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ABSTRACT

There is general consensus that the gas market will increasingly characterize the energy economy
over the coming decades. International energy supply is currently considering transportation of
large volumes of natural gas from remote regions to end users, over very long unprecedented
distances (4 to 6000 km) across harsh environments. A competitive option of gas-to-market can be
High Pressure (greater than traditional 8 to 10 MPa) and High Grade (X80, X100 or even higher)
pipelines.

ENI initiated in the mid 90’ies a huge research effort on the subject and is currently performing a 3
years project, called TAP (Trasporto gas Alta Pressione), with the aim to study constructability and
field performance of modern high grade line pipe in operation, as well as to define and specify new
technologies for near-to-come long distance natural gas pipeline projects.

Despite the significant effort spent in recent years on the X100 issue, a series of open questions,
mainly regarding integrity of high grade line pipe in operation over the envisaged life span in real
environment, is still under discussion. The TAP project is aiming to fill this gap, by integrating
laboratory and full scale experimental program, including the realization and simulated operation of
a X100 pilot section in the CSM full scale test station, Pedasdefogu, in Sardinia island, Italy.

Operation includes typical fluctuation in pressure over a period of time, 18 months, sufficient to
detect line pipe susceptibility to Environmental Assisted Cracking (EAC), accounting for different
wall thicknesses/usage factors (0.72 and 0.80) as well as presence of typical defects from third party
interference.

The paper introduces the TAP project, and particularly describes main aspects of the laboratory and
full scale experimental campaign addressed to Environmental Assisted Cracking.
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INTRODUCTION

It is well established in a number of independent investigations that high pressure gas pipelines,
made of high grade steels, provide a gas-to-market option competitive for large volumes of gas
(>15 10° Sm’ per year) over long distances (>4000 km). The most important International Gas
Companies have been involved, since end of 90°, in research activities aimed to verify High
Pressure, High Grade steel potential, and define needs to fill existing technological gap /1,2,3,4,5/.

Initial efforts were devoted to understand line pipe production capabilities, involving steel makers
and checking achievable pipe steel characteristics (strength, toughness, weldability, ductility,...).
Preliminary production trials proved that X100 line pipe meeting the established tensile
requirements, can be made improving the traditional TMCP steel production technology. At the
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beginning of 2000, the capacity to produce adequate, for gas pipeline industry, steel for longitudinal
welded UOE pipes with grade X100 /6, 7, 8/, can be considered as promising.

In parallel, a series of research were addressed to in-service performances of high grade steel pipe.
Fracture propagation control drove most of the experimental activities, and scattered “Full Scale
Burst Test” results pointed out that high grade pipe steels are at the upper capability borders of “self
arresting pipe solution”. Crack Arrestor testing are currently considered as mandatory /9, 10/.
Laboratory weldability tests and first field welding trials highlighted X100 as not significantly
different from traditional steel grade. This fact opened the possibility to apply well known pipeline
welding processes (Automated GMAW, SMAW, FCAW), and exploiting commercially available
consumables from several brands /11/.

In spite of intense research activity, a series of questions linked to construction, mechanical design,
steel and welding specifications, working factors in relation to pressure containment and bending
deformability, geohazards etc.., are still open. Major concern is the pipeline structural integrity, in
service over the envisaged life span (min.30 years), in real environment.

The usage factors for pressure containment, as well as line pipe capacity to sustain global and local
deformations, are closely linked to investment costs and reliability in operation. A series of studies
confirms the major role of steel on costs, and such a new material can be adopted only when full
confidence on satisfactory performance in operation, is achieved. At the same time international
design guidelines currently in force did not foresee, in their development particularly with respect
to material usage allowance criteria, the mechanical properties achievable for TMCP high grade line
pipe steels.

Further concerns are related to the susceptibility of high grade steels to hydrogen embrittlement and
environmental aggression, in case of severe local deformations or pipe wall surface damages, as
those caused by third party interference, and under the sustained action of the internal pressure.

ENI, continuing a research stream dated back 1996 /1/, in 2003 started a new research project,
called TAP (Trasporto Alta Pressione, High Pressure Transportation, /12/). TAP project is leaded by
Snamprogetti, and is carried out in cooperation with competent divisions of ENI, Saipem, Snam
Rete Gas and Enitecnologie, involving CSM as major full scale test centre and with the contribution
of the University of Bergamo, Italy.

The TAP Project has been divided into five tasks, as listed herebelow:

v’ -Task 1 “X100”. The aim of this task is the investigation on technical-economical-financial
aspects related to “Long distance gas transportation pipeline technology”, particularly with
respect to international and national codes for high grade and high pressure issues for trans-
national continental gas pipelines connecting remote production areas to consumption markets.

v’ -Task2 “Technological Upgrading”. The aim of this task is the collection and analysis of
technological background developed worldwide, and the development of new themes (e.g.
monitoring of the pipeline crossing harsh environments) coming from near-to-come project
needs, to be executed by high competence groups working in ENI divisions and controlled
companies, and /or strong partnership with high skilled research centers.

v' -Task3 “Feed”. The aim of this task is to develop and prove, through front end engineering
development studies along strategic routes, the engineering approach needed on one hand, to
provide a robust technical solution for anticipating the satisfactory operational performance of
the pipeline in realistic environments, whether mild or hostile, on the other hand to allow a
realistic estimate of investment and operational costs..
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v’ -Task 4 “X80 Demonstrative”. The aim of this task is to verify specification, production,
handling and construction aspects linked to the first adoption of EN 10208-2 L 555MB (API
X80) steel pipeline section, in the Snam Rete Gas Italian pipeline network.

v’ -Task5 “XI100 Pilot Section “. The aim of this task is to evaluate the fabrication,
constructability and in service behaviour of a X100 pipeline, by building a pilot section that is
put in service to test (and monitor) a realistic realization of X100 gas pipeline over the time.
Specific issues that will be tested are the in service behaviour of special (and steel grade lower
than X100) components (hot bends, tees, dielectric joints and other fittings), coupled to X100
line pipes and field bends. The test section includes different wall thicknesses, as main objective
of the experimental activity is the definition of rationally based working factors for X100 line
pipes, in relation to local steel deformability and environmental assisted fracture behaviour on
damaged pipe in realistic operation condition. At the end of the simulated operation, line pipe
and crack stopper capacity to arrest running shear fracture will be tested (burst test).

X100 PILOT SECTION DESCRIPTION.

The pilot section of X100 pipeline has been recently constructed in the CSM full scale testing
facilities at Perdasdefogu, Sardinia (Italy). The pilot section is made using X100, 48 (1220mm)
OD pipes. Three major pipe mills (Europipe, JFE, Nippon Steel) have been involved; they provided
X100 UOE steel pipes with different wall thickness values, which are 16.6 and 18.4mm, and
different coating types (Fusion Bounded Epoxy and High Density Polyethylene). In particular the
two wall thicknesses allow to get two different usage factors, 72% and 80% of the SMY, over the
18 months of simulated operation. The line is about 800 meters long, as shown in Figure 1, and is
composed by two sections to study various specific issues of the X100 pipeline.

The attention is mainly focused on the effect of the usage factor, that is the working circumferential
stress mobilized to resist the internal pressure (in relation to the steel characteristic strength), both
in integer pipes in presence of sweet environment and in damaged pipes in presence of normal and
aggressive environment, on the safe life operability of a high pressure pipeline crossing harsh
environments.

The pilot line (buried as a conventional line) will simulate real operating conditions for about 18

months, with the pressure ranging between 13.5 and 15.0 MPa. The load frequency is selected:

v -to simulated, at the end of experimental period, several years of operative service;

v/ -to assure a low strain rate operative condition, < 10°¢ s'l, since one of the main issue to be
studied is EAC phenomena, which are strain rate dependent.

Water as pressuring medium instead of gas is used for safety reason, providing of course to prevent

any internal corrosion phenomena due to the water presence.

First section (named line A as in Figure 1) is shown in Figure 2 and is built using X100 pipes, field
and hot bends and tees, according to the best workmanship standard, as needed for a real long
distance gas transmission pipelines. Two crack arrestors have been inserted inside the line, because
at the end of the “operating period” a full scale ductile fracture propagation burst test will be
performed to study the fracture propagation and arrest behavior of X100 pipes after a significant
time interval in service. As main target, it is intended to qualify crack arrestor capacity after a
relevant “operating period”. It is well know that this class of steel does not guarantee the fracture
arrest basing upon pipe body toughness only. As a real gas pipeline, line “A” section will have a
standard cathodic protection, about -850 mV vs SCE, and it will be monitored using a remote
system. Figure 2 shows line A as built.

HOME



The second section (named line B as in Figure 1) is shown in Figure 2, and is dedicated to study the
influence of the environment on the long term structural resistance of damaged pipes. Third party
damages affecting the steel, pipe coating rupture and failure of field joint coating, are investigated.
As far as third party damages are concerned, two different kinds of mechanical damage are studied,
which are gouge and dent & gouge defects (Figure 3), realized using the full scale test aggression
rig of Figure 4. For large diameter-high thickness (>15.0mm) and high grade steel, the
puncture/failure of the pipe is a very remote event. The delayed failure of a pipe that presents a
permanent damage, not resulting in an immediate failure, can occur if coupled with the
environmental action (over cathodic protection for instance) and stress rate variation (due to the
internal pressure fluctuation). The same can be said for other types of damages considered, which
are for instance the presence of on purpose realized coating “defected zones” upon few of the girth
welds.

(X100, 48”x16.6-18.4mm, UF=72-80%SMYS)

Line “"A” : unaltered (~550m, coatlng + CP)

Pipe and hot bending|

Pipe producers: Coating: Crack Arrestors (CA):
*Europipe Polietilene HD +CRLP (Europipe)
*Nippon Steel *FBE. *FORTE System
*JFE. (SnamReteGas).

Line “B"” : damaged (~210m)

sLow CP sHigh CP *NO CP
Dielectric joint
DG : External Damaged pipes (Dent & Gouge) ~1h Time
EAC : Environmental Assisted Cracking ( H, imbrittlement) (H24)

CP : Cathodic Protection
Figure 1 - X100 Pilot Section formed by two lines , “A” and “B”

It is recognized that the level of cathodic protection applied can play a not negligible role in the
EAC phenomena; for this reason line B will be sectioned in three different zones by inserting
dielectric joints. Three different Cathodic Protection (CP) levels are applied: standard CP level
(about -850 mV), very high CP level (about -1200 + -1300 mV vs. SCE) and no CP. In particular the
part of line B without cathodic protection is used to study EAC phenomena (like low pH that can
take place when the anti corrosion coating is detached/dis-bonded and electrically shields the steel
from the cathodic protection). At the end of the test period, the line B will be sectioned in three
parts and pressurized (with water) until the rupture will be achieved on each sub-section, in order to
investigate the residual pressure containment resistance of such damaged pipes.

At the moment both lines A and B have been completed and are subjected to internal pressure
fluctuation from 13.5 to 15.0 MPa with a frequency of about 10 cycles per day.
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Figure 3 - Example of third part damages realized on line B coated pipes (FBE coated bipe on
the left and HDPE coated pipe on the right).

EXTERNAL DAMAGE RESISTANCE OF X100 PIPE AND ROLE OF ENVIROMENT ON
DELAYED FAILURE

The external interference and related damages on pipes are main causes of failure for onshore gas
pipeline in the world. The impact by an excavator can cause either a through thickness (puncture)
with an immediate loss of containment or a surface defect on the pipe that, according to the defect
dimensions and line pipe characteristics (geometrical and material properties), can evolve into a
leak or break. A surface (i.e. part wall) defect can be classified as a dent, a gouge or a combination
of the two. The dent and gouge are recognized as the most dangerous part wall defects, mainly
because the deformation of the pipe wall during the impact acts as a stress concentration factor for
the gouge resulting in a more severe defect than the single dent or the single gouge. In addition the
spring back effect, experienced by the dent during the unloading, can cause subcritical crack growth
at the gouge bottom leading to delayed (i.e. not immediate) failure, if loading conditions including
variation, environmental action, secondary loads or imposed deformations, are present.
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Most of the historical research activities on the subject carried out by several Companies and
Institutes (AGA, BMI, EPRG, BG, GdF, Gasunie, Mannessmann, etc.) were mainly aimed at
understanding failure mechanism of mechanical damaged pipeline rather than investigating the
parameters controlling the defect creation process /13, 14, 15, 16, 17, 18, 19, 20, 21/. Despite the
large amount of work already performed, few data, from in-field experiences or laboratory research
activities, are available for relating the excavator parameters to the defect creation process and dent
and gouge defect dimensions. This is particularly true for X100 pipes, which have only recently
appeared on the market.

Moreover, environmental effects on the resistance of damaged pipes is not well understood; some
delayed failures were observed after third party damage on gas transmission pipelines, possibly
attributed to aggravating effects of cathodic over-protection. Two key factors that seem to play a
relevant role are cathodic over-protection and low frequency cyclic loads (due to internal pressure
fluctuations). The failure mechanism is not completely clear so far, especially as far as very high
grade steel pipe is concerned. Such high grade steels (=X100) are in fact suspected to be more
susceptible to hydrogen embrittlement than lower in grade steel pipes, and since hydrogen
embrittlement is one of the more likely candidate failure mechanism for justifying the above
mentioned delayed failures, the study of the resistance of X100 third party damaged pipes in
presence of the combined action of environment and pressure fluctuations, is particularly important.

To fill this lack of information, an aggression test process reproducing as realistic as possible the
real excavator-pipe interaction is fundamental and it can be used to assess the capability of a given
pipe to successfully survive from an aggression by a given excavator class. CSM in recent years has
designed and realised a specific full scale test aggression rig, named Simulator (Figure 4), together
with the relevant testing methodology /22, 23, 24/. In addition a 3D laser device is used to
accurately measure the damaged pipe external surface and to work out the main defect geometric
characteristics. Measuring the external pipe surface before and after the test, the actual shape of the
damage can be obtained as a data matrix from which further post-processing phase (as for instance
FEM analysis) can be done.

In the following some preliminary full scale and laboratory experimental results obtained about the
behaviour of X100 pipe material with respect to:

e third party damage resistance;

e the influence of loading variation / environmental action on delayed failure;

are reported and compared with available data on lower grade steels.:
Third Party Damage Resistance of X100 vs. Lower Grade Steel Pipes

Third party damage resistance, from both experimental and analytical point of view, was
investigated for both conventional low grade gas steel linepipes and, in a more limited extension,
high grade X100 pipes. A comparison between the two appears to be very interesting since it can be
used for obtaining first indication about X100 pipe tendency to exhibit higher or lower
susceptibility respect to this issue.
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Figure 4 - CSM’s full scale test aggression rig “Simulator”

Damaging tests of interest were performed on API X65, 36” OD x 14.9 mm wall thickness pipe and
on X100 36” OD x 16.4mm wall thickness pipe. The simulated excavator was a large one, with
about 33 tons of operating weight. Table 1 reports main properties of the tested pipes, while main
parameters adopted during the external damage testing are reported in Table 2. Pipe samples were
pressurized with 100% water for safety reason; the use of water instead of gas, looking at the very
low amount of medium volume which is compressed during the impact, does not affect significantly
the result. Note that both pipes, even though different in steel grade, exhibit the same diameter (36™)
and were pressurized at the same usage factor (about 50%SMYS). Main results are reported in

damaged (TAP project)

whit a FBE coated pipe ready to be

Table 3.
” Nominal |Rt0.5, round bar,| Rm, round bar, CharpyV. full S1ze,
OD () [WT (mm) transverse, ambient
steel grade | transverse (MPa) | transverse (MPa)
temperature (J)
36 14.9 X65 504 589 110
36 16.4 X100 663 786 295
Table 1 — Main pipes properties
oD () WT | Nominal steel | Excavator | Tooth Inti:;::lfelpe Usage factor
(mm) grade simulated | type p (bar) (%SMYS)
36 14.9 X65 FH330 | New 75 51
36 16.4 X100 FH330 | New 121 49
Table 2 — Main external damage tests parameters
oD WT | Nominal steel | Max residual | Max gouge depth at
@) (mm) grade dent (mm) impact (mm)
36 14.9 X65 2.7 2.2
0.8 1.1
36 16.4 X100 05 0.5

Table 3 — Main external damage tests results
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In general it can be noticed that, for a given excavator class, the X100 pipe undergoes an overall
dent and gouge damage lower than a X65 one. This result is in line with the common feeling, since
third party damage is first of all a sort of “macro-hardness”, and from this point of view the higher
the tensile strength of the pipe (and this is the case of X100 pipe with respect to the lower steel
grade pipe), the lower the damage that can be created. In spite of that good behaviour of the X100
pipe, it has to be noted that a permanent dent and gouge damage has been anyway created; this
comes from considering a potential impact by a large mass (33 tons) excavator, an event that can
happen during the life of a real line.

Role of Environmental Action and Loading Variation on Delayed Failure of X100 Damaged
Pipe by Full Scale Test

In order both to investigate the full scale behaviour of X100 damaged pipes when subjected to soil
aggressive action, (over) cathodic protection and internal pressure fluctuation, and to improve the
knowledge on the phenomenon (particularly to better anticipate/manage what will happen in the
X100 pilot section in Sardinia over a period of time), the X100 36”x16mm damaged pipe
mentioned before has been used to perform the first long term full scale test in environment. The
test was carried out at the CSM laboratory in Roma, Italy. Severe in service conditions, both in
terms of stress applied (stress range due to internal pressure fluctuation: max hoop stress 100%
SMYS, minimum hoop stress 72% SMYS) and environmental aggression (artificial NS4 solution
with over cathodic protection at -1230 mV vs. SCE) were therefore selected.

The X100 damaged pipe sample was instrumented with strain gauges (Figure 5) for monitoring
damage evaluation during the test where internal pressure fluctuation cycles were applied with a
local strain rate of about 1.4-10° s™. Strain gauges position were defined by means of finite element
analysis of the damaged pipe starting from the result of the 3D optical device measurement as
previously mentioned; mesh for the FEM analysis was directly derived from the surface scanning
measurements, and this allowed to identify the areas close to the defect which are more sensible
with respect to pressure fluctuation.

A total number of 42.600 cycles was suffered by the damaged pipe before fails. A compliance
variation was recorded by strain gauges in the last part of the test just before the failure. Photo of
the failed sample is reported in Figure 6. It has to be noted that several additional cracks were
detected close to the main one.

The examination of the facture initiation area was carried out by using the SEM analysis; the
environmental action (hydrogen embrittlement) has been clearly identified over the fracture surface
as depicted in Figure 7.
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Figure 5 — Dent and gouge damage on X100 pipe with indication about strain gauges and failure
location (red circle), dimension in mm.

Figure 6 — View of the X100 damaged pipe after the failure

e 5 ey b %

Innesco 1 lato

b7ek P g - :
Mag= 150KX 20pm Detector = SE1

EHT = 20.00 kv WD = 32mm

Figure 7 — SEM image of the appearance detected in the fracture area of the X100 failed pipe
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Role of EAC Resistance of X100 Materials by Slow Strain Rate Tests

In parallel with the full scale test in environment carried out by CSM, the University of Bergamo
investigated the behavior of such high grade steels by an extensive laboratory testing campaign.

In particular Slow Strain Rate (SSR) tests using cylindrical tensile specimens have been carried out.
Both Hydrogen Embrittlement (HE) and Near Neutral Stress Corrosion Cracking (NN-SCC)
susceptibility was studied, using different solutions, the 3.5% NaCl solution and the NS4 solution
proposed by Parkins for simulating soil moisture. Tests were executed at room temperature with
different values of cathodic polarization (in the range —0.8 to —2 V vs SCE). The results were then
compared with the behavior of traditional pipeline steels with grade in the range of X52 to X80.

The tests were performed on five X100 steels of different Steel Makers. All the steels have similar
elongated banded microstructure with fine ferrite oriented along the longitudinal direction, even if
different microstructures was noted between the ferrite bands.

As mentioned above the tests were carried out in 3.5 g/l of NaCl and in NS4 solutions. NS4 solution
was first published by Parkins as the medium composition of the soil moisture found under
disbonded coating, in areas with NN-SCC phenomena. Its composition is: 0.483 g/l NaHCO3,
0.122 g/l Kecl, 0.18 g/l CaCl2, 0.1 g/l MgSo4. The pH is 8.3, and decreases at about 6.9+7.1 after
saturation with gas mixture of nitrogen containing 0.05 atm partial pressure of CO2 /26/. The
specimens were tested at the free corrosion potential, during NN-SCC test in the NS4 solution with
CO2 saturation, and in the range —0.8 V to —2 V vs SCE, during HE tests under cathodic protection
in aerated conditions. All the tests were performed at room temperature.

The tests were performed on cylindrical tensile specimens and with strain rates applied in the range
from 107 to 107 s™'. The EAC effects were assessed by using ductility measurements and fracture
observations, i.e. presence of brittle areas on the fracture surface and secondary cracks. Plastic
strain to failure calculated from load/elongation curves (gp) and Reduction in Area (RA) were
normalized to the values in air tests (g, , RAy).

As far as test results are concerned, it was found that at very negative potentials, the fracture surface
was characterized by extensive brittle areas of crack growth. Several secondary -cracks
perpendicular to the tensile load were noted. Less negative potentials reduce the environmental
effect although brittle propagation and secondary cracks could again be observed. The load
elongation curves approach the trend of air tests as potentials increase above -0.85 V vs SCE. Under
these circumstances, small secondary cracks oriented at about 45° to loading direction can only be
detected in the necking zone of the specimens, with brittle propagation limited to few micrometers.
Above these potentials, the behaviour becomes equal to that of the specimens tested in air. Full
ductile ruptures were found (Figure 8).

Figure 9 shows qualitative trend of critical potential inducing hydrogen embrittlement for each steel
as a function of strain rate. The grey area represents the field of hydrogen embrittlement insurgence
for traditional ferritic/pearlitic linepipe steels. It can be noticed that the general trend observed was
that lower the strain rate applied, higher the potential value found to be significant.
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Figure 9 — Qualitative trend of critical potential to have hydrogen embrittlement phenomena as a
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The comparison between the X100 steels and the traditional pipeline steels can be made using
the normalised reduction of area at fixed potential and strain rate, see for instance Figure 10 where
at —1.05 V vs SCE the normalised reduction of area was found to be similar for both the low grade
and the X100 steels examined.

The decreasing of the normalised reduction if area resulted to be independent from the
mechanical properties of the steels: some X100 steels show values of the normalised reduction of
area similar or higher than some X65 or X80 steels. The main effect on the hydrogen embrittlement
resistance can be attributed to the microstructure of the steel /27, 28/. The traditional types, with
Yield Strength ranging from 420 to 470 MPa, have banded ferrite/pearlite microstructures.
Controlled rolling increases Yield Strength and toughness by producing fine ferrite grains.
Accelerated cooling after controlled rolling produces a further reduction of ferrite grain dimension
and modifies microstructure by promoting bainitic and martensitic transformations. The pearlite
located between ferrite bands is progressively replaced by acicular ferrite with carbides, bainite and
tempered martensite as cooling rate increases. The content of pearlite, bainite and martensite varies
for the considered steel and over the thickness (Figure 11).

Hard microstructures increase the yield strength of the steels, and it is expected that increases
the hydrogen embrittlement susceptibility. On the other the accelerated cooling reduces banded
microstructures, giving homogeneous fine microstructures which are less susceptible to HE,
promoting numerous hydrogen traps uniformly distributed inside metal. Consequently, hydrogen is
dispersed into metal after its ingress, without any major concentration in weak areas. Hydrogen
diffusivities in steel with acicular ferrite, bainite and martensite may be lower than 50% of
diffusivity in a traditional hot rolled ferrite pearlite steel. Furthermore an isotropic behavior was

observed whereas diffusivity was mainly affected by direction with respect to the ferrite pearlite
bands /29/.

S \ X80 steel ey
pipeline } '
steels

R.A.n.

= -1.05V vs SCE, strain rate = 10%s™

- | i
Actual Yield Strength

Figure 10 — Qualitative trend of normalised reduction of area of the specimens after the SSR tests
at —1.05 V vs SCE and the same strain rate as a function of the Actual Yield Strength
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The researches conducted on NN-SCC indicate that the cracks propagation mechanisms is hydrogen
embrittlement /30, 31, 31/. The possibility to have reduction of hydrogen ions at neutral pH values
is due to the formation of a complex iron carbonate scale on the metal surface that promotes
localised corrosion. Inside the localised attacks the local pH decreases, increasing the hydrogen ions
concentration. The iron carbonate acts as catalyser for the hydrogen reduction, and facilities the
diffusion of the hydrogen atoms into the metal lattice. The hydrogen atoms concentrate in the
plastically strained zones and promote the initiation of brittle cracks. The NN-SCC cracks are
preferentially initiated from localised attacks. It is possible to enhance the NN-SCC phenomena by
means of electrochemical pre-corrosion of the specimens, as shown in Figure 13.

Being the NN-SCC mechanism recognised as an hydrogen embrittlement one, it is expected that the
behaviour of the X100 steels in this environment should be similar to those observed in cathodic
protection. The Normalised Reduction of Area obtained for the X100 steels in NN-SCC
environments are compared with those of the low grade pipeline steels in Figure 12. The presented
results are still preliminary, but it seem that some X100 steels have a behaviour similar to the low
grade steels, but for other X100 cases the susceptibility to the NN-SCC increases as the actual Yield
strength increases.
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Figure 12 - Effect of Normalised Reduction of Area of the specimens after the SSR tests in NN-
SCC environment

Figure 13 - SEM image of the electrochemically pre-corroded specimen of X100 B steel after the
SSR test in NN-SCC environment; a) macro image; b) close up (1000 x) of the point 1 in a)

CONCLUSIONS

Majors recognize that, in order to successfully face the technical challenges of safe use of X100
steel for future long distance, high pressure gas transmission pipelines, the demonstrative
construction and operation of a provisioning X100 pilot section pipeline, including on purpose
damaged pipes properly monitored, and coupled with extensive parallel laboratory experimental
work, is necessary.

In the TAP project, this approach was adopted, building a pilot section about 800m long, where the
the performance of X100 line pipe over time is studied, including the Environmental Assisted
Cracking (EAC) phenomena under severe conditions (third party damage, internal pressure
fluctuation, over cathodic protection etc..).

According to the know how on the subject gained in recent research projects, first full scale
experience on X100 steel pipe revealed that the behaviour of such high grade material under third
party damaging interference, appears as promising in the sense that no critical defect could be
caused even considering a large mass excavator impacting the pipe. Damages are limited in size

HOME



when compared with similar damages caused by the same class of excavator on a conventional
grade API X65 steel pipe, and they are not able to cause the immediate failure of the X100 pipe.

Despite of that good behaviour, a permanent dent and gouge damage has been created on X100
pipe, and such a defect, if not properly repaired, can lead to a delayed failure of the X100 line
especially if additional loading conditions (like those due to environmental action, cycling loading,
etc.) are acting at the same time, as demonstrated by the unique EAC full scale test carried out on an
X100 third part damaged pipe so far, where a hydrogen embrittlement related failure was observed
after a certain number of cycles in correspondence of high stress range applied.

As for the laboratory activity, this is mainly related to the concern about the potentially higher EAC
susceptibility (mainly Hydrogen Embrittlement under cathodic protection (HE) and Near Neutral
Stress Corrosion Cracking (NN-SCC)) of the X100 steels with respect to the lower grade materials,
since it is generally accepted that susceptibility usually increases with mechanical properties of the
steel. X100 susceptibility to environmental cracking was assessed during slow strain rate tests at
potentials and strain rates which were in the critical ranges of the traditional low strength steels.

The laboratory SSR test results obtained so far are promising: the risk of hydrogen stress cracking
related to the use of X100 steels is verified as minor; a performance similar to that of traditional
pipeline steels with lower yield strength, have been experienced. To make the comparison with the
full scale behaviour of a damaged pipe subjected to internal pressure fluctuation, significant with
respect to actual performance, laboratory tests are taking into account the initial presence of a
surface damage (like the dent and gouge one, where there is the combined presence of plastic
deformation and metal loss with local material alteration/cracks) and the loading variation over the
time. This phase of the laboratory testing programme is currently ongoing, and first results are
expected to be available soon.
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