increased the probability
of failure. The risk of failure does not exist for a pressure of 25 MPa for a
coefficient of variation of 0.3 even when the residual stress is taken into
account.

The most sensitive parameters are pressure, yield strength, internal radius,
thickness, residual stress and the bending moment coefficient.

Two sensitivities followed opposite directions: that of the residual stress and
that of the internal diameter.

For lower pressures up to about 20 MPa, the residual stress sensitivity was
higher than that of the internal diameter.

As expected, corrosion rate caused the probability of failure to increase
significantly.

The probability of failure P,, is less sensitive in the presence of residual
stresses.

The influence of the residual stress with time exposing is lost in less than 20
years.
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ON A NEW SOFTWARE PROJECT FOR WELDING
SIMULATIONS OF PIPES (FABRICATION, REPAIRS)
AND FOR THE EVALUATION OF FATIGUE BEHAVIOUR
OF PIPES IN SERVICE
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Abstract: Evaluation of fatigue behaviour of pipes in services necessitates the
knowledge of the residual stress field after manufacturing and a specific
multiaxial fatigue criterion for the life prediction. The modelling of the welding
step is a major difficulty because of the multiphysics couplings. Indeed, it is
necessary to take into account plasma physics, magnetohydrodynamics of the
weld pool and metallurgical and thermomechanical behaviour of the structure.
We have developed a global approach with numerical tools to cover all these
phenomena and to predict weld shape, residual stress and strain. Fatigue evalu-
ation of welded structure under multiaxial loadings with residual stresses is
presented with applications in automotive and railway industries. Dang Van
fatigue criterion associated with specific meshing rules allows to locate critical
zone in fatigue.

Keywords: welding, fatigue, Dang Van criterion, pipes

1. Introduction

Safety and reliability of pipelines transporting inflammable fluids like oil or gas
is of primary importance for companies and great efforts are done to understand
the mechanisms of cracks initiation and propagation in order to be able to
predict the remaining life duration of theses structures. These studies are based
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on experimental approaches which necessitate performing a great number of
tests, very often carried out on real structures. Generally the cracks start from
defects which are introduced during manufacturing or repairing processes, and
particularly by welding.

These defects are nuclei for fatigue phenomena: the initiation of the fatigue
cracks occurs after a certain number of varying pressure service loadings and
then they propagate until final failure. Evaluation of these defects and their
evolution in relation with the loading conditions is very difficult because of the
great number of factors which influence the different manufacturing processes
and the fatigue phenomena. Among others, the welding operation which is the
most important assembly process of pipe networks is until now quite poorly
described by the present modelling (and consequently the derived computational
software). For instance, it was not possible to predict with enough accuracy the
geometry of the weld, the distribution of the residual stress, the leak of the weld
penetration in relation with the welding parameters (voltage, intensity of the
current, welding gas, welding speed). These parameters control the fatigue
behaviour of the weld which is one of the most critical zones of pipes. This is
the main reason of the little success of modelling to derive useful results for
safety and reliability studies. It is then necessary to use difficult and expensive
experimental approaches on pipes. Nowadays, the progress we have done in the
modelling of the welding processes, and in the development of an efficient
fatigue criterion applicable to welded structures permit to consider the problem
in a different manner.

2. General Considerations for the Development
of the Software

The main difficulties which must be overcome for an efficient welding modelling
is to have a good description of the heat transfer during the process (GTAW,
GMAW, SAW) in order to obtain a good predictive thermal history. This
complex problem is until now not satisfactorily solved. Indeed, the heat transfer
result of multiphysics coupling problem: plasma physics, magnetohydrodynamic,
mass and heat transfer, thermomechanics, metallurgical transformations. More-
over, taking into account phase change in numerical simulation is very time
consuming. Indeed, typical order of magnitude is one day for a 2D problem which
is out of the scope of an industrial application. A second difficulty is the prediction
of the weld shape with the parameters which intervene in the fatigue behaviour by
inducing stress concentration. Finally, the prediction of fatigue behaviour of
welded structure is not efficient with the present industrial softwares because
they are not able to take account of complex residual stress field and multiaxial
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Figure 1. Description of the global modelling from the process to the life prediction.

stress due to loadings. Moreover, the structural effects due to the shape of the
weld are poorly or not taken into account.

In the proposed approach, we considered the whole problem which is
composed of three parts as it is shown in Figure 1.

3. Modelling of the Heat Transfer and Weld Pool Formation

The first part is the multiphysis modelling of the weld pool formation coupled
with the arc plasma modelling. Indeed, heat flux from arc is the major melting
heat source. This heat is due to electron flow and convection and radiation from
the plasma. In GMAW, this heating is enhanced by overheated drops which
bring up to 40% of the total welding power. It is why it is necessary to consi-
dered both heat and mass transfers.

The surface heat flux from the arc is generally assumed to have a Gaussian
power density distribution which is not correct when you have complex geometry-
like chamfer and electrode inclination (Figure 2).

We have developed a 3D modelling which is able to take into account arc
plasma distribution with inclined electrode, complex geometry of the welding
joint and welding gas mixture.

Mass transfer from welding electrode is also considered with calculation of
droplet geometry, impact speed and depth of penetration.

The resulting weld shape is calculated by minimising surface energy of the
weld pool subjected to arc pressure, drop impact and mass conservation. Figure 3
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Magnetic field and fluid flow in the plasma

—

Temperature distribution in the plasma

Figure 2. Example of modelling of the plasma with inclined electrode in GTAW.

shows the weld pool modelling in GTAW where convection in the weld pool is
governed by gravity effects, Marangoni effects and electromagnetic body forces.

In GMAW, the melting electrode modifies the heat and mass transfer and
the resulting shape in stationary is shown in Figure 4.

4. Thermomechanical and Metallurgical Modelling

Thermomechanical and metallurgical coupled constitutive equations which
are necessary for predicting residual stress and strain and the final metallurgical
state are based on phenomenological approaches. The classical kinetics models
as Leblond or Koistinen-Marburger models are weakly coupled with thermomec-
hanics. Calculations are quite time consuming. We have developed a new approach



SOFTWARE FOR WELDING AND FATIGUE ASSESMENT 265

Figure 3. Example of weld pool modelling (temperature and fluid flow) in GTAW and comparison
between prediction and macrograph [1].

Coups trammale de lnwouskers

Figure 4. Prediction of the weld shape in the weld pool (a) and after solidification (b).

based on systematic thermodynamics formulation in the framework of genera-
lised standard materials proposed by Q. S. Nguyen and B. Halphen. This approach
leads to a systematic framework for developing thermomechanical and meta-
llurgical constitutive equations fully coupled. Moreover, new integration algorithm
permits short-time calculation (2 h for the welding of a 3D plate instead of one
day for existing commercial softwares). An example of simulation of laser welding
is givenin Figure 5.
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Figure 5. Simulation of the laser welding of a disk and residual stresses distribution after cooling.

5. Prediction of Fatigue of Welded Structure

Current practice in welded structure design is based on the use S—N curves, hot
spot principal stress or structural principal stress limited to specific geometries.
However, they are difficult to handle on complex shape components and for
multiaxial loadings, which is the case in most of industrial structures. To over-
come this difficulty, we come back to the structural approach with a clear defini-
tion of the design stress that can be transposed to multiaxial structural problems.
The classical introduction of the design stress is based on the extrapolation
of far field stresses with unclear rules. In order to clarify the description of this
design stress we propose an approach deriving from an analogy with the concepts,
which are at the origin of the fracture mechanics. Actually, it is known that the
mechanical state in the highly damaged crack tip zone, called the process zone,
is inaccessible by the usual continuum solid mechanics. In this zone, the
material is neither really continuous nor homogeneous and the local strains are
not small. Nevertheless, the stress solution obtained from linear homogeneous
and isotropic elasticity in small strains allows the correct description of the
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mechanical state outside of the process zone. Although it is erroneous at the
vicinity of the crack tip, it makes sense in terms of an asymptotic solution that
allows the correct control and the interpretation of the phenomena produced in
the process zone. Likewise, we will look for a way to build the asymptotic
solution that allows the correct control and interpretation of the phenomena pro-
duced in the critical zone of the weld. For that purpose we adopt an approach
with meshing rules taking into account the local rigidity due to the weld instead
of the local geometry of the weld itself (as it is the case in fracture mechanics,
where the actual geometry of the crack tip is not taken into account) that is a
very hazardous data. Therefore, the fatigue design can be based on a structural
stress calculation from a finite element shell analysis. On this basis we can
establish design rules for welded structures with a structural stress, the asymptotic
solution, which gives access to the fatigue strength through a unique S—N line
where S is a local equivalent stress 1o = t—ap defined from t (mesoscopic shear
which intervene in the Dang Van theory of fatigue [2]) and p is the hydrostatic
tension at the Hot Spot.

In this approach, fatigue limit is related to elastic shakedown limit at all
scale of material description.

This fatigue modelling is widely and successfully used in automotive and
industry for the fatigue design. Applications to thicker welded structures
(trains) lead also to very good life prediction (Figure 7). The complete theory is
detailed in [2, 3].
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Figure 6. Application to automotive engine subframe under multiaxial out of phase loading.
(Courtesy of PSA Peugeot Citroén.)
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Prediction of fatigue cracks nucleation on a TGV locomotive after 15
vears of service
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Figure 7. Railways application of the fatigue methodology.

J. L. Fayard et al. [3] developed an efficient numerical tool to evaluate the
asymptotic mechanical field that defines precisely the design stress. On the
basis of a shell model, a meshing rule was established [2, 3] with simple ideas:
reproduce as precisely as possible the local rigidity induced by the weld,
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simulate the stress flow from one sheet to another through the weld. (cf. ref [3]
for meshing methodology).
In the following is shown two examples of industrial application:

e The first one shown on Figure 6 is related to the fatigue resistance assess-
ment of an engine subframe undergoing multiaxial out of phase loading
(Courtesy of PSA Peugeot Citroén).

e The second is the localisation of fatigue critical welded structures and evalu-
ation of their life duration for the French TGV high-speed train. Comparisons
between model predictions and cracks observed on the locomotive after 15
years of service prove the very good predictivity of the method.

6. Conclusion

In this paper, the main difficulties for the development of a software devoted to
the evaluation of the safety and the reliability of welded industrials structures
are presented. We have shown that these difficulties can be overcome with a
multiphysics modelling of welding and a new fatigue methodology. We shall
present specific application to pipes at the conference. Our intention is to develop
a specific tool for pipes covering from the manufacturing processes including
welding, the repair techniques and their influence on the fatigue life of these
structures. We think that such a tool is very useful for the qualitative and quanti-
tative understanding of the influence of the different process parameters and
can help industry to develop a maintenance policy.
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WELDED PENSTOCK, PRODUCED OF HIGH-STRENGTH
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Abstract: Application of high-strength steel for welded penstock increased the
probability of crack-like defects and in welded joint. Structural integrity asses-
sment procedure is presented and applied to welded penstock produced of high-
strength steel, comparing crack driving force and material crack resistance in
terms of J-integral as fracture mechanics parameter. The safety and structural
integrity of welded penstock are experimentally verified by testing of penstock
models and precracked specimens, with special attention paid to matching
effect and microstructural heterogeneity in HAZ.

Keywords: penstock, high-strength steel, welding, fracture mechanics, structural integrity,
model, experimental testing

1. Introduction

The penstock in a hydroelectrical power plant is a responsible component, exposed
to high stress. It is produced of steel by welding of bent segments. Poor welded
joint quality can cause the failure of penstock. Appropriate welding quality has
been required from early stage of welded structures manufacturing.

Welded joint quality is depended on welders’ knowledge and skill, and qua-
lity assurance has to be proved by examination which has been introduced and
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developed simultaneously with welding processes. Defect free manufacturing
of welded structure is costly and probably impossible,' resulting in approach of
defect acceptance criteria, based on experience. This approach is known as the
fitness-for-service (FFS) assessment.

By introduction of ISO 9000 standards for quality assurance and ISO 9001
and ISO 9002 for quality systems the welding has been defined as “special pro-
cess”. In the case of welding, the quality cannot be verified on the product but
has to be built in the product. Standard ISO 3834 defines quality requirements
for welding, that prescribe the application of standards EN 287 for approval
testing of welders and EN 288 for qualification of specified welding procedures
for metallic materials. Acceptability criteria for welded joints are defined in
standard ISO 5817 “Guidance on quality levels for imperfections”. Cracks are
not allowed defects in it, except cracks in crater of low quality welded joints
and microcracks less than 1 mm? in cross section. However, it is generally accep-
ted that welded joints can contain crack-like defects, so in service conditions
they can operate with cracks and structural integrity should be assessed in order
to prevent leakage by stable crack growth or burst after fast crack increase.

Development of fracture mechanics and standard test methods enabled the
analysis of crack significance in structures using its parameters (stress intensity
factor — K, crack opening displacement — COD or J-integral). The application
of fracture mechanics to welded joints is natural, having in mind the possibility
of crack occurrence. Fracture mechanics is based on homogeneous microstruc-
ture and uniform material properties and its application to welded joints is con-
nected with many difficulties* due to very complex microstructure, consisting
of parent metal (PM), weld metal (WM) and heat-affected-zone (HAZ). Popular
Published Document PD 6493: “Guidelines on some methods for the derivation
of acceptance levels for defects in fusion welded joints” is based on fracture
mechanics analyses and experience with cracks in welded structure’. Further
development ended by Structural Integrity Assessment Procedure (SINTAP).

Accepted design approach of welded structure is to define the allowable
defect size except crack, for which structural integrity assessment is necessary.
All efforts in material production and improvements in welding techniques,
together with requirements in quality assurance, can not exclude the appearance
of cracks during fabrication, hydrostatic proof tests or service, thereby making
the use of fracture mechanics analyses inevitable.' It was for the first time for-
mally applied in crack analysis of Trans Alaska Crude Oil Pipeline® for “fitness-
for-service” assessment, reducing the expanses required for cracks repair.

Matching between PM and WM strength has an important role in the service
of welded structures, particularly should high stress cause local plastic strain.’
Welded joints are generally designed as overmatched, with the WM superior in
strength compared to PM, when plastic deformation is expected in PM. The



STRUCTURAL INTEGRITY ASSESSMENT OF PENSTOCK 273

situation turns to be complex in high-strength steel which should be welded as
undermatched to prevent cold cracking,” when plastic deformation will start in
WM, and PM can start to yield when WM strain hardening capacity is exhaus-
ted. Anyhow, in both cases HAZ of heterogeneous microstructure and non-uni-
form material properties is a weak region since its straining can be constrained
and plane strain conditions can prevail, critical for brittle fracture.

In welded structure stress concentration caused by geometrical changes can
produce local plastic strain, and the strain hardening capacity could be exhaus-
ted, affecting the behaviour of existing crack. Fracture mechanics parameter can
be determined only approximately for welded joint, especially for HAZ.

Full-scale test of pressurized component or its model is the most informative
and serves as final proof for the safety of a welded structure, because only it can
give realistic answers about the response of loaded welded joints. Hydrostatic
pressure proof test of pressurized equipment can be classified as full-scale test.

Necessity to introduce quality assurance system and full-scale model tests
was recognized in the case of welded penstock of the Hydroelectric Pumping-
Up Power Plant “Bajina Basta”. The penstock is about 7 km long and consists
of differently stressed segments, produced of steels of different strength classes.
The selection of a mild structural steel, with the yield strength up to 350 MPa
for the most stressed segments of the penstock dictated the construction of two
penstocks and two tunnels for the required water flow. This design alternative
was very expensive. For only one penstock, a structural steel of 700 MPa yield
strength class should be used for most stressed segments. Weldable, quenched
and tempered, high-strength low-alloyed (HSLA) SUMITEN 80P (SMS8O0P)
steel, produced by “Sumitomo”, of tensile strength 800 MPa and yield strength
not less than 700 MPa was selected. At the time of plant design and construc-
tion the experience with this class of HSLA steel was not sufficient. For that,
approval testing of welders and welding procedure specification had been requi-
red, similarly to now valid requirements in EN287 and EN288 standards.
Penstock welding was to be partly performed in difficult field conditions, i.e., in
tunnel under the slope of 45, and strict requirements could be satisfied only
with trained and approved welders. A kind of “fitness-for-service” assessment
had also been required, in order to understand better the crack significance. The
penstock maximum wall thickness is 47 mm, and this was regarded as the upper
limit in plate fabrication for this steel class. On the other hand, this thickness
can contribute to plane strain condition, and for that the possibility of brittle
fracture should be analyzed. The second problem requiring FFS assessment was
low safety margin adopted according to German specification for the HSLA
steel’, i.e., safety factor of only 1.7 regarding PM yield strength.
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2. Pressure Tests of Penstock Full-Scale Models

The full-scale model (Figure 1) was designed to simulate the most stressed pen-
stock segment. Cylindrical mantle (1), designed with 5 knee as the penstock
transition segment, was covered by two lids (2). Two stiffeners (3) were welded
near circular weldments in order to minimize the effect of lids on the stress in
the mantle. The support (4) consisted of three legs. The inner model diameter
4.2 m and wall thickness 47 mm corresponded to the penstock segment.
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Figure 1. Design of penstock segment full-scale model: 1-mantle; 2-lid; 3—stiffener; 4—support.
L-longitudinal, C—circular; MAW-manual arc welding (M); SAW—submerged arc welding (S).

2.1. FULL-SCALE PENSTOCK MODEL FABRICATION

Cylindrical mantle consisted of three segments (973, 970 and 1943 mm long).
The steel plates, two for each segment, were rolled and welded. Welded joints,
specified for penstock longitudinal (L) and circular (C) weldments with prepara-
tion given in Figure 1 were welded by manual arc welding (MAW) and submer-
ged arc welding (SAW) procedures, The basic low hydrogen electrode LB118
for MAW and core wire U8013+M38F flux for SAW welding, produced by
“Cobe Steel”, were used. Certified welders welded the model and later the
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penstock according to the qualified welding procedure specification (WPS).
Trial samples for additional investigation were welded simultaneously with
model. Typical chemical composition of applied SM8OP steel and the weld
metals is given in Table 1, and mechanical properties are given in Table 2.

2.2. STATIC PRESSURE TEST AND RESISTANCE TO CRACK INITIATION

The aim of this experiment was to analyze the behaviour of crack-free penstock
under design loading and overloading by water hammer, and the effect of plas-
tic strain on weldment toughness. This was achieved by comparing the results
of mechanical and fast fracture tests (impact Charpy V, drop weight and explo-
sion bulge tests) of specimens, taken from the model after local plastic defor-
mation in weldments and undeformed trial samples, welded simultaneously.’

Static pressure test was performed at an ambient temperature (+6 to —3°C).
Strains were monitored by strain gauges (Figure 2), and controlled by moiré
grids. Acoustic emission sensors, positioned in stress concentration regions,
enabled the control of crack initiation and prevention of failure. The model had
been pressurized in two stages. In the first stage the pressure reached 90.2 bar
(hoop stress o; = 399 MPa), corresponding to working pressure. After unloading,
model was reloaded by the pressure 120.6 bar (o; = 533 MPa), that is expected
maximum service pressure by additional effect of water hammer. Typical rela-
tionships strain versus pressure are given in Figure 3.

TABLE 1. Chemical composition of SM80P steel and of MAW and SAW weld metals.

Element C Si Mn |P S Cu |Cr |Ni |Mo |V B Ceq
SM 80P 0.10 |0.30 [0.90 (0.01 |0.008 [0.24 [0.48 [1.01 [0.47 |0.03 |0.0016 |0.5
Weld |[MAW |0.06 [0.53 [1.48 [0.011 |0.005 |- 0.24 |1.80 |0.43 |- — —
metal |SAW (0.07 |0.37 [1.87 |0.01 [0.011 |- 0.44 10.13 10.73 |- — —
Ceq—c.'_ﬂ*.% ﬁ 24_1

24 6 40 S5 14

TABLE 2. Mechanical properties of SM 80P steel and of MAW and SAW weld metals.

Material Direction Tensile test Charpy impact test
YS, MPa |UTS, MPa Elongation, %  |VE_40, J vT,, °C
SM 80P rolling 755-794  |804-834 24-29 156-224 |-92
cross rolling |755-794  |795-834 22-23 60-147 —58
Weld MAW 722 810 22 99 -5
metal SAW 687 804 23 78 —18

YS — yield strength; UTS — ultimate tensile strength; vE_4, J — absorbed energy by V notched specimen at
—40°C; vT,, °C — transition temperature at 50% shear fracture in Charpy V test.




276 S. SEDMAK AND A. SEDMAK

1-36 Strain Gauges 5 mm
51-59 Strain Gauges 50 mm 17 -6° Large-strain Strain Gauges 5 mm

& — Acoustic Emission Sensors E - Specimens for Explosion Bulge Test
101 - 111 - Moiré Grids 5- 8 Samples for Specimens

103

iLS4 5[ | M2 ®

Figure 2. Instrumentation and specimens sampling in penstock model static pressure test.
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Figure 3. Typical relationship pressure versus strain during loading and unloading.

In parent metal material response is elastic, with negligible plastic deforma-
tion, strain gauge 53 (SG53). Total plastic strain of about 0.1% after pressuri-
zing is found on circular CS weld metal (SG59). Plastic strain of 0.24% was
found in weld metal LS1 (SG2, SG34). This plastic deformation indicated non-
uniform behaviour of welded joints at stress concentration. Clearly undermatched
yield strength is found in SAW weld metal (693 MPa compared to above 750
MPa for PM). Stress concentration in positions of SG2, SG29 and SG34 is
involved by knee of transition segment and welded joint configuration.

Since performed mechanical and fast fracture tests of specimens of undefor-
med and deformed welded joints did not show any important difference,’ the
high quality of produced welded joints of the model is confirmed, with the high
toughness regarding crack initiation. Important conclusion from performed test
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is non-uniform behaviour and different local plastic deformation (Figure 3),
indicating complex material response to loading. But it is not critical, since the
behaviour of plastically deformed material in next loading will be elastic
(Figure 3).

2.3. DYNAMIC PRESSURE TEST OF PRECRACKED MODEL

Pressure test was also performed with the precracked model for verification of
resistance to fast fracture and crack arrest properties.® Three additional longitu-
dinal SAW welded joints were made on the mantle bottom shell (Figure 4). The
surface notches CS2 and CS3 were machined in model longitudinal weldments,
from crossings with circular MAW weld (Figure 5), and sharpened by control-
led explosion to cracks of final size (CS2: 2¢ x a = 180 x 4.3 mm; CS3: 50 x 6
mm). The embedded crack CS1 (40 x 3 mm) was intentionally made during
welding.

The model was first pressurized statically in two steps by uniformly raising
water pressure, achieving maximum pressure of 117 bar which corresponded to
the hoop stress o; = 518 MPa in an ideal cylindrical vessel.

Next test was dynamic, performed by two successive explosions of control-
led rate, starting from the static preloading of 60 bar (o; = 265 MPa). In this
way the water hammer effect in the penstock caused by quick gate closing was
simulated. The experiment was ended by the third static pressurizing, raising
pressure up to 151 bar (o;= 668 MPa), with holding at the pressure 140 bar for
2 h. The instability for crack CS3 could be achieved at this pressure, since
predicted critical pressure was 137 bar (g;= 606 MPa).

Detailed analysis revealed that fracture developed through brittle region in
HAZ, close to fusion line, starting from precrack (Figure 5). Since the brittle

— Strain Gauge 3G
1 COD Gauge

t Artificial Crack

® AE Sensor

O Moiré Grid

-

Figure 4. Artificial surface (CS2, CS3) and embedded (CS1) cracks in longitudinal SAW welds.
Disposition of instrumentation (COD — Crack Opening Displacement; AE — Acoustic Emission).
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region can be very narrow, it is clear that precrack tip can not be positioned
accurately in it and some energy could be spent before fast fracture initiated.

The plastic deformation could follow the explosion loading rate, indicating
stable crack growth, as confirmed by low acoustic emission. Only when approa-
ching the pressure of 151 bar in third static loading, acoustic emission started to
grow significantly, indicating unstable crack propagation.® The experiment was
stopped, since the danger of fast fracture became obvious according to the ex-
perience from previous trial test, finished by bursting of the precracked model.
The non-destructive testing showed that CS3 crack propagated for 28 mm in
length (10 and 18 mm on sides, Figure 6), while CS2 crack did not propagate in
length. Two new cracks, A and B, initiated during pressure test, Figure 6.

The most important conclusion from this test was that full-scale model and
penstock can safely withstand the working pressure (90 bar) and an additional
water hammer pressure (dynamic loading up to 120 bar) even in the presence of
large flaw (CS3 crack 6 mm deep, 50 mm long did not grow) in spite significant
misalignment of weldment. It should be mentioned that much smaller flaws can
be detected by non-destructive testing. Although plastic strains were found in
weld metal in the early loading stage (after unloading from 117 bar), they were
of significant value in global sense only after unloading from 151 bar, as indica-
ted by the change in periphery overall length. Extremely high plastic strain in
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Figure 6. Schematic view of crack development during explosion test.
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the weld metal, much larger than in defect-free model, was followed by crack
propagation in depth and length (crack CS2) (Figure 3).

Performed test offered only the approximate solution for critical crack size
and crack behaviour during loading, similar to service loading, since the most
critical microstructure could not be reliably found. Anyhow, manufacturing of
these models enabled qualification of welding procedure and welders training,
that was of special importance for penstock construction.

3. Residual Strength Prediction of Cracked Penstock Model

After verified welding procedure specification and proved safety by experimen-
tal analysis of models, next step was the assessment of residual strength of cra-
cked model and the resistance to stable crack growth. Path-independent con-
tour J-integral was selected for this assessment, as the most promising fracture
mechanics parameter due to its theoretical background, possible application
beyond elastic range and developed direct measurement method.” The compa-
rison of crack driving force, expressed by J-integral, and material resistance
curve (J-R, relationship between applied J-integral and extension of initial
crack) provides the possibility to determine the extend of the stable crack and
the crack size critical for fast propagation. This approach is applied for residual
strength evaluation of the model,'’ shown in Figure 1, presenting in the same
time the assessment of structural integrity.

Crack driving force in cylindrical shell can be calculated using model, pro-
posed by Ratwani, Erdogan and Irwin (REI)."" They have introduced J*, the
form of J-integral normalized by elasticity modulus E, yield strength R, and
crack length 2c¢ for a surface part-through crack of depth a, defined as:

) 4c-R 4c- R
J*=J.L=i _0+9_2(0.5_£) dy = p0.2;d2= p0.2
2C-R12)02 NE) dy  dy w E E-w

The ratios &/d, and 6/d,, can be found elsewhere,“ with COD in the centre
of crack plane, &, and rotation angle of crack plane, 6, for wall thickness W,
different pressure levels p and shell parameters

A=3120-v?) =
VRW
where R is the mid-thickness shell radius and v is Poisson’s ratio.
Set of crack driving forces, defined by the ratio pR/WR,,, are calculated for
different pressures (Figure 7), with material yield strength R, given in Table 2
for the PM — SMS8OP steel and SAW weld metal, and presented in JJ term.
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Resistance curves for steel SM80P and SAW weld metal had been obtained
by single-edge notched bend, SEN(B), specimens 22.5 x 45 x 180 mm
according to standard ASTM E1152. They are adopted to the same plot with
crack driving force curves in Figure 8. For the assumed ratio a/W = 0.25 (a =
11.75 mm) crack will grow in a stable manner for 3.75 mm in PM and 4.25 mm
in WM, and critical pressure values for fast fracture will be 155 and 144 bar,
respectively. For a/W = 0.5 (a = 23.5 mm) corresponding values are 6.1 mm
and 104 bar for WM, 8.5 mm and 140 bar for PM.

, A =0.52 PRWRgq, 0.91 09 0.85
50 - 2c=9890mm , 0.82

i

| 2 SMsOP
40 (Kom?) steel

30

20

00 01 02 03 04 05 068 07 aw

Figure 7. Residual strength prediction of cracked model, using crack driving force and J-R curves.

Obtained results had shown high crack resistance of SM80P and SAW weld
metal. Although HAZ was not examined, the test of model precracked in HAZ
(Figure 5) demonstrated its satisfactory behaviour. However, the behaviour of
HAZ refers only to the microctructure of crack plane, and next investigation are
necessary for better understanding the effect of HAZ heterogeneity.

The prediction of residual strength and structural integrity of cracked wel-
ded structure by comparing maximum crack driving force, and minimum mate-
rial crack resistance should be conservative. Thus, it should be proved that
applied REI model is conservative. With this aim experimental pressure vessel
(Figure 8) of SM8O0P steel 16 mm thick plates was produced for the verification
of REI model."” This was done using J-integral direct measurement’ on fatigue
precrack, positioned in SAW weld metal (Figure 8, II). Fatigue precrack was
produced in the segment (180 x 380 mm), cut from the welded vessel. After
machining part-through notch in the WM centre, fatigue precrack was produced
and segment was rewelded on the pressure vessel. The instrumentation for
J-integral measurement around selected contour DCBAB’C’D”, Figure 8, III,
consisted of strain gauges, Figure 8, IV and COD clip gauge.

It is interesting that during experiment crack developed in length, from
initial value of 64.25 mm to 72 mm in first pressure stage and to the final value
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Figure 8. Experimental pressure vessel: I Shape and dimensions. II Details of the crack (A notch;
B fatigue precrack; C, D stable crack growth; E final fatigue crack). III Integration contour. IV
Distribution of strain gauges M (CMOD — Crack Mouth Opening Displacement).

of 80 mm, as measured after the test. Crack did not develop in depth, Figure §,
IL

For the crack length 2¢ = 64.25 mm, shell radius 2R = 1184 mm, wall thick-
ness W= 16 mm, Poisson’s ratio v= 0.3, the shell parameter is here 1 = 0.6.

Crack driving force for an axial surface crack have been calculated by REI
model for this A value and plotted as set of lines in Figure 9, for different crack
ratios a/W and different normalized pressures pR/W R, > (Ry0. s yield stress of
WM, Table 2). Point “A” is experimentally obtained at the pressure 100 bar for
crack depth @ = 11 mm, measured after test on fractured segment (crack ratio
a/W= 0.69). For that case crack driving force, calculated by REI model, is
higher for 40% than experimentally determined in point “A”. It means that the
applied crack driving force, produced by pressure p = 100 bar, is clearly lower
than the value obtained in experiment, showing that REI model is conservative.
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Figure 9. Set of crack driving forces with implemented point “A”, obtained by J-integral direct
measurement on experimental pressure vessel.

4. Effect of Matching and Microstructural Heterogeneity

Next problem in structural integrity assessment is how to define representative
J-R curve for differently matched welded joints and HAZ. In order to inves-
tigate this, two welded joints of SM80 steel were produced: normal matched,
with WM of slightly lower strength compared to PM, and undermatched, WM
of significantly lower strength compared to PM. Third welded joint, over-
matched one, was welded of SM60 steel (nominal yield strength 520 MPa) with
consumable of higher strength, with WM superior in strength compared to PM.

Smooth specimens were produced as tensile panels of size given in Figure
10 but without crack). They were instrumented over PM and WM by normal
strain gauges, and over HAZ by strain gauge chain measuring strains in close
points. In this way non-uniform behaviour (Figure 3) and strain distribution were
analyzed during loading. Although interesting, these results'> are not directly
connected with structural integrity assessment and are not considered here.

In this experiment precracked SEN(B) specimens (ASTM E1820) for single
specimen compliance technique (Figure 10, I) were tested for crack growth
measurement, and instrumented tensile panels (Figure 10, II) with surface crack
— TP (Figure 10, IIT) were tested by J-integral direct measurement method.’
Cross section of tensile panel (75 x 15 mm) was weakened by large crack (24
mm long, 5 mm deep) and small crack (16 x 2.5 mm). In both SEN(B) and TP
specimens cracks were positioned in PM, WM and HAZ. The results are
presented in detail elsewhere.'> Some results, interesting for structural integrity
assessment, are given here. Due to heterogeneity of microstructure and mecha-
nical properties, HAZ is the most interesting welded joint constituent in structural



STRUCTURAL INTEGRITY ASSESSMENT OF PENSTOCK 283

T
zrﬁ FToTd e !
i

ey . —
i J - .
A I
!
" |
224 e17 1
A |2t 516 810 ArA
© 204 2 F_ o B 13 2] wlg % iz
& [ 18] 1—- S l _@_1‘% 1 83138 [ m
15 of T i" L2
75 '

[100 15

| R
\\‘
%
N

Figure 10. Precracked specimens (I — Single Edge Notched Bend, SEN(B), specimen; II — Tensile
Panel — TP, III — details of surface cracks on TP; CMOD-)

integrity assessment and crack behaviour in it attracted the attention in this
investigation.

Two typical plots load versus crack opening displacement are presented.
They are of the uniform form for all TP and most SEN(B) specimens, Figure
11, I. Only SEN(B) specimens with short crack (a/W ratio 0.20 and 0.21) in
HAZ plots are non-uniform, indicating a fast crack growth (“pop-in”, Figure 11,
II), but also material crack arrest capacity. It is clear that through crack in
SEN(B) can develop more easily than surface crack in tensile panel due to
constraint effect.

Typical J-R curves for crack positioned in HAZ are given in Figure 12 for
TP with a/W ratios 0.14 and 0.37 and SEN(B) with five a/W ratios, including
0.20 and 0.21 values (pop-in). Structural integrity was assessed using J-R cur-
ves for both TP and SEN(B) specimens (Figure 13). The set of results for HAZ
obtained by SEN(B) specimens was adopted by “lower bound” (LB) curve, the
envelope of minimum values for crack resistance, including pop-in effect.
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Figure 11. Typical plots load, P versus CMOD, obtained by single specimen compliance
technique (I — Tensile Panel — TP; II — Single Edge Notched Bend SEN(B) specimen with short crack,
exhibiting “pop-in” indicated by an arrow).
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Figure 12. Set of J-R curves for crack Figure 13. Structural integrity assessment using
in HAZ obtained by SEN(B) specimens. HAZ specimens.

Material crack resistance for a/W values in TP is clearly higher compared to
the crack driving forces. Due to “pop-in” the behaviour of crack in HAZ is
close to critical. For the crack ratio a/W = 0.55 (Figure 12,1I), crack depth is a,
= 8.77 mm and the pressure p = 120 bar can produce an unstable crack
extension for next 0.8 mm, before the crack tip enters the region of tougher
material in which crack can grow with pressure increase, but in a stable manner.

5. Conclusion

Penstock is an element of simple design shape, but it is very responsible com-
ponent in hydroelectrical power plant. Proof pressure test of pressurized equip-
ment is decisive for introduction into operation, but experienced service failures
in the form of leakage or even burst indicated that this is not completely reliable
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approach. Many problems regarding service safety were considered for pen-
stock of hydroelectrical pumping-up power plant “Bajina Basta”, produced of a
HSLA steel, mostly connected with welded joint and HAZ in it as critical
regions. This was achieved by experimental testing of penstock full-scale models
and pressure vessel, on the one hand, and applying fracture mechanics parameter,
J-integral, for residual strength prediction and structural integrity assessment.
Experimental testing confirmed that welding quality according to welding pro-
cedure specification is satisfactory. It also allowed detailed analysis of penstock
which revealed non-uniform strain distribution, attributed to matching effect,
stress concentration and microstructural heterogeneity of welded joint. The impor-
tant aspect of straining is that after experienced plastic deformation material
behaviour will be fully elastic during next unloading and reloading up to pre-
viously achieved stress level, accounting also by strain redistribution in some
extend. However, since cracks can not be completely excluded in welded joint
(although not accepted by standard), structural integrity assessment is necessary
for reliable penstock service when crack is detected or simply presumed. Perfor-
med analysis had shown that most critical are the cracks in heat-affected-zone,
which is continuous metal, but of very complex microstructure and non-uniform
properties strongly affecting crack behaviour. For that HAZ microstructural
analysis, followed by local mechanical properties, not discussed here, is also
important influencing factor for crack and failure occurrence and should be
performed for heavy duty pressurized equipment. Simulation of HAZ could be
very informative. Anyhow, high price of investigation in this area is limiting
factor.
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THE THERMAL AND MECHANICAL BEHAVIOR OF A JOINT
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Abstract: This paper investigated numerically the thermal and mechanical
behavior of joint pipe system. The joint pipe system studied was subjected to the
internal pressure and the thermal stress that came from the instantaneous
temperature variation. A 3D finite element model is established to simulate the
instantaneous process of pressurized thermal shock (PTS) in nuclear power
station, however, it is also available to other pipe systems under thermome-
chanical load condition. The stress produced by thermal shock is much higher
than that produced by pressure variation. The highest stress is situated at the joint
of the injection pipe and the pressure vessel, and local plastic areas consequently
occur in these places. The coupling effects of mechanical and thermal stresses
have been analyzed and the influences of combined stress on the pressure vessel
strength have been evaluated.

Keywords: joint pipe system, pressure vessel, finite element method, coupling of mecha-
nical and thermal stress

1. Introduction

In pressurized water reactor (PWR) of nuclear power stations, nuclear pressure
vessel will be influenced by pressurized thermal shock (PTS) in loss-of-coolant
accidents. If the cooling water of high-pressure safety flooding system contacts
the high heat in wall of the nuclear pressure vessel, the water will soon cool down
the inner surface and generate thermal stress. And the re-boost caused by water
injection will bring the coupling effects of mechanical and the thermal stresses to
the pressure vessel system including the injection pipe. Because the surface of
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nuclear pressure vessel is always irradiated by decrease, thus, study on integrity
and safety of structures under the influence of PTS and the establishment of
reliable analytic method and evaluating criterions become significant research
subjects concerning reactor structural mechanics and reactor thermohydraulics.
They are also key audit projects in reactor safety evaluation. [1-3].

The guide rule R. G. 1. 154 promulgated by the US Nuclear Administration
Committee in 1987 made detailed specification of the background and purpose of
safety analysis, range of analytic method, acquisition of data at the job site, analytic
sequence of PTS, thermohydraulics, and fracture mechanics analysis. It also gave
computing examples. After that, on the basis of new situation and achievements,
the regulations of PTS safety analysis have been continuously embodied and
completed. In order to analyze the formation mechanics of PTS, some major
laboratories in America and other countries have put up one-fifth to full-scale
simulating experiments. With numerical simulation technology, 3D model and
damage and failure criterions going with PTS have been set up. Because of the
complexity and importance of PTS incidents, many countries are carrying on the
studies on this subject to establish adaptive criterions of structure safety analysis.

This paper mainly studies the instantaneous process of PTS on the nuclear
pressure vessel. The coupling effects of mechanical and the thermal stresses have
been analyzed and the influences of PTS events on the pressure vessel strength
have been evaluated. A 3D finite element model is established to simulate PTS
process and obtain its characteristic. According to the computing conditions, the
finite element computing software Marc which can solve nonlinear 2D and 3D
problems is chosen as the main tool to carry on the study.

2. Model Selection

Generally nuclear pressure vessels have complex structures, and the problem
should be accordingly simplified. In this paper we only choose a system of a steam
vessel and a cooling branch pipe and concentrate our attention on the joint of the
vessel-pipe system. The damage part brought by thermal and mechanical loading
defines a surrounding joint region where the high-pressure cooling water mixes
with high-temperature steam and the stress level is higher than other regions. A
similar system has been described by Kordisch et al. [3]. In our calculation
model, height of the vessel is 0.6 m, outer diameter 1.6 m, and wall thickness 0.1
m. Length of the branch pipe is 0.20 m, outer diameter 0.13 m, and wall thickness
of the branch pipe 0.015 m. The distance between the midline of the branch pipe
and the bottom of the vessel is 0.4 m. The finite element mesh structure taken is
the symmetric part which occupies one-fourth of the vessel and one-half of the
branch pipe (Figure 1).
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Figure 1. General view of the joint area of the connection pipe and the vessel with the finite
element mesh.

As for the setting up of the boundary conditions, according to the symme-
trical characteristic, in the interface of the vessel and the branch pipe, the normal
displacement of lengthways cross section is given null. And on the other symme-
trical side, the normal displacement of lengthways cross section is also given
null. Considering the constraint of the axial rigid body displacement of the vessel,
the normal displacement of the bottom cross section is set up to be zero. Thus, the
top part can still freely move along the axial direction, so the model accords with
the practical situation.

The load on the vessel can be classified as: (1) free convection at the vessel’s
outer surface contacting with the air; (2) convection at the vessel’s inner surface
contacting with the cooling water; (3) internal pressure caused by the expansion
of the steam.

The condition of the convection at the vessel’s outer surface contacting with
the air is simple. Setting up the air temperature to be 20°C, when the temperature
of the node which contacts the air is 7, the convection transfer and the quantity of
heat ¢ is

q=h(T-T,)=h(T-20) (1)

where T is temperature; 4 is coefficient of heat transfer.

The convection at the vessel’s inner surface contacting with the water is
complex, for the cold water is continuously heated and takes away a lot of heat
when it flows through the inner wall of the vessel. Considering the duration of
severe change of temperature is several minutes, so the time of the event simu-
lation in this paper is only 200 sec (vessel are often cooled down to room tem-
perature several hours later), the water temperature here can be considered as a
fixed value. Now the water temperature is fixed to 50°C, and the heat transferred
by convection can be obtained by relationship (1), at the instant 7,, = 50.
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Vaporization of the heating-up water coolant will cause pressure change of
the vessel, which influences the whole inner wall of the vessel. The relation curve
of inner pressure and during time adopted in this paper is shown in Figure 2.
Under the influence of PTS, the initial condition of the model is that the tem-
perature of all the nodes is 295°C.
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Figure 2. The relation curve of inner pressure and temporal time.

The material of the nuclear pressurized vessel is high-strength steel, the
elastic ratio of which is 190 GPa, and the Poisson’s ratio is 0.3. The physical
properties of the material are shown in Table 1. The stress—strain curve is shown
in Figure 3.
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Figure 3. The stress-strain curve of the material.
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TABLE 1. The physical properties of the material of the nuclear pressurized vessel.
Density | Coefficient | Thermo Specific Thermal Coefficient Coefficie
(kgm™) | ofthermal | conductivity | heat (J kg™ | diffusivit | of heat nt of heat
expansion Wm'Kh | K y (m*s™") | transfer transfer
(K™ (water-steel) | (air-steel)
(Wm?K™") | (Wm™
K™
7833 145 x 10° | 41.5 502.4 1.05x107° | 5,000 20

3. Computing Principles

As for the computing principles, according to the characteristics of the analyzed
problems, here are only some brief instructions on criteria of elastic-plastic yielding,
the incremental relation of stress and strain and the computing methods of heat
transference and thermal stress.

As the pressurized vessel is made of metal, Von Mises’s yielding criteria are
adopted in the elastic-plastic computing:

S(13)=\2T; -5 =0

Where J'is invariant of the second stress deviator, & is average stress.
Prandtl-Reuss’ model is adopted to show the relation between the increment
of plastic strain and stress condition.
The strain is supposed to be the sum of elastic strain and plastic strain. Thus,
the strain increment is the sum of the increment of elastic strain and the incre-
ment of plastic strain.

)

— p e
dgl.j = del.j. +d8,.j

3)

Hooke’s law is still appropriated for the elastic strain. As for the plastic strain,
nonlinear hardening coefficient is adopted

_ oo

og”’

The relation between the increment of stress and the increment of strain is
indicated as the following relationship:

H!

“4)
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In computing the heat transfer, the following formula is adopted

M%+(K+F)T=Q+S (6)

where

M = L N’ pCdv , heat capacity matrix

K= IV B"KBdv , heat transfer matrix

F = Lz N ThNds3 , convection matrix

0= JV N"Qdv — Lz N"Qds, + 0, heat-flow vector

O is heat flow of nodes

N is interpolating function
B =0N, / ON,

In nonlinear steady-state problems, coefficient matrices are generally con-
cerned with temperature. Solutions of convergence can be obtained by iterations
of several times.

The method of initial strain is used in the thermal stress computing procedure.
The thermal strain caused by the increment of temperature is led in the equili-
brium iteration formula as a simulating load. The relation of increment of thermal
strain, increment of temperature A7 and linear expansibility is as follows:

h
Ael.j =0, -AT (7)
The stress—strain relation is:

Ao, =D, (A, —As))) (8)

g
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The simulating load item is:

" = [ B,DyAedv )

4. Analysis of the Computed Results

To compute by adopting the boundary conditions, the initial conditions, material
parameters, the regular pattern of variation of integer stress and integer strain
field in the PTS process can be obtained. There is usually a great stress concen-
tration at the joint of the connection pipe and the vessel, and so this area needs to
be paid more attention. The locations of numbered nodes are shown in Figure 4.
The computed results also indicate that the area, which has maximum stress is at
the interface part.
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Figure 4. The locations and numbers of the nodes at the interface part.

Figure 5 shows the relation curve of stress and time at node No. 60 at the
interface part which has the greatest stress under the pressure, the thermal shock
and PTS respectively, from 0 to 30 sec, the stress fast increases in the case of
PTS, and from 30 to 150 sec, the stress remains at a high level, and that of thermal
shock separately, the stress generated by thermal shock is a few times greater
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than that generated by the variation of pressure. When calculating the influence
of PTS on the vessel strength, the stress generated by pressure and the stress
generated by thermal shock are approximately coupled in the form of linear
superimposing.
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Figure 5. The stress—time hour curve of node No. 60 at the joint part (a) influence of inner pressure;
(b) influence of thermal shock; (c) influence of PTS.

Figure 6 shows the distribution of every kind of stress under the influence of
pressure, thermal shock and PTS in a pitch arc (composed of nodes from No. 60
to No. 44 in the finite element mesh), when the high-pressure safety water
flooding system has been running for 100 sec. According to Figure 6, it is con-
venient to estimate the magnitude of the stress of every node by Von-Mises
stress. Seen from the location of the connection tube, node No. 60 and node
No. 44 are symmetric. But because of the asymmetry of heat transfer, the stress
in the area of node No. 60 will be greater than the stress in the area of node
No. 44, which is attributed to the influence of thermal shock.

Similarly, after the injection of cold water, the stream current will firstly
contact the bottom of the vessel and generate thermal stress.

Local plastic areas occur in the place of the joint under the influence of PTS.
Figure 7 shows the pattern of equipotential of Von-Mises stress distribution (100
sec, the joint area). The light-colored parts approximately represent the plastic
areas. The plastic areas under the joint are a little bit larger than that above the
joint.

With this method, the analyses of displacement distribution and temperature
distribution of the PTS process have also been carried out.
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Figure 7. Pattern of equipotential of Von-Mises’ stress distribution at the joint area at 100 sec.

5. Conclusions

It is of great significance to study the instantaneous process of PTS on the nuclear
pressure vessel, to analyze coupling effects of mechanical and the thermal
stresses and to evaluate influences of PTS events on the pressure vessel strength.
The building of a 3D finite element model is able to simulate a PTS process and
obtain its characteristic in the adjacent area of branch pipe. In the process of
establishing the computing model, the plastic-elastic characteristic of the material,
thermal transfer generated by the variation of the temperature and the coupling
process of mechanics and the thermal stresses should be taken into consideration.
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Under the effects of PTS, if the plastic area is not large enough, the coupling
effects of mechanical and the thermal stresses are not obvious and the stress of
PTS is nearly the same as the linear superimposing of the stresses generated by
pressure and the thermal shock. The duration of PTS is about several hundred
seconds. The highest stress is situated at the joint of the injection pipe and
pressure vessel, and local plastic areas consequently occur in this place.
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DEGRADATION OF THE PHYSICAL AND MECHANICAL
PROPERTIES OF PIPELINE MATERIAL DEPENDING
ON EXPLOITATION TERM

STEFAN VODENICHAROV
Institute of Metal science, Sofia, Bulgaria

Abstract: Failures and breakdowns of transport pipelines are especially danger-
ous because they are connected with enormous material losses, environment
damages and very often with serious human casualties and injuries. The world-
wide experience in the exploitation of hundreds of thousands kilometers of gas
and oil pipelines shows that the number of failures and the probability of cata-
strophes in the pipelines grows with the increasing operation time due to pipeline
material ageing. The object of this investigation is the behavior of C55E (091'2C)
pipeline steel subject to long-term model static loading. The structure and
mechanical properties in initial state are compared to the steel characteristics
after 15 years stay under static loading by internal pressure. Particular attention
is paid to the changes of strength and toughness which are of special impor-
tance for the reliable pipeline operation in oil and gas transportation.

Keywords: degradation of the physical and mechanical, properties of pipeline material,
depending on exploitation term

1. Introduction

The gas and oil pipelines operate in regions of various climatic conditions. The
transport pipelines are subject to different additional loadings produced by sun
heating, earthquakes, floods, cyclones, etc. The transported products possess
huge reserve of potential energy which ranks the pipelines among the extremely
dangerous energy systems. On a global scale over 5 million km of gas and oil
pipelines are in exploitation — more than 400 thousand km in Europe, above 300
thousand km in Russia, and above 500 thousand km in USA.
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Figure 1. Pipelines distribution according to their age in Russia [12]: (a) gas mains; (b) oil trunk
pipelines.

In Russia alone more than 50% of these pipelines are in operation beyond
their designed term of exploitation exceeding their serviceable lifetime by 20—
30 years [1, 2] (Figure 1).

A large part of the registered failures happen in consequence of exceeding
pipelines lifetime. They cause irreparable damages to the environment, economy
and lead to human losses.

2. Some Pipeline Failures

The pipeline failures have very often serious consequences. Some individual
examples from the last decade are presented below.

On September 28, 2006 in the Volgograd region of Russia not far from
populated area (the 442nd kilometer of the main gas pipeline “Middle Asia -
Center”) a pipe of 1,200 mm diameter breaks and the out flowing gas ignites
causing explosion of about 75—80 m in diameter [12].
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Figure 2. Explosion of gas pipeline in Dubois, Pennsylvania, USA.

On August 21, 2004 explosion of gas pipeline located not far from town of
Dubois, Pennsylvania, USA, destroys the whole residential district and kills
several inhabitants (Figure 2) [4].

On January 27, 2000, a 24-inches pipeline collapses producing crack 265
miles long near Winchester, Connecticut. As a result of the failure 11,644 barrels
of oil are lost but fortunately there are no human casualties [5].

On July 21, 1997, a 20-inches gas pipeline property of citizens gas, breaks
down not far from Indianapolis, Indiana state. As a result three people are killed
and 75 injured, six houses are completely destroyed, and 65 are uninhabitable
[6].

On August 15, 1997, a 28-inches pipeline located 45 miles to the north of
Dallas, Texas, breaks down and 13,436 barrels of gasoline run out. The crack of
10-ft length causes enormous pollution.

On March 9, 2000, a pipeline breaks down near Greenville, Texas, and 13,
436 barrels of gasoline (over 18 million dollars) run out [3]. Fortunately, there
are no human casualties.

The US Department of Transportation’s Research, The Special Programs
Administration and The Office of Pipeline Safety (RSPA/OPS) published data
about USA national gas pipeline failures, their causes, and consequences. The
data for the period 2002—2003 are presented in Table 1 [4].
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TABLE 1. Accidents with national gas pipelines in USA for the period from January 1, 2002 to
December 31, 2003 [4].

. Number of % of the total . % of complete .

Failure cause accidents number of | Material losses losses Deaths | Injuries
accidents

Excavation 32 17.8 $4,583,379 6.9 2 3
works
External 12 6.7 $8,278,011 12.5 0 0
forces
Other forces 16 8.9 $4,688,717 7.1 0 3
Corrosion 46 25.6 $24,273,051 36.6 0 0
Equipment 12 6.7 $5,337,364 8.0 0 5
Material 36 20.0 $12,130,558 18.3 0 0
Management | ¢ 33 $2,286,455 34 0 2
activities
Others 20 11.1 $4,773,647 7.2 0 0
Total 180 $66,351,182 2 13

TABLE 2. Pipelines failures in Washington district, USA, from years 1977-1997. [4].

Year Miles of PL | Accidents Gallons Accidents[mi] | SPD[mile] Gallons
spilled released[mi]

1977- .001350 43.45
1986

1986 153,462 209 9,215,346 .001362 104,44 60.05
1987 125,859 237 13,131,468 .001883 104.41 104.33
1988 152,547 193 4,798,542 .001265 212.49 31.46
1989 150,488 163 5,089,518 .001083 58.57 33.82
1990 149,008 180 2,295,486 .001208 105.50 15.41
1991 150,425 216 2,343,508 .001436 251.21 15.57
1992 152,595 212 2,887,164 .001389 253.29 18.92
1993 165.781 230 2,440,536 .001387 174.17 14.72
1994 155,208 244 4,718,700 .001572 363.73 30.40
1995 153,566 188 22,307,746 .001224 211.76 145.26
1996 154,863 195 4,037,922 .001259 320.96 20.07
1997 154,863 179 4,699,674 .001154 320.36 30.29

The pipeline failures in Washington district, USA, can be traced through the
years in Table 2 [6]. The detailed analysis of the results shows that the accidents
number in the different years varies in narrow ranges but the material losses are
enormous.

According to data of The Energy and Utilities Board in Alberta, USA, over
700 failures are registered annually [7]. Most often the failure cause is internal
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Figure 3. Oil pipeline failures in Alberta, USA in the years [7].

corrosion of the joint components of the pipelines (Figure 3). It is evident that
the number of failures is growing in the recent years.

The Russian experience in the exploitation of several tens of thousands kilo-
meters of gas pipelines shows [2, 10], that the number of failures grows with the
increase of the exploitation time (Figure 4, 5). A peak of accident rate is establi-
shed after 2428 years of exploitation after which the failures number decreases.

Reduced accident rate,

accident
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01020 mm

Figure 4. Failures of pipelines, property of Gazprom, Russia [2].



304 S. VODENICHAROV

Low alloyed steels Low carbon steel

Numbker of failuresfyear
per 1000 km
Failure relative number,
numberfkm

0 10 20 30 0 1 2 3 4 5

Operation time, years Operation time, years
a} b)

Figure 5. Number of failures (a) main oil pipelines [2], (b) distribution gas pipelines [5].

The analysis of statistical data [1, 5] on failures of gas and oil pipelines in
Russia (Figure 6) shows that the number of pipeline failures occurring in the
exploitation period up to ten years varies between 1% and 7% of all analyzed
cases. For the operation period between 10 and 15 years the frequency of failures
sharply increases up to 32% and for the next period it decreases considerably.

The statistical data accumulated in England and Norway about failures in oil
and gas pipelines in North Sea show continuous growth of the accidents with
the increase of the exploitation time [11]. Table 3 presents information for the

Low alloyed steels

Number of failures

o 5 10 15 20 25 30

Operation time, years

Figure 6. Distribution of failures number [%] of main gas pipelines depending of operation time [5].
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period 1970-1995. The data are presented as probability for failure occurrence
per 1 km of pipeline per year. In Russia the probability for failure occurrence is
assumed to be 0.22 per 1,000 km per year. This value is 1.5 times higher than
the probability for failure occurrence given in Table 3 and it corresponds to the
actual number of failures in North Sea.

TABLE 3. Probability for failure occurrence per 1 km pipeline per year.

Corrosion and defects |Failures through third ~ |[Other causes for failures [Total frequency of

of pipeline material  |parties’ fault failures

9.29-10-5 3.61-10-5 2.5-10-5 1.55-104

According to the management of the Northwestern Regional Center of Russia
there are 446 pipeline failures in 2005, 403 of them resulting on technogenetic
reasons [13]. According to the prognosis of specialists from the Institute of
Metal Physics (Russia) from 2008 on the number of pipeline failures will grow
2.5-3.5 times per year and toward 2010 it will reach 5.5 thousand accidents per
year.

The safe operation assurance of the functional systems at different exploitation
stages is only possible on the basis of developing modern safety methods in the
processes of design, manufacture, building, exploitation, and scheduled technical
diagnostics with competent assessment of the pipelines rest lifetime.

3. Causes for Pipeline Failures

The pipeline safe operation and high reliability depend on various factors —
mechanical damages, fatigue cracks, material defects, weld cracks, improper
welding, internal or external corrosion, presence of flokens — and most of all on
the natural changes of the physical state of the pipeline metal and welded joints
during their prolonged exploitation.

In compliance with the regulation documents the pipeline operation ability
is determined by the strength and toughness margin of the pipeline metal structure
that is the main construction component of any pipeline system. The above para-
meters are specified taking into account the pipes loading at uniform distribution
of the stresses along the perimeter and the mechanical properties of the material.
However, very often the change of the properties during long-term exploitation
is not taken into consideration.

This could be explained by the absence of unified approach for assessment
of the metal structure properties after long term of exploitation. Finding out the
effects of the operation duration on the mechanical properties of the metal
structures requires long-term research by several generations of scientists. The
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now existing scheduled system for replacement of outworn equipment also con-
tributes for the lack of data related to the actual condition of the installations.

According to the statistical data of US Department of Transportation’s
Research and Special Programs Administration [4] most often the failures of oil
and petrol pipelines are due to fatigue cracks, corrosion damages, presence of
cracks and hydrogen flakes, or structure inhomogeneities in the metal.

According to other authors [12, 15] the main reason for the growing number
of failures in the oil pipelines are the accumulation of fatigue damages and the
deformation ageing in combination with the irreversible microplastic damages
of the structure.

According to [16] the main reason for pipeline failures are the internal and
external corrosion processes.

However, in most of the cases the pipeline failures are due to complex
reasons — deterioration of the pipeline design parameters and change of metal
properties during operation. The damages caused by human error or vandalism
are not infrequent also.

4. Materials Used for Pipes Production in Russia

The steels used for pipes production could be divided into several generations:

e First generation (up to 1947 r.) — steels C13, Ct4, 20
e Second generation (1947-1960) — steels 191", 0912C, 14XT°C
e Third generation (1960-1975) — steels 17I'C, 17T°C1, 17TC-Y
o Fourth generation (from 1975) — low-alloyed steels with carbonitride
inclusions produced by controlled rolling — 15I2C®, 12I"2CB,
0912056, 09THDB, 10I"20F6.

The steels of first, second, and third generations are most widely applied for
manufacture of pipes and pipelines and they have been already in operation for
1540 years. The operation life of fourth generation gas pipelines has been not
longer than 20 years. Very limited data on the material behavior during long-term
exploitation can be found in the available publications. For example, the pipes
of fourth generation steels of 1,420 mm diameter operating under pressure of
7.5-10 MPa are not yet examined. The analysis of the published data indicates
that the initial properties of the pipe metal change during long-term exploitation.

5. Change of the Metal Mechanical Properties

The results on the changes of the mechanical properties occur in the metal of
main pipelines made of steel 091 2C are reported in [1, 2, 15]. The strength
properties (yield strength R, and tensile strength R,,) increase (Figure 7, a) but



DEGRADATION OF PHYSICAL AND MECHANICAL PROPERTIES

307

Mechanical properties, MPa

1800
1600
1400
1200
1000
800
500
400
200
1]

——Res
—8—FRm

5 10

15

QOperation time, years

Percent elongation A and

contraction Z

Operation time, years

a)

b)

Figure 7. Effect of operation time on the metal mechanical properties: (a) material strength pro-
perties, (b) C55E steel plastic properties [1].

the true stress Sy, the elongation A [%] and the contraction Z [%] slightly
decrease (Figure 7, b) with the operation duration.

The impact toughness of the steel decreases during the operation A (Figure 8)
[1]. The decrease during the first ten years of operation is insignificant, but after
that period begins an intensive degradation of the metal impact toughness. The
same trend is found also in pipeline of X70 steel, which is in exploitation at
minus temperatures in Urengorsk, Russia, where the impact toughness drops by
16-25% after nine years of operation.
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Figure 8. Change of the impact fracture toughness of steel 09T2C [1] in dependence of the
operation time.
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The impact fracture toughness of 09I'2C steel specimens taken from pipelines
after long term of operation decreases in the whole temperature range of testing.
It should be noted that the degradation rate is different depending on the test
temperature. For the first five years of operation it decreases by 15-30% com-
pared to the reference state. The degradation after the 9th year goes slower and
practically no degradation is observed in the temperature range —40/—60°C.

Two types of ageing of steels with the operation time have been reported for
a number of pipelines materials [2]: natural ageing, resulting on microstructure
nonequilibrium, and deformation ageing, which is due to overloading. Both types
of aging are accompanied by strengthening and embrittlement of the steels that
favors the low energy fracture of the pipelines.

The crack resistance of specimens taken from 530 mm diameter pipeline of
09T"2C steel subject to long-term operation in the severe conditions of Yakut is
studied in [1]. Significant degradation of the material resistance to crack growth
is found after five and ten years of operation. The effect of the operation time
on the material mechanical properties of 820 mm diameter main gas pipelines
of steel 191" at operation pressure of 5.0 MPa is discussed in [2]. The properties
of pipeline material after 29.5 years of operation are compared to the properties of
pipe which has spent the same time in warehouse. The test results show, that the
strength properties of the operating pipe R, and R,, have increased by 11% and
30%, respectively, but the impact toughness has decreased by more than 40%.
These changes of the mechanical properties are explained with the severe
restriction of dislocations mobility in the metal.

Particularly unique investigations of 914 mm diameter/9.9 mm wall thickness
pipe subjected to 24 h action of internal hydraulic pressure are reported in [17].
A notch of 84 mm length and 5 mm depth was made on the wall surface prior to
testing. The stress in the wall was 1.02R.. A plastic yield was established at the
notch tip as well which led to formation of small crack. After six months loading
of the pipe at 0.9 R, no plastic yielding was found, but the subsequent increase
of the stress to 1.03 R, caused immediate fracture. This test shows that the long-
term loading by average stress close to the yield strength (R.) the atomic bonds
break due to deformation concentration at the notch tip, the crack slowly grows
and finally leads to fracture.

Cyclic stresses develop in the pipe metal due to fluid transport of flow during
operation. They are an essential reason for the growth of the existing ones and
formation of new defects in the metal. Localized plastic deformation develops
around the mechanical damages in the outer surface layers of the wall. In many
cases fatigue cracks nucleate very often around these stress concentrators and
their further growth results in pipe failure. The statistical data analysis [18]
verifies the conclusion that the main cause for the increasing number of pipeline
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failures with operation time is the accumulation of fatigue damages in combination
with the accumulation of irreversible microplastic deformation of metal.

The external corrosion of the pipes is of particular importance for the fracture
of pipelines operating in cold climatic conditions (e.g., West Siberia, Alaska,
etc.) [1, 2, 15, 16]. Many of these pipelines are insulated by different anticorrosion
means. In Russia bitumen is commonly applied whose durability is 12—15 years.
Some pipeline connections are insulated by insulation tapes with protection
lifetime of 20 years. The short service life of these insulation materials is one of
the reasons for the intensive external corrosion of the pipelines made before
1980 (they are more than 85% of all pipelines). 65% of the pipes of the con-
temporary gas pipelines have polymer insulation. The proper laying of this
insulation depends on the skill of the builder and can additionally restrict the
life of the insulation (it is eight to ten years).

The action of the transported fluid causes formation of erosion pits on the
inner surface of the pipe. In the recent years the different countries succeed to
limit the internal corrosion damages by active corrosion control and prevention
[15, 16]. USA applies inspection method called “smart pigs”. Extremely sensitive
devices travel inside the pipe and register the presence of even the smallest
corrosion pits.

The relatively high number of pipeline failures is due to defects of welding
origin. Examinations are carried out on pipes of steels 171'C, 17I'1C, and 091 2C
after manual electric arc and contact spot welding [1]. Samples are prepared
from these welded pipes and subjected to long-term loadings on special stands
of 20 kN normal force. The significant change of the mechanical properties of
the manually electric arc welded steels grade 17I'1C and contact welded steels
09T°2C is found out after the loading. It is proven that the tensile strength
properties considerably increase with the duration of the loading. The metal
impact toughness of the weld metal strongly decreases in the whole operation
temperature range (from —60°C to +20°C). It is established that the heat affected
zone metal is more susceptible to crack growth and deformation ageing
processes in comparison to the weld metal. The investigations show phases
precipitation in the weld area as well as lower mobility of dislocations, which
are blocked by the phases and interstitials atmospheres.

6. Object of Investigation

The determination of the rest lifetime and crack resistance of the dangerous
technogenetic systems for petrol and gas transport, taking into account their
long-term exploitation, is particularly sophisticated research problem. From the
analysis of the available sources the conclusion could be made that at present
the knowledge about the effect of the time factor on the kinetics, mechanism,
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and morphology of the deformation and fracture of the pipe and pipeline construc-
tions are at the stage of experimental database accumulation. There is no unified
scientific conception describing the physical nature of the material mechanical
properties dependence on the exploitation duration. There is no sufficient experi-
mental base for assessment of the pipeline and material service properties. In
this respect the information about the change of the pipelines crack resistance
during their operation is particularly valuable. Unfortunately, such data are almost
not found.

The steels grades 191", 091'2C, 14XT°C are the most largely applied for pipes
and pipelines production since 1947 and their operation time varies from 15 to
40 years. In the published sources the data about the properties changes of that
steel grade after long term of operation in pipelines are extremely scanty.

Object of investigation of the present paper is steel C55E (EN10083) equi-
valent to 0912C (GOST 19281-89). The purpose is to investigate the changes of
mechanical properties of seamless pipe of 133 mm diameter and 5 mm wall
thickness subjected to static internal pressure of 20 MPa for 15 years.

7. Experimental Method

Table 4 presents the chemical composition and Table 5 — the mechanical pro-
perties of as received 091" 2C seamless pipe of 133 mm diameter and 5 mm wall
thickness. Short parts of the examined pipe are subjected for 15 years to loading
by internal static pressure produced by hydraulic stand at nominal pressure 20
MPa. Standard samples for tensile test at room temperature and for three-point
impact bending test at temperatures of —60°C, —20°C, and 20°C are made of as
received pipes and of pipe parts after the loading.

The dislocation structure in initial state and after the 15 years loading is
examined by transmission electron microscopy. The TEM specimens are pre-
pared parallel to pipe axis. The fracture morphology of the impact fractured
specimens is analyzed by scanning electron microscopy.

TABLE 4. Chemical composition of C55E (091"2C) steel.

C, % Si, % Mn, % Ni, % S, % P, % Cr, % N, %
0.10 0.72 1.64 0.3 0.04 0.035 0.3 0.008

TABLE 5. Mechanical properties of C55E steel in initial state.

Re Rm As Z KCU
MPa MPA % % J/sm?
368 518 34 80 110
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8. Experimental Results

8.1. MECHANICAL PROPERTIES

The tests show that after 15 years loading by static pressure the strength pro-
perties of the steel practically do not change; only the yield strength R, increases
very slightly (Figure 9).

C55E steel strength properties
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0 5 10 15 20
Operation time, years

Figure 9. Change of the strength properties of steel 09T2C after long-term loading.
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Figure 10. Change of the plastic properties of steel 09T 2C after long-term loading.
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The relative elongation A5 and contraction Z decrease more visibly after the
loading (Figure 10).

The results of three-point impact bending test show very slight decrease of
the impact toughness after the stay of the pipes under internal static pressure for
15 years (Figure 11, 12). The values of the fracture energy obtained for the three
test temperatures (+20°C, —20°C, and —60°C), correspond to the energy of the

Unloaded pipe Loaded pipe

Absorbed energy, J

Absorbed energy, J

50 50 40 -20 o 20 A0 80 60 -40 -20 a 20 Al

Testtemperatures, 0C Test temperatures, 0C

Figure 11. Impact fracture toughness of 091'2C pipe: (a) as received; (b) after 15 years under static
loading.

C55E steel impact strength

120
110
100
90
80
70
60
50

— = T=—600C
—i—T=-200C
—k — T=200C

Absorbed energy, J

0 5 10 15 20

Loading time, years

Figure 12. Tmpact fracture toughness of 0912C pipe as received and after 15 years under internal
static pressure.
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Figure 13. Fractured surface morphology of 091'2C pipe specimens tested by three-point impact
bending: (a) as received; (b) after 15 years under internal static pressure.

Charpy’s curve upper shelf. That proves that the fracture of the metal, both as
received and after long stay under static pressure occurs by ductile mechanism
in the whole test temperature range.

The visual examination of the impact fractured surfaces shows strongly expres-
sed wave-like relief and lateral expansion of the specimens. The observation by
scanning electron microscopy reveals the presence of tear dimples with highly
deformed walls (Figure 13). No elements of brittle fracture are registered. This
fracture morphology is found both in the samples in as received state and the
sample tested by internal static pressure for 15 years and does not change depen-
ding on impact test temperature.

The observed character of the fractured surface is typical for ductile fracture
and confirms the conclusion that at any testing temperature the fracture runs in
the area of the Charpy’s curve upper shelf.

8.2. STRUCTURE CHARACTERISTICS

The examination by transmission electron microscopy shows ferrite-pearlite
structure with relatively low dislocation density both in the as received samples
and in the samples after 15 years internal static pressure (Figure 14). No changes
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of dislocations density and distribution are registered after the long-term action
of pressure (Figure 14b). This behavior is easy to explain having in mind that
the stresses in the pipe wall under the action of 20 MPa internal pressure are
much below the yield strength of the steel. The absence of effect on the disloca-
tion structure is in a good agreement with the absence of changes of tensile pro-
perties after the long-term loading of the steel. The established slight increase
of Re and decrease of impact fracture toughness could be due to initial stage of
ageing processes — e.g., formation of atmospheres of interstitial atoms.

Figure 14. Microstructure of 09I'2C pipe: (a) as received; (b) after 15 years under static pressure.

9. Conclusions

e The influence of long-term internal static pressure on the behavior of seamless
pipe of 091"2C/GOST 1928189 steel (equivalent to CSSE/EN10083) designed
for usage in gas or oil pipelines was investigated.

e The comparison of mechanical properties of the pipe steel in initial condition
and after 15 years long action of 20 MPa internal static pressure showed no
significant changes.

e |t was established that the long-term action of internal pressure does not
affect the dislocation structure of the steel. This is explained by the fact that
the stresses produced by the 20 MPa internal static pressure in the pipe wall
are far below the yield strength of the pipe steel.
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e The absence of dislocations movement and recombination and the absence

of new dislocations indicate that no defects can develop by dislocation mecha-
nism in the structure during the long-term action of the pressure.

e The performed investigation shows that a fracture of pipeline loaded by 20

MPa internal static pressure can be expected only if defects of critical size
are present in the pipe material in initial state. These defects can serve as
stress concentrators around which the real stresses may exceed considerably
the material yield strength and lead to crack growth.
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DEFORMATION CHARACTERISTICS OF CARBON STEELS
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Abstract: The temperature influence on mechanical properties of the carbon
steels is discussed. Under high temperatures the steel structures, moreover the
pipes, can lose their structural strength.

Keywords: elasticity modulus, elastic characteristics, carbon steels, high temperatures,
strength

1. Introduction

In some critical situations (fire, explosion, etc.) particular part of the pipeline
can be in the sphere of high temperature. Under high temperatures the steel struc-
tures, moreover the pipes, can lose their structural strength. The reasons of this
loss can be the changing of material strength characteristics or short-time creeping
phenomenon. The latter is a topic for another study. The influence on mechanical
properties of the carbon steels is examined.

It is common knowledge that the increase of the body temperature leads
both to the changes of physical characteristics of the lattice and the development
of complicated physical and chemical processes, so the deformation properties
of the material changes. The higher the temperature, the more important is the
temperature influence. The threshold of accounting the temperature influence is
approximately 200°C.

The existing experimental investigations show that under high temperatures
and low deformation (for short-time interval when creep deformations are small)
the steel satisfies the isotropic elastic body model, the elasticity modulus and
Poisson’s ratio being its temperature functions.
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According to papers [1, 2] when temperature of steel is high, the Poisson’s
ratio, tends to one half, and in engineering calculations it is expedient to accept
one half. This allows simplifying the mathematical development of the solution,
and the small increase for values of stress to be calculated increases the safety
factor of the structure.

The temperature dependence of the carbon steel elasticity modulus in
different loading conditions is studied in papers [3—7]. In article [4] setting and
the method of measuring the steel elasticity modulus at high temperatures is
proposed. All the experimental investigations show that the steel elasticity modulus
is a monotonously decreasing function of temperature, practically tending to
zero at steel melting point. Spreading of experimental results obtained is, as a
whole, connected with using different methods of the experimental process.

Elastic steel characteristics in static loading were studied by specialists from
“Nippon Steel” firm [7], Morozinsky [8], Puringer [9], and Ghali [10].

Various approximating expressions are used by different researchers for pre-
senting experimental results of elasticity modulus dependence on the temperature.
Polynomial [11] and experimental [12] approximating expressions are used more
frequently.

In article [7] the influence of various admixtures (copper, tin, sulfur) on steel
elastic properties at high temperatures is discussed. Elastic steel dependence on
chemical inhomogeneity is considered in detail by Yefimov [11]. He proposed
an approximating formula for the elasticity modulus accounting the influence of
carbon, silicon manganese, phosphor, and sulfur concentration under high tempe-
ratures. In all probability, this elasticity modulus expression can be applied to
limited interval of temperature change close to the steel melting point, and there-
fore it has no practical value for structures or their elements calculations of strength
analysis and longevity.

During long loading effect, in particular, high temperatures, creeping defor-
mation becomes important in general deformation. The elasticity theory and
long-term strength development has recently been accelerated. Continuous
accumulation of new experimental results, general relationship development of
continuous medium mechanics and expanding possibilities of computer engineer-
ing stimulate this development. An important contribution in elasticity theory
and long-term strength development of metals was made by Shesterikov [13],
[lushin and Pobedria [15], Kachanov [16], Goldenblat, et al. [17], Odqvist [18],
Garofalo [19], etc.

Shesteriklov and Lokoshchenko [20] made most detailed review of the litera-
ture devoted to creeping phenomenological theories of common character. Here
and in book [13] ageing, flows, strengthening, hereditary theories, as well as
thermodynamic problems of elasticity theory are scrutinized.
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There are numerous monographs, reviews, and materials in which physics
of processes resulting in macroelasticity of metals are examined. However they
have a theoretical character and are not suitable for using in engineering
calculations.

The fundamental theory of short-term creeping of metals is elaborated by
creeping of metals Rabotnov and Mileyko [21]. An interesting dependence of
high temperature steel creeping is proposed by Sorimachi and Brimacomba
[22].

In article [23] an attempt to give a particular physical sense to coefficients
of different temperature—time parameters is made.

Unfortunately, the elasticity of carbon steels which are not used as structural
material working under high temperatures is studied comparatively little. For
this class of steels the main experimental results and their theoretical treatment
are carried out jointly by Muradian [24].

2. Elastic Properties and Coefficient of Thermal Expansion
Under High Temperatures

As it was mentioned before, on the basis of existing experimental research the
steel behaves under high temperatures and as an elastic isotropic body and its
properties are functions of temperature. The revealing of functional dependence
of real metals with elastic properties on temperature by means of theory
apparatus physics of metals is practically impossible.

Consequently, under temperature changing interval(200°C <T< 1000°C)
that interests us the elastic characteristics can be specified only by existing
experimental results.

According to [1] Poisson’s ratio for carbon steels working under high
temperatures is accepted as 0.5. Simplifying mathematical calculations in solving
practical tasks such an approximation results in insignificant increase of value
stresses to be calculated, and therefore it is desirable in strength and longevity
analyses.

The experimental research results of the steel elasticity under high tempera-
tures are given in Figure 1 [27]. As it follows from the given graphs, the experi-
mental result spreading mentioned by different authors reaches the maximum
value for temperature over 1000 °C .

Figure 2 shows the results of experimental investigation made by Yefimov
[11] under high temperatures.

Considering the results of recent experimental researches in defining elastic
properties of carbon steels under high temperatures [3, 7] and investigations for
specifying other deformation characteristics (creeping and plasticity) [20, 22,
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Figure 1. Perimental results of steel elasticity modulus investigations under high temperatures
[27] according to: 1. “Zakk” firm, 2. “Nippon Steel” firm, 3. Puringer, 4. Morozinsky, 5. All-Union
Scientific Research Institute of Met Engineering Industry.
25-27] for constructing functional dependence, it is necessary to take into
account the following basic aspects.
The carbon steel elasticity modulus can be changed within the next trusting
interval for high temperatures to be examined:
200°C...185+190GPa
400°C...160 +170GPa
600°C...120 +140GPa
1000°C...20 = 25GPa

1200°C...10 + 15GPa

1400°C...0.5 +0.5GPa
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Figure 2. The dependence of elasticity modulus on temperature for steels with various
contents of carbon in percentage: 1. O —0.06...0.08 2.‘- —0.19...021 3. .4& -0.30...037
4. A —-0.48...054

1. The influence of relative concentration of M, /S on the steel elasticity
modulus is more strongly felt under 900 +1200°C in M, /S <20 relation-
ships. This phenomenon can be presented as follows:

M, T—C ; n,m>1, M, <208,
208 T

which can be neglected in approximation of the carbon elasticity modulus.

2. The influence of carbon concentration is more strongly felt under tempera-
tures close to the temperature of the pearlite formation solidus in intergrain
boundaries.

3. The influence of the temperature can be expressed by a polynomial or
exponential function with regard to the temperature (Figure 1).

Proceeding from the above mentioned, the approximating function of the
carbon steel elasticity modulus is to be accepted in the form of mathematical
expression:
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where C is carbon concentration of <0.5% T,. is the temperature of steel
solidus.
The constants E,, E,, E,, E,, E,,and E;are defined from the condition

of the presence of elasticity modulus maximum with concentration of carbon
0.18+0.2%,
E,=1.8-10°MPa, E,=25.07-10°MPa, E, =58.85-10’ MPa
E, =30.85-10°MPa, E, =0.823-10*MPa, E, =2.286-10* MPa

Sometimes it is more convenient to make use of the following
approximating elasticity modulus expression:

E=Eee " +ECe "

where E, =2.10°MPa, .2, =0.0024521/°C, B =5, E, =1500MPa
For engineering calculations the expression of the elasticity modulus can be
simplified as follows:

E=FEe ™"
E, = 2.10° MPa, 2=0.0024521/°C,  B=0.0001.

Considering that for structural steels the carbon concentration in average
equals ~2% we will definitely obtain

E=Ee™
where
E,=1.996x10°MPa, A =0.0024521/°C

In solving temperature problems for mechanics of continuous deformation
medium and, in particular, thermal elastic problems we clash with a physical
parameter specifying linear temperature expansion. It should be mentioned that
the high temperature also influences the coefficient of linear steel expansion. It
is known that under low temperatures this ratio is a constant quantity, however
in this interval it changes depending on temperature increase. It is expedient to
use the relationship of the following form for the coefficient of thermal
expansion [27]:

a=a,+a,T,
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where oy, a, are constants to be specified from experiments having the
following values for particular class of steels:

2, =0.115x10*1/°C a, =0.1x107(1/°C)’

The proposed approximation expressions for the carbon steel elasticity
modulus and coefficient of thermal expansion can be applied in strength analyses,
and it will really estimate “workability” of the pipeline in critical situations. On
the ground of experimental research results of deformation properties in structural
steel under high temperatures (T >200°C) the functions of the steel elasticity
modulus are constructed. The relationships describing the change in the steel
elasticity modulus under high temperatures suitable for solving engineering
problems are obtained.
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FRACTURE MECHANICS ANALYSIS OF REPAIRING
A CRACKED PRESSURE PIPE WITH A COMPOSITE SLEEVE
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Abstract: Pressure pipes may be externally damaged in different ways: corrosion
or notch due to diving machines. These defects may initiate a fatigue crack,
which will be first part-through, then through the thickness. This results in a
weakened region of the tube, then in leak of the pressure fluid contained in the
pipe. There are several ways to repair the tube: changing the portion of tube,
welding of extra metal in the defect, putting a welded metal sleeve, or gluing a
composite sleeve. This last solution seems to be the easiest and the cheapest.
The advantage is that the repairing sleeve is made on site and can be put with a
given pre-tension. The work presented here is the numerical study of the fracture
mechanics parameters of a part-through crack in a tube submitted to internal
pressure and repaired with a composite sleeve. As there is a transfer of loading
from the cracked tube to the repairing sleeve, the fracture mechanics parameters
of the crack such as J-integral or opening of the crack lips will be modified. The
study can be used as a design procedure for such repairing sleeves.

Keywords: pipes, defects, composites, fracture mechanics, finite elements

1. Introduction

The price of the transportation of fluids (gas or liquids) in pipes may be seriously
increased when there is a leak, due to the waste of fluid. Moreover, the fluid
may be dangerous for environment and health, if it is toxic or explosive. Leak is
generally caused by brittle fracture of the pipe, or by the opening of the defect,
depending on the nature of the material and on the environmental conditions.

325
G. Pluvinage and M.H. Elwady (eds.), Safety, Reliability and Risks Associated with Water,
Oil and Gas Pipelines, 325-333.
© 2008 Springer.



326 P. JODIN

Defects may have several kinds of origin, but are generally due to welding
defects, corrosion pitting, manufacturing defects, or damage caused by diving
tools or machines, in case of works on the place of the pipe.

When the defect is detected, its harmfulness is asserted and, if necessary, a
repairing procedure is initiated. There are several possibilities to repairing a
tube portion [1, 2, 3]:

To replace the portion by a new one

To weld, if applicable, a patch over the damaged zone
To weld a metallic sleeve around the damaged zone
To wrap a composite sleeve around the damaged zone

The first solution is certainly the most efficient, but also the most expensive,
as it needs very important works and interruption of service of the pipe. The
second and the third ones are less expensive and do not need interruption of
service, but are only applicable to steel pipes which can be welded. In this work,
we will present the last solution, which is applicable to all materials in any kind
of situations. Moreover, it does not need a large quantity of works and does not
need interruption of service of the pipe.

2. Presentation of the Mechanical Problem

The situation which is here studied is that of pressure pipe exhibiting a semi-
elliptical longitudinal part-through crack. It is represented on Figure 1, where
the crack plane is parallel to the axis of the tube. The crack is assumed to have
been initiated from a defect on the outer surface of the tube, for instance a notch
caused by a diving machine during works. Under fatigue loading, the crack has
been initiated and it propagates, taking progressively a semi-elliptical shape.

When the crack is detected and repairing decided, a sleeve made from pre-
impregnated unidirectional fiberglass fabrics is wrapped around the defect zone.
The sleeve has a width of 1.5-2.0 times the length of the crack.

In a previous work [4], a similar situation has been presented, but for a
straight through-the-wall crack. It has been shown that a drastic reduction of the
J-integral maximum value was obtained by this repairing process.

To study the fracture conditions of such a situation, we have computed the
J-integral along the front of the crack.
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Figure 1. Schematic view of a portion of the cracked tube.

3. Finite Elements Computation of The J-Integral

The finite elements computation has been done using the CAST3M program deli-
vered by the French Atomic Energy Agency (CEA). Only a quarter of the tube
has been meshed, including a lip of the crack. The sleeve, if any, is considered
as glued or only in contact with the tube. The actual situation is probably
intermediate, depending on the properties of the surface where the sleeve is
glued. Both situations will be computed, giving the upper and lower boundaries
of the solution. A view of the mesh is given in Figure 2.

Figure 2. General view of the mesh of the quarter of the tube.

The detail of the crack meshing is given on Figures 3 and 4.

The mesh around the crack front line is automatically generated by a pro-
cedure, where the number of elements, their shape, and the number of concerned
layers of crack elements are given. The quarter of cylinder is therefore gene-
rated from the initial cracked block.
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Figure 3. View of the crack meshing.

Figure 4. Detailed view of the crack front meshing.
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TABLE 1. Combinations of sleeve thickness and width for calculations.

Sleeve width (mm)
Sleeve

thickness (mm) No sleeve 36 48

Elastic No sleeve X
5 X X

Nonglued

10 X X
5 X X
glued 10 X X
10 X X

In a previous work [4], it has been shown that there was little difference
between elastic and elasto-plastic calculation (1.8% between maximum J-integral
values). Therefore, in this work, only elastic computations have been done.

The different combinations of sleeve thickness and width are given on Table 1.

Materials used in the computation are given in Table 2. They are a standard
pipe steel used in France for gas distribution and a standard fiberglass-epoxy
composite.

E/is the Young’s modulus along the fibers direction

E; is the Young’s modulus across the fibers direction

vy is the Poisson’s ratio measuring the transverse contraction when pulling in
the fibers direction

G;; and Gy, are shear modulus in two orthogonal planes containing the fibers
direction axis

G>; is the shear modulus in the plane perpendicular to fibers direction

o, is the yield stress of the steel

o, 1s the ultimate stress of the steel

4. Results

Results are given in terms of maximum crack lip opening and evolution of J-
integral along the crack front line, from the deepest point to the surface point.

Crack lips opening. The opening of the lips is computed at the upper lip
point, which is located on the axis of symmetry of the crack. The results are
presented on Figure 5.
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TABLE 2. Materials data for computation.

Property Steel Composite
El [MPa] 203,000 49,400

E2 [MPa] - 18,000

v, v12 0.28 0.4

G12 [MPa] - 7,800

G23 [MPa] - 6,760

G13 [MPa] - 7,800

oy [MPa] 410 -

o, [MPa] 528 -

Elasto-plastic behavior law o =587.3%g0

Maximum opening point

FAOOE-03 |

6,008-03-

opening (mm} So0&0s
A,00E-03

3,00E-03

2,00E-D3

1,00E-03

48
36  Sleeve width
(mm)

0,00E+00

° 5

Sleeve thickness (mm)

5 10

Figure 5. Maximum crack lip opening value in different cases.

It is observed that there are great differences between different sleeve-tube
joining conditions, when sleeve width seems to have minor effects. This is
clearly demonstrated in Figure 5.

J-integral values. J-integral is automatically computed by the FE program at
the first available contour, with respect to the crack tip meshing, then to the
second one, and then to the third one. As the first contour calculation exhibits
instabilities due to meshing, the second one seems to be more consistent, and
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the third one has few differences with respect to the second one. Finally, it is
decided to retain the values obtained on the third contour, which seems to be
the most stable. The evolutions of the J-integral are given on Figure 6.

J integral along the crack front line

——48_10 non glued
—=—48 05 non glued
36_10 non glued
36_05 non glued
——48_10 glued
—e—48_05 glued
—+—36_10_glued
——36_05_glued
------ no sleeve ep
---ho sleeve el

J (Nfmm)

] 20 40 80 80 100

Angle ¢ from crack deepest point
(degrees)

Figure 6. Evolution of J-integral values along the crack front line.

It is clearly seen on that figure that the J-integral value is, at least, divided
by two when fitting a sleeve and that it is quite constant on the main part of the
front line and decreases to near zero when reaching the outer surface of the
tube. The maximum J-integral values are reported on Figure 7. It is obvious that
the sleeve has a strong effect on the maximum J-integral value, but, there is a
slight influence of sleeve width and thickness.

5. Analysis of Results

The reductions of the opening of the lip and of maximum J-integral value are
given in Tables 3 and 4, with respect to the no-sleeve condition.

It is obvious that there is a strong effect of the sleeve on the fracture
mechanics parameters, i.e., crack opening and J-integral. This effect is maximum
for the thickest sleeve. However, the width of the sleeve seems to have non-
significant effect or slightly negative effect. The most important effect is obtained
when the sleeve is glued on the pipe. But this depends highly on gluing conditions.
In any case, this demonstrates the interest to repair damaged pressure pipes with
this technique.
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TABLE 3. Maximum opening of the crack lip percentage of reduction with respect to no-sleeve
case.

sleeve width
sleeve thickness
(mm) 0 36 48
’:lgeve 0 9.14E-03
Nonglued 5 -40.1% -39.4%
10 —77.0% ~74.1%
Glued 5 -100.0% -100.0%
10 -100.0% -100.0%
Maximum J values
2
1,8
16
14
12
J (Nf/mm)
08
0,6

48
o

36  sgleeve width
5 10 5 0 (mm)

10
Sleeve thickness (mm)

Figure 7. Maximum J-integral values in different cases.

In a previous study [4], the stresses in the composite sleeve have been com-

puted. They grow up to 140 MPa. This value should be quite lower in the present
studied cases.
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TABLE 4. Maximum values of J-integral reduction with respect to the no-sleeve situation.

Sleeve width
Sleeve thickness (mm) 0 36 48
No sleeve 0 1.9336
Nonglued 5 -48.9% -48.3%
10 -80.5% -78.9%
5 ~77.4% —77.2%
Glued 10 _84.0% ~83.9%

As conclusion, we can recommend trying to repair damaged tube with a com-
posite fiberglass fabric, which will be easy, cheap, and safe. Moreover, if a pre-
tension is applied, an improvement of the tube capacities could be obtain, preven-
ting unexpected effects of peak of pressure, or dilatation due to temperature
variations.
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Abstract: Repair methods are key operations for the integrity management of
pipelines. The parameters guiding the repair decision are briefly reminded. A
nonexhaustive external and internal repair techniques are described, notably
grinding and weld deposition techniques, metallic and various composite sleeves
which are developed for 25 years. The main advantages of different repair techni-
ques are summarized in conclusion and perspectives are given.
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1. Context

During the last 50 years, gas transmission pipelines have become significant
networks to transmit high energy quantities on long distances from gas deposit
to consumption areas. Considering European Transmission Pipelines only, the
onshore network mileage has been multiplied by more than three times between
1970 and 2004. But, despite the growing of the gas transmission pipelines
mileage, the failure frequencies by leak or rupture have been reduced by five in
Europe in the same time (EGIG report [1]).

This improvement of pipelines integrity management along the years is par-
tially the consequence of high-technical developments like systems for the aggres-
sions prevention and detection, inspection tools, repair techniques. When a defect
is identified, operators must ask:

o [s the defect acceptable without repair? If yes, the external coating is restored.
If the defect is temporarily acceptable, the defect can be immediately repair
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or repair after a time requiring a next inspection. The choice is often lead by
a cost competition between the immediate repair and the delayed repair with
an additional inspection.

o If not acceptable, is the defect repairable? And what is the more adapted
repair technique? If not repairable, the extreme decision to replace the damaged
pipe or segment is taken requiring an interruption of gas transit and so a loss
of earnings.

This paper focuses on repair technologies for gas transmission pipelines. After
a remind of the main parameters to guide a repair decision, a nonexhaustive
external and internal repair techniques are described.

2. Main Parameters to Guide the Repair Decision

Before to repair, the operators have to check a list of parameters to make the best
choice of repair techniques. If any of these parameters are unknown, the operators
have to opt for the conservative assumption. These parameters are following:

Pipeline geometries and materials

Pipeline operating characteristics

Pipeline configuration and location

Nature and extend of the defect to be repaired

2.1. PIPELINE GEOMETRIES AND MATERIALS

e Pipe Geometries

The pipe diameter must be considered to select the appropriated external repair
by sleeves whereas the pipe thickness is a limiting parameter for repair techniques
requiring welding on pipe as welded sleeves or weld deposition.

e Pipe Materials

The steel strength and toughness determine the residual resistance of the damaged
pipe section necessary to quantify the amount of reinforcement which must be
sustained by the repair. Otherwise, the steel grade is a metallurgical indicator
for the repair techniques involving welding which can be limited for high-grade
steels more tricky to weld. The presence of girth weld or seamweld in or near
the damaged area can be also a limiting parameter and the welding process has
to be known.
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2.2. PIPELINE OPERATING CHARACTERISTICS

The repair technique chosen must ensured the full integrity of the pipeline
during its remaining lifetime in operating conditions. So:

e The Maximal Allowed Operating Pressure (MAOP) must be restored after
the repair of the damaged section.

o The repair must sustain the pressure fluctuations during the pipeline lifetime.
In consequence, a profile of pressure variation during the time in terms of
amplitude, frequency, and mean pressure must be estimated to define the
repair of defect.

¢ In certain cases, the pipe temperature can increase up 60°C for example at
the exit of compression station or in opposite decrease to —40°C during a
decompression; The choice of the repair method can be affected by the
temperature like the durability of organic materials (composite sleeves)
decreasing at elevated temperature whereas metallic materials becoming
more brittle at cold temperature (weld deposition, welded metallic sleeve).

e A pressure drop is sometimes required during the repair for some
techniques. The possibility or not to decrease temporary the pressure
influences the choice of the repair technique.

2.3. PIPELINE CONFIGURATION AND LOCATION

The pipeline configuration also affects the choice of the repair method. A pipeline
buried deeply or in a strong slope contains significant additional stresses to
primary stress created by the internal pressure. The repair method has to take
into account this supplementary stresses. The presence of bends and elbows can
exclude certain repair techniques.

The pipeline location is also a constraint. The pipelines accessibility in a
high density of population area is sometimes very restricted, and can lead to
prevent an excavation for the repair. So repair technique without excavation
could be the only one solution if all other parameters are satisfied.

2.4. NATURE, ORIENTATION, AND SIZE OF THE DEFECT

The nature of the defect (external or internal corrosion, plain dent, gouges, gouge
in dent, cracks, lack of penetration), the orientation (axial or circumferential),
and the size (length and depth) are the important parameters to choose and to
design the repair technique. The determination of these parameters requires an
excavation to proceed to size the defect as accurate as possible by None
Destructive Techniques (US, radiography).
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In view to guide the choice on repair techniques, the EPRG [2] has produced
in December 2000, repair specifications applicable for any kind of permanent
repair technique for natural gas onshore pipelines. These specifications refer to
three areas:

¢ Generic functions
e Application range
e Defect type

For each area, different functions or application ranges or defect types are
listed with a required level which is nonnegotiable or negotiable or optional.
For example:

e Duration of repair is a generic function. “Less than a day” is a required level
which is negotiable

e Repair lifetime is also a generic function. “2 50 years” is a required level
which is nonnegotiable

e Steel grade is an application range. “L220-L485” is a required level which
is nonnegotiable

e Hot bends is also an application range. “Radius of curvature > 5*Diameter”
is an optional required level

This EPRG method allows a first approach to select the choice of repair
technique candidate without to forget specifications we need. After this approach,
the remaining repair candidates can be evaluated comparing other factors like
the cost, the availability, or how easy to bring on field.

3. Review of Repair Techniques

3.1. EXTERNAL REPAIR TECHNIQUES

3.1.1. Cut Out and Replace

The cut out and replace is an extreme option, but conservative and safe since
the damaged pipe section is removed and replaced by a sound pipe. However,
this solution is expensive because it requires an interruption of the transit gas in
the pipe to be repaired involving a loss of earning and could lead to review the
contractual requirements with the end-customers. After the replacement, a new
inspection is needed, notably for the girth weld, and an hydrostatic test can be
required before to resume the gas transit.
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3.1.2. Bypass (Hot-tapping and Grouted tee Connection)

The hot-tap process can be used to bypass the damaged pipe section. A new
pipeline branch surrounding the damaged section is welded on the pipeline in
service. Then, the pressure is applied in the pipeline branch and stopped in the
damaged section which can be cut. So the gas transit interruption is avoided.
Nevertheless, certain conditions are recommended or required as to weld the
branch out of girth weld or seamweld. The branch pipeline with its welds must
hold the service pressure. In addition, workmen must be qualified to weld, and
pipe steels easily to weld on field. Lastly, Advantica [3] has developed a
connection system called “Grouted tee”, which is an alternative to welded tee
connection. The need of skilled welders and the dependence of metallurgical
aspects are removed. This is a great advantage in terms of effective cost and of
application areas (diameters, high-grade steels, greater ovality).

3.1.3. Grinding
Grinding is a technique widely used to repair superficial defects removing:

e The harmful stress concentration effect of defect
e Hardened material and other damages near the defect like micro-cracks

However, following conditions are required:

e The operating pressure should be reduced to 80% during the repair process.

e Grinding shall not be used as the sole means of permanent repair of an inden-
ted defect. The aim of the grinding is to remove the stress concentration of a
gouge or scratch in the dent before to apply a reinforced sleeve (metallic or
composite).

o [f the crack or the affected material near the defect do not entirely removed
by grinding, an alternative repair technique must be applied instead.

o The removal of all cracks must be verified by NDT after grinding.

o The limits for metal removal for nonindented defects must be in agreement
with ASME B31G [4] criterion corrosion and removal by grinding of more
than 40% of the nominal wall thickness is not accepted.

Due to the restricted conditions of ASME B31G, pipeline operators have
qualified their own optimized grinding methods to increase the application range.
For example, Gaz de France has qualified its optimized grinding by several experi-
mental fatigue and burst tests validated by finite elements analysis using the
Dang Van fatigue criteria [5]. Figure 1 shows an example of optimized grinding.
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B & ]

Figure 1. Optimized grinding.

3.1.4. Weld Deposition

A weld deposition (Figure 2) can be applied to rebuild the full wall thickness of
pipe after a metal loss has occurred by corrosion, gouging, or after grinding.
The weld deposition is adapted for bend sections or fittings where the use of
sleeves is often inhibited. In addition, the weld deposition can be a cost effec-
tive compared to the sleeve cost and the time involved the sleeve installation.
Nevertheless, the application range of the weld deposition is limited:

e The first limit is imposed by the burn-through which can occur when the
pipe metal under the molten weld pool is insufficient to contain the internal
pressure. In consequence, pipes with thin thickness are often out of the weld
deposition application range.

e A second limit is the risk of hydrogen cracking which can occur when the
steel microstructure is susceptible to hydrogen which is introduced during
the welding and tensile stress acting on the weld. The condition of hydrogen
cracking must be eliminated minimizing hydrogen level by low-hydrogen
electrodes or low-hydrogen process.

e The third limit is the need of skilled welders.

Detailed guidelines for weld deposition repairs in the field are given by
W. A Bruce [6] and in the Appendix B of API 1104 [7].

3.1.5. Full Encirclement Sleeves

TYPE A STEEL SLEEVES

Type A sleeve is attractive because it can be installed without welding on the
pipe where a defect has to be repair. Two halves of a cylinder of pipe are placed
around the pipe at the damaged area and after positioning, are joined by welding
the side seams. The major advantages of a type A sleeve are following:
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Figure 2. Weld deposition.

e For short flaws, the thickness of the sleeve can be reduced to two thirds of
the thickness pipe, assuming that the sleeve is at least as strong as the pipe
material because the sleeve does not carry much hoop stress. A short flaw is
defined by a length “L” less or equal to (20Dt)” where “D” is the pipe
diameter and “t” the thickness.

e For the longer flaws, the sleeve thickness should be equal or greater than the
pipe thickness if the sleeve is at least as strong as pipe material.

In the two cases of flaw length, the A sleeve can be fabricated simply and
requires no rigorous nondestructive inspection.
The minor disadvantages of the type A sleeve are listed below:

e [t can not be used for circumferentially oriented defects because it can not
sustain the axial stress.

e It can not be used to repair leaking defects because it cannot sustain the
service pressure.

CSA 7662 [8] gives the use of steel compression A sleeves attractive for
repairing longitudinally oriented crack-like defects.

TYPE B STEEL SLEEVES

This type of steel sleeve (Figure 3) is able to contain the maximum allowable
operating pressure (MAOP) and to carry a longitudinal stress imposed on the
pipeline by lateral loads. So, the type B sleeve can be used to repair leaks and to
reinforce the circumferentially oriented defects.

The type B sleeve consists of two half pipes welded together and placed
over the pipe section containing the defect. The ends of the sleeve are welded
onto the pipe with full encirclement fillet welds. If a weld is present on the pipe
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Figure 3. Type B sleeve repair.

section to be repaired, the sleeve’s inner surface can be machined to accom-
modate the weld. Since the thickness of the sleeve must be designed to contain
the MAOP, its nominal value t is determined versus the MAOP “P”, the external
pipe diameter “D”, the pipeline design factor “F” and the Specified Minimum
Yield Strength “SMYS” :

T = PD/[2F(SMYS)]

Because welding to the carrier pipe is required, the same precaution taken
for weld deposition is applied to weld the type B sleeve onto the pipe (API
1104 [7]). In addition, the remaining wall thickness of the carrier pipe where
welding is to be performed must be determined by ultrasonic inspection before
the repair. After the repair, the sleeve welds should be inspected to ensure the

integrity.
3.1.6. Composite Sleeves

Composite sleeves have been developed during the past years. Notably, Gas
Research Institute, GRI contributed with a large effort during the 1990s [9, 10].
A state of the art assessment of composite systems used to repair transmission
pipelines has been provided by Chris Alexander and Bob Francini [11]. Com-
posite sleeves offer great advantages:

e Restoring the full strength of a damaged pipeline

¢ Increasing the stiffness of the repaired pipe section and so reducing the local
strain induced by internal pressure on the defect area

e Favoring leak-before-break failure modes and arresting crack propagation

e Inhibiting external corrosion phenomenon, the composite acting like an
external coating
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The drawback of composite sleeves is the ageing. The mechanical properties
decrease with the time. This decrease of mechanical properties is taken into
account in the qualification for permanent repair techniques. The lifetime target
is at least 50 years in the standard specifications (CSA Z662 [8]). The ASME
B31.8 [12] does not accept the repair of injurious dents or mechanical damage,
“unless proven through reliable engineering tests and analysis”. Lastly, Chris
Alexander and Franz Worth P. E. [13] have shown that dent with gouge
removed by grinding could be repaired by composite sleeves.

Two main techniques are used to elaborate composite wraps for pipeline repair:

e One is based on precured and prefitted to standard pipe diameters composite
coils
o The other, referred as “wet-tape” technology is cured on site

The precured composite sleeves are made of prefitted composite panels
which are wrapped on the section of pipe to be repaired, and hold in place by an
adhesive which is placed between the successive composite layers during appli-
cation. Due to the elaboration in a factory, the curing of the matrix is accurately
controlled and this process also allows the use of polyester as the composite
matrix which is less sensible to the ageing process compared to epoxies. However,
this process is not adapted to repair specific pipeline configurations others than
straight and slightly ovalized sections.

For the “wet-tape” technology, the impregnation of the fiber reinforcement
is performed on site during the implementation of the repair. The advantage is
that the final composite wrap can be designed according to the severity of the
defect to repair. However, the performances of “wet-tape” are more sensitive to
implementation conditions during the on-site impregnation of the fibers like the
control of the volume fraction of reinforcement and the accuracy of its homo-
geneity.

CLOCK-SPRING SLEEVE

This product is distributed by Clock-spring Co. [14]. Clock-spring is a precured
composite sleeve composed with a polyester matrix and a type E glass fibers
reinforcement, prefitted, and prestrained in a cylindrical coil of eight layers
(Figure 4).

Clock-spring is used since more than 15 years, due to its use of implemen-
tation (limited workforce) and its wide application range. However, it cannot be
applied to repair bends or ovalized pipe sections and to provide axial reinforce-
ment of the damaged section.
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Figure 4. Clock-spring.

PERMAWRAP AND WELDWRAP SLEEVES

These products, very similar of Clock-spring composite, are offered by the
Wrapmaster company [15]. The main differences compared to Clock-spring are
the insertion of metallic material to allow the detection by a MFL inspection
tool of an already installed wrap (Figure 5). In addition, a specific product, called
weldwrap, has been validated to repair defects near or on filled welds.

Figure 5. Implementation of a Permawrap sleeve.

ARMOR PLATE PIPE WRAP SLEEVE

The Armor Plate Pipe Wrap sleeve [16] is a “Wet-tape” technology consisting
in a primary bonding resin applied on the defect area with a high stiffness resin
used to transfer the load from the defect to the sleeve, glass fibers mats and an
epoxy resin used for the impregnation of the fibers. This technology allows to
repair in specific configurations, like on a bend or on a “T” connection (Figure 6).
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Figure 6. Plate Pipe Wrap on a bend and a connection.

TECHNOWRAP 2K SLEEVE

The Technowrap 2K composite wrap is a “wet tape” permanent repair distributed
by Walker Technical Resources [17] (Figure 7). The main advantage of Techno-
wrap 2K is the difference of fibers orientations (one in the axial direction and
the others at £45°) which offers an axial reinforcement in addition of the rein-
forcement in the hoop direction, by a significant fraction of aramid fibers.

Figure 7. Technowrap 2K sleeve.

STRONGBACK SLEEVE

The strongback sleeve composite, distributed by Strongback Corporation [18] is
a “wet tape” technology based on three components (Figure 8):

e A primary bonding made of a blend of epoxy and polyamine to enhance the
cohesion between the pipe and the wrap

e A high-stiffness resin used to transfer the load from the defect to the
composite wrap

e Glass and Kevlar fibers panels, preimpregnated with a resin whose curing
process is activated by water
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Figure 8. Implementation of strongback sleeve on field.

The use of a water activated curing process for the resins of the strongback
sleeve system allows its implementation under flooded conditions, such resins
being also less sensitive to humidity-induced ageing.

3.1.7. Epoxy Sleeve Repair (ESR)

The epoxy sleeve Repair (ESR) [19], is distributed by PII. Two oversized steel
half-shells are joined to encircle the damaged area leaving an annular gap (Figure
9). The annulus is sealed at each end of sleeve with a fast-setting material, and
then filled at very low pressure with a stiff epoxy-based compound.

The epoxy grout compound forms an excellent bond at both steel interfaces,
providing an high reinforcement of the damaged section, in the axial and circum-
ferential directions. Welding on the pipe is not required, and the need of skilled
welders is not necessary. ESR has been used on major pipeline networks for
more than 20 years and has been validated by numerous tests in terms of internal
pressure loading and fatigue cycles. ESR can repair all types of nonleaking defects
such cracks, dents, gouges, corrosion, and manufacturing defects, also in girth
welds or seam welds. In most of cases, the repaired area is stronger than the
adjacent sound pipe.

Figure 9. Schematic view of epoxy sleeve Repair (ESR).
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3.2. INTERNAL REPAIR TECHNIQUES

Internal repair techniques consist to introduce an internal liner in the damaged
section pipe to reinforce it. These techniques are often trenchless. It is a benefit
in urban areas reducing the annoyance of residents, the traffic obstruction, the
damage to the environment and minimizing the time of repair. Unfortunately,
the most of them are restricted in range application for gas distribution or for
low pressure below 20 bar. Nevertheless, we can mention the “Starline-HPL”
[20], produced by Karl Weiss Technologies. Starline-HPL is a composite linear
made up of polyester fibers impregnated by polyurethane or polyethylene resin.
The implementation can cover up 600 m length in trenchless condition (Figure 10).

Figure 10. Implementation of Starline-HPL.

Starline-HPL was awarded by the German DVGW VP404 certificate [21] in
2002 for a Maximum Allowable Operating Pressure of 30 bar. It has been used
for bridging corrosion pits up to 50 mm (2”) in diameter or to reinforce damaged
section containing cracks or severe defects in girth welds.

4. Conclusions and Perspectives

This nonexhaustive review exhibits a lot of available repair techniques. V. Diaz
et al. [22] and PRCI [23] have established first matrix to indicate the repair
techniques which can be applied to various types of defects. The results show:

e Type B sleeve is the repair method which is adapted for any kind of defects
such as external and internal corrosions, gouges, dents in body or in welds
(girth weld and seamweld), cracks, and girth weld defects because it is able
to contain the service pressure and to reinforce the axial and circumferential
stresses. This repair technique requires skilled welders to join the sleeve on
pipe body.

e ESR is also an interesting repair technique for all types of nonleaking defects
with the benefit to avoid the welding requirements.
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o The composite sleeves reinforce the hoop stress but not the axial stress, except
few of them like Technowrap 2K sleeve. So, they are adapted to repair axial-
oriented defect but they cannot be used for circumferential defect or damaged
section of pipe loaded by other forces creating complementary axial stress
(ground movement). We can also mention the trick of Permawrap sleeve
inserting detectable metallic material to indicate the presence of a repair
during a MFL inspection.

e Weld deposition is limited for external corrosions, gouges, and shallow cracks
after removing cracks by grinding. Obviously, this method requires skilled
welders and is more sensitive to the high-grade steel pipe.

Nevertheless, in perspective two improvements should be implemented:

e There is a need to validate with more accuracy the application range of
repair techniques in many cases of defects. Notably, the range of dent repair
by metallic or composite sleeves is known with partially limits.

o There is also a need to compare the costs between different repair techniques
for a same defect to repair.

For the future, the repair techniques shall be checked for the new emerging
pipelines like grade X100 and the pipelines used to transport gas involving
hydrogen in natural gas [24] or pure hydrogen like an energetic vector.
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