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Abstract

Corrosion effects on structural integrity and life of oil rig welded pipes are analysed by ORIGINAL SCIENTIFIC PAPER
experimental, analytical, and numerical methods. Experiments were performed using
standard tensile specimens and CT specimens for static loading, Charpy specimens for
impact loading, and 3 Point Bending specimens for fatigue crack growth with amplitude
loading. In each case new and old pipes were used to evaluate corrosion effects. Results Hem. Ind. 76(3) 167-177 (2022)
indicated negligible corrosion effects in the case of tensile properties and impact toughness,
and strong effects in the case of fracture toughness and especially fatigue crack growth rates,
increasing the risk of static failure and reducing significantly structural life. Analytical
expressions are used for oil rig pipe structural integrity and life assessment to quantify these
effects. Recently introduced risk-based approach is applied to analyse oil rig drill pipe with a
corrosion defect treated as a surface crack.
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1. INTRODUCTION

Casing steel pipes used in oil drilling rigs are subjected to a corrosive atmosphere making them susceptible to
material degradation, sometimes in combination with errors in design and manufacturing. The main concern is the
influence of CO2 and H2S in the oil and gas exploitation facilities because these gases, especially under high pressures
and temperatures, create a corrosive environment [1,2]. Therefore, besides common reasons for failures of the
pipelines, such as insufficient resistance to crack initiation and propagation and especially occasional inadequate quality
of welded joints, corrosion defects often reduce strength and crack resistances, causing static or fatigue failure [3,4]. In
this context it is necessary to analyse material resistance to cracking not only for new material, but also for material
after certain period of exploitation, referred in the following text as used material. To fully comprehend the complex
mechanism of corrosive action of fluids from oil and gas wells, all the factors caused by the presence of carbon dioxide,
hydrogen sulfide, chloride, and mercury, affecting the initiation and development of corrosion should be taken into
consideration [5,6].

Presence of flaws in the basic material or in welded joints of protective welded pipes in oil wells does not necessarily
cause the loss of their integrity, [7-8]. Assessment which refers to the tolerability of some kinds of flaws depends on
possible interactions of the following factors: geometry of protective welded pipes, stress states (operational and
residual), type, size and location of the flaw, mechanical properties of welded joints, conditions of exploitation, etc [9-
10]. On the basis of accurate determination of the flaw type and size and calculation of the operational ability of the
welded joint, the decision regarding its use or rejection can be reached. Structural integrity is a relatively new scientific
and engineering discipline, which in a broader sense comprises the state analysis and diagnostics of behaviour, lifetime
evaluation and structure refurbishment. This means that, besides the common task of assessing the integrity of
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structure when the flaw is detected using non-destructive inspection (NDI) methods, this discipline also comprises the
analysis of the stress state of the structure with and without a crack.

Numerous papers have been published on pipe failures due to cracks and other defects, including corrosion, [11-
16], and some of them focused on welded joints, [17]. Nevertheless, all of them lack a comprehensive approach, which
would include experimental, numerical, and analytical approaches to the problem of corroded pipes and the remaining
pipe strength. Toward this aim, several papers were published in the last decade by the authors of the present study,
[18-22], including previous experimental investigation on the pipe taken from exploitation in an oil drilling rig after
70,000 hours (8 years) of service [23,24]. In the present paper, the new method, recently introduced and applied for
pressure vessels, [25-29], is applied to assess structural integrity of API J55 steel pipes, damaged by corrosion, using
risk-based approach. In respect to welded joints, focus here is on the base metal, since it was shown that it is more
sensitive to cracking than the weld metal [23, 24].

2. EXPERIMENTAL METHODS

API J55 steel, with the chemical composition shown in Table 1, and metallographic examination shown in Figure 1,
indicating typical rolled ferrite-pearlite microstructure, is used here for testing as a common material for oil rig drilling
pipes. Specimens were cut from the casing pipe manufactured by high frequency (HF) welding - producer US Steel,
Serbia). The pipe was withdrawn from a drilling rig during a reparation procedure after about 70000 hours (8 years) of
operation. At the same time, new pipe was used for testing both the material properties and pipe behaviour under
pressure [23]. Testing of tensile properties, impact toughness, fracture toughness and fatigue crack growth rate is
presented in the following text. Specimens were cut out from both new and used pipes and machined to standard
dimensions for each testing.

Table 1. Chemical composition of API J55 steel [23]

Element C Si Mn P S Cr Ni Mo \Y Cu Al
Content, wt.% 0.29 0.23 0.96 0.013 0.022 0.1 0.058 0.012 0.003 0.13  0.025
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Fig. 1. M/crostructure of API 155 steel: a) ro/llng dlrect/on b) transverse d/rectlon [23]

2. 1. Tensile properties

Tensile properties were tested in accordance with the standard ASTM E8-08, [30], using specimens of the base metal
prepared according to the standard ASTM A370, Fig. 2, [31], as shown in [21,23]. Testing was done by using the
electromechanical testing machine, SCHENCK-TREBEL RM 100 (SCHENCK - Germany), in displacement control, with the
rate 5 mm/min.
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Fig. 2. Specimens for tensile testing [23]

2. 2. Impact toughness

Impact toughness was tested by using the instrumented Charpy pendulum SCHENCK TREBELL 150/300 and Charpy
specimens, Fig. 3, according to the standard ASTM E23-01 [32], as shown in more details in [23]. Instrumented pendulum
enables separation of energies for crack initiation and propagation, which are equally important indicators of material
behaviour under impact loading, as the total energy.
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Figure 3. Charpy specimen for impact toughness testing

2. 3. Fracture toughness

Keeping in mind that the material tested here is not a brittle one, it was necessary to use elastic-plastic fracture
mechanics parameter, such as J integral, to estimate fracture toughness [33]. Toward this aim, so-called crack resistance
curves, i.e. J-R curves, are used to get the critical Jic value, which is then used to calculate Ki, i.e. the fracture toughness,
according to the standard ASTM E1820, [33]. To obtain J-R curves and Jic values, relevant for real pipes, standard
compact tension (CT) specimens were used and modified, since they were directly cut out from new and used pipes,
with curvature and thickness as shown in Fig. 4, [14,19,23]. Testing was done by using the electromechanical testing
machine, SCHENCK-TREBEL RM 100, using special grips for CT specimens.

55

—

Figure 4. CT specimen: a) photograph, b) dimensions
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2. 4. Fatigue Crack Growth testing

Fatigue crack growth (FCG) was tested at room temperature, in accordance with ASTM E647, [34] using Three Point
Bending (3PB) specimen on a Fractomat device (Rumul, Switzerland), as shown in Fig. 5, and explained in more details
in [23].

Fig. 5. Fatigue crack growth testing: 3PB specimen with foil for measuring the crack length assembly

2. 5. Prototype testing

Testing of prototype was conducted on a pressure vessel with defects of the circular shape. The vessel was made
from a part of the casing pipe made by HF welding of APl J55 steel, closed at both ends with nominal dimensions:
diameter $139.7 mm, wall thickness 6.98 mm, Fig. 6a. In the experiment performed [23], strain gages and rosettes were
used to evaluate J integral by so-called the direct measurement technique. Different artificially made surface defects
with lengths D = 26, 28, and 30 mm and depths a = 1.75, 3.5, and 5.25 mm (Fig. 6b) were monitored to assess their
effects on structural integrity [21,23].
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Fig. 6. a) Prototype with artificial defects, b) defect details

3. RESULTS

3. 1. Tensile testing

Results of tensile testing are shown in Table 2 for the new and used material, respectively. As one can see, yield
stress (Re) is significantly reduced due to damage in used material, while tensile strength (Rm) and elongation (As) are
not significantly affected. One possible explanation of such a behaviour could be that damage has reversed the
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mechanism used to obtain unusually high Re of the new material, but this phenomenon is yet to be investigated.
Anyhow, it is considered here as a fact indicating the corrosion effect on tensile properties. It should be also noticed
that the hardness values were almost the same, 195110 in both cases [23].

Table 2. Tensile properties for new and used material [23]

Re+SD /MPa Rm +SD / MPa As+SD /%
New material Used material New material Used material New material Used material
547.7+7.6 379.743.3 586.716.2 562.312.9 28.7+1.3 33.04#1.2

3. 2. Impact toughness

Impact toughness values determined for the new and used material are shown for different testing temperatures in
Table 3, indicating weak influence of corrosion damage. All other details and results are shown in [30], including the
effect of different microstructures in the base metal (BM), weld metal (WM) and heat-affected-zone (HAZ), which turned

out to be insignificant.
Table 3. Impact toughness for new / used material

Mean value + standard deviation

Testing temperature, °C EutSD/)
! New material Used material
-40 26.3+3.1 26.7+3.7
-20 52.310.9 54.3+2.5
+20 99.0+0.0 102.3+6.1

3. 3. Fracture toughness

Fracture toughness values are shown in Table 4, indicating stronger influence of corrosion damage than in the case
of tensile properties and impact toughness. Of special interest are minimum Kic values, 121.4 MPa-m®> for the new
material, and 91.4 MPa-m?> for the used one, in both cases for the base metal, as the most sensitive to cracking.

Table 4. Fracture toughness K, new / used material

Kic/ MPa-m©5
New material Used material
Base metal 121.4 91.4

Crack location

3. 4. Fatigue crack growth testing

Results for the threshold values, AKw, and Paris law coefficients C and m, are shown in Table 5 for new and used
material, tested with amplitude loading corresponding to the stress intensity factor range AK=15 MPa-m®°. More
detailed results, including relation between the FCG rate, da/dN, and stress intensity factor range, AK, are presented in
form of a diagram in [14,23]. Here, the FCG rate is presented for the stress intensity factor range AK=15 MPa-m°?>,
indicating a strong effect of corrosion damage, since the FCG rate is almost 6-fold higher for the used material.

Table 5. Fatigue crack growth parameters, [23]

AKin [ MPa-m0> C m (da/dN) / (m / cyc) (AK=15 MPa-m°?>)
New material 9.5 1.23-1013 3.931 5.17-107°
Used material 9.2 2.11-10% 6.166 3.75-10®

To summarize, there is insignificant influence of corrosion on tensile properties and impact toughness, but both
fracture toughness and especially FCG rate are strongly affected, indicating potential large differences in structural
integrity and life assessment.
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3. 5. Prototype testing

Experimental results of prototype testing are shown in Figure 7 in the form of J integral vs. pressure, and explained
in more details in [20], including comparison with FEM, indicating safe operation at the design pressure of 10 MPa. One
can note that failure did not occur for testing pressure as high as 22 MPa.
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Figure 7. Prototype testing results - J integral vs. pressure

4. STRUCTURAL INTEGRITY ASSESSMENT

Analytical assessment of structural integrity is based on calculation of the stress intensity factor and stress ratio,
with an aim to define the corresponding point in the Failure Analysis Diagram (FAD) [35]. Basic concept of the FAD,

shown in Figure 8, is that a point below the limit line is safe, while a point outside the limit line is not safe. The limit line
is defined by equation (1):

0.5
K =S, [%Insec(z-srﬂ (1)
T 2

where K: is the ratio between the stress intensity factor Ki and its critical value Kic, while S; is the ratio between the net
stress Snet and the stress critical value Sc.

To evaluate points in the case analysed here, the stress intensity factor Ki is calculated according to the following
equation (2):

K =Ys\[ra @)

where Y is the geometry factor, depending on the crack type and size, [24], S = p'r/tis the circumferential stress in a thin
cylindrical vessel, p is the pressure, r radius, and t thickness. The net stress is calculated in the same way as S, but for
the reduced cross-section, where the crack is located.

The critical value of K, i.e. fracture toughness Ki, is already defined in Table 4, whereas the critical value of stress,
S¢, is commonly defined as the mid-value of yield and tensile strengths, equation (3)[23]:
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_R.+R,

2
For calculation of the above parameters a crack with the depth a = 3.5 mm and length 2c = 28 mm was considered.

The cross section reduction is then (3.5x28)/(6.98x702)=0.0200, and net stress Snet=100/0.9800=102.0 MPa. According

to the data given in Table 2, the critical stress is Sc= (547.7+586.7)/2=567.2 MPa for the new material, and

Sc=(379.7+562.3)/2=471 MPa for the used one. Now, one can calculate the X coordinate as by equation (4):

S

X = net (4)
S

o}

S 3)

C

These values are 0.19 and 0.23 for the new and used material at the pressure of 10 MPa, respectively. Corresponding
values for the pressure of 22 MPa are 0.42 and 0.51, respectively.

To get the Y coordinate, the stress intensity factor for a surface edge crack in a cylinder is needed. It can be obtained
by using different methods for geometry factors, depending on the crack size [36]. According to the procedure explained
in [24], the geometry factor for the crack 3.5 mm in depth and 28 mm in length is Y:iota=2.538, and the corresponding
stress intensity factor is Ki=32.6 MPa-m®> for the pressure of 10 MPa and 71.7 MPa-m®® for the pressure of 22 MPa.
Taking into account the critical values of stress intensity factor from Table 4 (Kic=91.4 MPa-m°®® for the used material,
and 121.4 MPa-m®® for the new one), the Y coordinate becomes 0.35 for the used material and 0.27 for the new one
(pressure 10 MPa), and 0.77 for the used material and 0.59 for the new one (pressure 22 MPa). All four points are in the
safe region, as shown in Figure 8, indicating also good agreement with the experimental results.

1.2 0.5

8 ()
FRACTURE K, =S, | —lInsec| =S5, |
1 2 \2 )

0.8 e (051,077

X 0.6 . (0.42,0.59)
04 e (023,035
0.2 (0.19,0.27)
0 0.2 0.4 0.6 0.8 1 1.2

S,

Fig. 8. Failure analysis diagram: pressure 10 MPa: new (0.19, 0.27) and used (0.23, 0.35) material; pressure 22 MPa: new (0.42,
0.59) and used material (0.51, 0.77)

Probability of failure can be now estimated according to the position of these 4 points. Using the novel procedure,
one obtains 0.28 and 0.37 for the pressure of 10 MPa, new and used material, respectively, as well as 0.62 and 0.82 for
the pressure of 22 MPa, also for the new and used material, respectively. Having in mind the medium consequence, as
explained in [22], one obtains the risk matrix, Table 6, indicating high risk level for the pressure of 22 MPa and used
material.

This is the crucial point in the analysis performed here. One should notice that the risk-based analysis shows in a
simple way that material aging increases the risk for one category, whereas testing over-pressure does it for two
categories! Obviously, material aging cannot be avoided, but over-pressure has to be reduced as much as possible.
According to this analysis, 30 % should be the maximum value to keep all points at the medium risk level.
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Table 6. Position of assessment points in the risk matrix
Consequence category

1-very low 2 - low 3 - medium 4 - high 5 - very high Risk legend
<0.2

very low
> —
S 0.2-0.4 p=10, MPa Low
o low new 0.33
S 0406 p=10, MPa .
£ medium used 0.42 kel
=
K 0.6-0.8 p=22, MPa High
o high new 0.73
a.

0.8-1.0 p=22, MPa
very high used 0.92

3. 3. Structural life assessment

According to the results of FCG rates, presented in Table 5, one should expect significant reduction of fatigue life of
corrosion damaged material. To evaluate this detrimental effect, the Paris law was used for both analytical and
numerical calculations in the following equation, as shown in equation (5) [24]:

m

99 _ Ak =C(Y(1JAJ\/7[_GJ (5)

dN w
where Y(a/W) is the geometry factor depending on the crack geometry. The Paris law can be integrated directly if one
neglects dependency of the geometry parameter Y on crack geometry, or numerically if dependency is taken into
account, as was done here by dividing the range of crack depth growth as follows: 3.5; 4.19; 4.88; 5.57; 6.26; 6.9; 7 mm.
Coefficients C and m are used for the new and used BM, as given in Table 5. The geometry coefficient Y(a/W) was in the
range from 2.39 to 4.29, also affected by different crack lengths. Amplitude loading is defined as R=0.79 (in ABAQUS
input data file) for 21 MPa (maximum stress 100 MPa, minimum stress 79 MPa, [23]). Calculation is based on the Raju-
Newman solution for a surface crack in a thin-walled cylindrical shell, equation (6)[36]:

K= M+ Ek\ﬁ—/vu (Ej oNza 6
a t E,

where: Ms is a function depending on the crack geometry (on the ratio a/c); s is the function depending on the crack
geometry (on the ratio a/c) and on the relative crack depth (on the ratio a/t); « (Ms) is the surface correction factor for a
surface crack and Mr is the Folias correction factor.
To fit the Raju and Newman results for the deepest point 8= 7/2, the parameter (s) is given by equation (7):
s=1.6+3(a/c)3+8(a/c)(a/t)5+0.008(a/c) (7)

Results obtained in this way are presented in Table 7. The presented data indicate cca 17 % reduction of fatigue life
for the used material as compared to the new one.

Table 7. Data for crack length 2C = 28 mm, using parameters My, E, S, M7, My, and Fioa as defined in [24]

ac/m N (6= 72

a/mm c¢/a a/t alc M Ex S(0=7/2) Mr M Vit Ki/MPa:mos ¢ ( /2)
new old new

3.5 4,000 0.501 0.250 1.105 1.149 1.742 1.022 1.016 2.448 25.69 0.200 0.353 0 0

4.19 3.341 0.600 0.299 1.100 1.200 1.894 1.032 1.032 2.483 28.51 0.191 0.337 7029810 6254403
4.88 2.869 0.699 0.349 1.095 1.257 2.216  1.043 1.060 2.557 31.69 0.173 0.305 10536232 10520849
5.57 2.513 0.798 0.398 1.090 1.320 2.839 1.055 1.110 2.716 35.96 0.145 0.255 12092670 13392910
6.26 2.236 0.897 0.447 1.085 1.388 3.962 1.069 1.207 3.074 43.14 0.108 0.190 12586914 15166127
6.9 2.029 0.989 0.493 1.081 1.456 5.697  1.083 1.405 3.910 57.60 0.069 0.121 12661710 15985600
7 2.000 1.003 0.500 1.080 1.466 6.049 1.086 1.456 4.144 61.50 0.062 0.110 12668570 16030191

() OOO)

Y NG _ND
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4. DISCUSSION

In order to verify the approach applied in this research, results are now compared with the experimental and
numerical ones, presented in [21]. To do so, the maximum allowed pressure has been calculated according to the critical
value taken from the failure analysis diagram (FAD) for the used material, leading to p=26.8 MPa (22/0.82), since the
probability level for the pressure 22 MPa is 0.82, and for the allowed (critical) pressure it is 1. Maximum allowed
pressures, as given in [21] for 3 analytical and FEM values obtained for 3 different reference stresses (0.8, 0.85, and 0.9
of the ultimate tensile strength - UTS), are in the range 37.1 to 48.2 MPa. The maximum allowed pressure calculated
based on FAD is clearly lower than any of them. Taking into account the fact that these values are obtained for the real
geometry of defect, it is easy to conclude that the significantly smaller value obtained here is in accordance with the
fact that the defect is considered as a surface crack, whereas in analytical and numerical calculations it was treated as
a geometry imperfection. In this way, our approach is verified as a conservative and reliable, and also as a simple one.

Results for remaining life, i.e the number of cycles needed for crack growth from the initial depth (3.5 mm) to 6.26
mm, for crack length 28 mm, Table 7, are also given in Table 8 for the used and new material to show more clearly the
effect of material aging. One can see that this effect is important, but not significant, since the reduction in the remaining
life is 17 %, from about 2.8 years for the new material to about 2.3 years for the used material. One can notice that the
effect is much more pronounced for a longer crack, as presented [22], and also shown here in Table 8.

Table 8. Number of cycles N and remaining life for crack growth in depth from 3.5 to 6.26 mm

Crack length N Time, year*
Used material New material Used material New material
2c=28 mm 12,586,914 15,166,127 2.328 2.805
2¢=200 mm ** 464,212 2,433,641 0.092 0.482

*1 year=5,046,009 cycles, **data taken from [22]

One issue remains critical in the approach presented here. Namely, as shown in [24], analytical expressions do not
exist for evaluation of surface crack stress intensity factors, which would be the best approach for crack analysis
regardless the crack type and size. In this research, the Raju-Newman expression is used, but its validity for very deep
cracks is questionable. Anyhow, analytical expressions used here are useful and present a practical engineering tool to
assess structural integrity and life of a cracked corroded component in a simple way.

5. CONCLUSIONS

According to the presented analysis of oil rig welded pipes, following conclusions can be drawn.

e Fracture toughness and FCG rate are strongly affected by corrosion damage, although tensile properties and impact
toughness are not. This is probably valid for ferritic steels in general, but not austenitic ones.

e The most pronounced effect of corrosion damage is in the case of amplitude loading, since it increases the FCG rate
up to 6 times, which in turn significantly reduces structural life. Anyhow, this result should not be generalized, since
it is specific for the case studied here.

e Corrosion damage increases the failure risk for one category (low to medium - working pressure, high to very high —
test pressure), whereas the increase from working to testing pressure increases the failure risk for two categories
(from low to high — new material, medium to very high — used material).

e Testing pressure has to be reduced as much as possible. According to this analysis, 30 % should be the maximum
value to keep the risk at medium level. The optimal value should be 10 %.

e Failures due to relatively short cracks can be prevented by timely intervention, what might not be the case for
relatively long cracks.

Acknowledgement: This research was supported by the Ministry of Education, Science and Technological
Development of the Republic of Serbia (contracts 451-03-9/2021-14/200105 and 451-03-9/2021 -14/200213).
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Efekti korozije na integritet konstrukcije i Zivotni vek cevi za busenje
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(Naucni rad)
Izvod Kljucne reci: procena rizika; dijagram

Uticaj korozije na integritet i vek naftnih buSeéih cevi je analiziran eksperimentalnim, analiti¢kim i analize loma; zamor; matrica rizika

numerickim metodama. Eksperimenti su radeni na standardnim zateznim i “CT” epruvetama, ispitinim
statickim opterec¢enjem, Sarpi epruvetama ispitanim na udarno opterecenje i epruvtama na savijanje u
3 tacke, ispitanim na amplitudno optereéenje. U svakom slucaju je ispitan novi i koris¢eni materijala da
bi se odredio uticaj korozije. Rezultati su ukazali na mali uticaj korozije u slu¢aju zateznih svojstava i
Zilavosti, a relativno veliku uticaj u slucaju Zilavosti loma | brzine rasta zamorne prsline, Sto znacajno
povecava rizik od loma i smanjuje preostali vek cevi. Kvantifikacija ovog uticaja je odredena pomocu
analitickih izraza za factor integriteta napona. Nedavno uvedeni pristup analizi rizika je primenjen da se

odredio nivo rizika u novim i kori¢enim cevima, pri proracunskom i ispitnom pritisku.
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