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1. Introduction

Global energy demands continue to increase with the rapid development of the global economy. The transportation of oil
and gas by pipelines is the safest and most economical means for companies transporting hydrocarbons. To increase the
profitability of a pipeline, the flow rate is often increased by increasing the service pressure and using larger diameter pipes.
Therefore, the performance of pipes must be improved by enhancing their mechanical and chemical characteristics.

The current pipeline networks employ various grades of steel [1], with Grade B, X52 and X60 comprising about 70% of
these networks. Pipeline networks are often subjected to damage inducing leak or failure. Recent studies [2] show that more
than 50% of failures are caused by external interference.

For many years, the only possible solution to repair damaged pipes was complete replacement or replacement of a section
with new pipes. These procedures generally cause costly production losses. Moreover, hot works are forbidden during the
replacement in dangerous zones. In addition, metallurgical mismatch and residual stresses caused by welding add disadvan-
tages to this complicated and costly solution. To avoid replacing the damaged structure, for both economic and technical
reasons, a recent solution is to use a composite patch over the damaged area with an adhesive [3-5].
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In this paper, the harmfulness of a defect is evaluated after being repaired with a composite patch. Due to the fact that the
presence of a composite patch improves the fracture resistance but also modifies the constraint, a two-parameter fracture
approach is used. More precisely the stress field at the tip of a notch-like defect repaired by a boron/epoxy bonded composite
patch is evaluated by the applied notch stress intensity factor K, and the effective T-stress T, as constraint parameter. An
assessment point of coordinates [T,—K,,] is reported in the Fracture Toughness—-Constraint Diagram (FTCD). A line from ori-
gin O and passing through this assessment point intercepts the Failure Material Master Curve. This procedure allows the
determination of a patch repairing index which is a measure of the residual severity of a crack-like defect after repair.
The notch stress intensity factor is determined by the Volumetric Method (VM) [6] and the constraint by the Stress Differ-
ence Method (SDM) [7].

This study has been made on CT specimens made in pipe steel X 52 and covered with 2 types of epoxy boron composite
patch.

2. Material and specimen

Compact Tension (CT) specimens with mechanical notches of different lengths are prepared using pipe steel X52. Several
relative notch lengths a/W are studied: 0.2, 0.3, 0.4, 0.5 and 0.6, where a is the notch length and W the specimen width. The
CT specimens have the following dimensions: length = 63.8 mm, width = 61 mm, thickness = 5.84 mm and notch radius
p = 0.25 mm. The width of the repair patches is 18 mm and thickness is 2 mm. Two different lengths of repair patch are used:
type III: the length of patch is the same as the length of the CT specimen (63.8 mm), and type II: the length of patch is half the
length of the CT specimen (32.9 mm). The thickness of the adhesive in all cases is 0.3 mm. The material is assumed to remain
elastic until fracture and the elastic constants of the materials are given in Table 1. The steel and the adhesive are considered
as isotropic while the composite patch is modelled as orthotropic (see Fig. 1).

3. Stress distribution at notch tip using FEM method

The stress distribution at the notch tip of specimens with and without patches is determined by the 3D Finite Element
method by means of Abaqus/CAE™. The solid model is meshed using linear 8-noded hexahedral elements with a total of

Table 1
Mechanical properties (CT specimen, patch and adhesive).
Properties API 5L X52 Boron/epoxy Adhesive
E; (GPa) 210 200 2.723
E, (GPa) 25
E; (GPa) 25
Vi2 033 0.21 0.294
Vi3 0.21
Va3 0.21
Gq2 (GPa) 7.2
Gq3 (GPa) 55
Go3 (GPa) 55
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Fig. 1. Types of studied specimen.



168 T. Nateche et al./Engineering Failure Analysis 48 (2015) 166-173

6007 —m— sigma xx
—e— sigmayy
400 —a—sigma zz
—vw— T=(sigma xx-sigma yy)
=
a 200+
2
5 0
2
15
=
@ -200
-400
-600 T T

T T
0,01 0,1 1 10
Distance from notch-tip r (mm)

Fig. 2. Stress distribution o,,, 6 and o, relative to a CT specimen without patch for a 1000 N load and at mid thickness.

Table 2

Failure load according to relative notch depth a/W of CT specimens [8].
Relative notch depth a/W Failure load in [N]
0.2 32,098
0.3 25,270
0.4 18,988
0.5 12,570
0.6 5878

192,016 elements, including 119,152 in the CT specimen and 72,864 elements in the composite repair patch and the adhe-
sive layer. A finer mesh is used at the notch tip (mesh size of about 1 pm). Fig. 2 shows the mesh used in this study. The
structure is symmetrical about its centre line, therefore only half of the CT specimen is modelled. Therefore, symmetric
boundary conditions in the x—z plane of the specimen were applied (the displacement in the y direction is thus prevented)
for the CT specimen, repair patch and adhesive layer. The applied load is modelled as a pressure on the inner surfaces of the
pinholes of the CT specimen.

The study was conducted in 2 steps:

(a) The specimens with and without patches and with different relative notch depths a/W are subjected to the same ten-
sile load of 1000 N in the direction normal to the notch direction.

(b) The specimens with and without patches and with different relative notch depths a/W are subjected to the failure ten-
sile load in the direction normal to the notch direction. These failure loads are different for the various a/W ratios. They
are given in Ref. [8] and are reported in Table 2.

Fig. 2 shows the distribution of the o,,, ox and o, stresses. The opening stress gy, is normal to notch direction. This dis-
tribution is relative to a CT specimen without a patch for a 1000 N load and at mid thickness. We note that the stress dis-
tribution has its maximum at the notch tip.

4. Determination of notch stress intensity factor

Determination of the notch stress intensity factor for a notch-like defect is made using the Volumetric Method. The Vol-
umetric Method (VM) [6] is a local fracture criterion which assumes that the fracture process requires a certain volume. This
volume is assumed as a cylindrical volume with effective distance as its diameter. The physical meaning of this fracture pro-
cess 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 X.r according to the above-men-
tioned assumptions is obtained by examination of the stress distribution.

The bi-logarithmic elastic—plastic stress distribution (Fig. 3) along the ligament 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 Il represents linear behaviour in the bi-logarithmic diagram. It has been proved
by examination of fracture initiation sites that the effective distance corresponds 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  asso-
ciates the effective distance with the minimum of y. The relative stress gradient is given by:
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Fig. 3. Schematic stress distribution along notch ligament and notch stress intensity concept.
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where y(r) and a,,(r) are the relative stress gradient and maximum principal stress or opening stress, respectively.

The effective stress for fracture o is then considered to be the average value of the stress distribution over the effective
distance. However, stresses are multiplied by a weight function in order to take into account the stress gradient due to geom-
etry and loading mode and acting distance r. The stress distribution is then given by:

1 (X
Oef = / Oy (1) - (1 1) x(r)dr
Xer Jo

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

K, = 0o - (27Xy)*
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(1)

(2)

(3)

where K, o, and X, are the notch stress intensity factor, effective stress and effective distance, respectively, and o is the
slope of the stress distribution in region IIl. The exponent o depends on the notch angle and is equal to « = 0.5 if the sides
of the notch are parallel.

A description of this kind of notch tip stress distribution is given in Fig. 3. The procedure to determine the effective dis-
tance with the help of the relative stress gradient is also given in this figure (see Fig. 4).

For the 1000 N fixed load and for the failure load which depends on the relative notch length, the notch stress intensity
factor decreases by covering the defect with a glued composite patch. Its value decreases more with a type III patch which
covers the specimen totally along its length. At constant load, the notch stress intensity factor increases by the effect of
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Fig. 4. Influence of relative notch depth on applied notch stress intensity factor (a) and critical notch stress intensity factor (b).
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reducing the ligament with the relative notch length a/W. At failure load, the critical notch stress intensity factor considered
as the notch fracture toughness decreases due mainly to the constraint effect which affects the critical load.

5. Determination of T-stress

T-stress is a characteristic of the defect tip stress distribution. For a crack, Larsson and Carlsson [9] have suggested
describing the elastic stress field at the crack tip by three terms and introduce for the first time the T term as the second
one of the series:

Kj
V2mr
Its validity is limited to the elastic part of the stress distribution. For a notch, the validity is limited for notch tip distances

greater than the effective distance. For a notch with infinite acuity, Williams [10] has given a solution for elastic stress dis-
tribution as the following series:

Ojj =

-fij(0) + Toyoy + O(r) (4)

ayy:%+A2+A3\/F+A4r+A5\/r_3 (5)
where A; is equal to T/4. Therefore, ideally T-stress is a constant stress which acts along the crack direction and shifts the
opening stress distribution according to the sign of this stress. For stress distribution emanating from a blunted crack or
notch, T-stress is not constant along the ligament. This leads us to consider a conventional value defined as the effective
T-stress.

The stress distribution ahead of a crack tip depends on the polar angle 0, as we can see in Eq. (4). However, for some par-
ticular 0 angles, the T-stress is given by particular values of the difference between the opening stress o, and the stress par-
allel to the crack oy,. Particularly for 6 = 0, the T-stress is given by:

T = (0w —0y)4y (6)

Eq. (6) is the basis of the so-called Stress Difference Method (SDM), which was proposed by Yang and Ravi-Chandar [7].
The stress distribution in the direction 0 = 0 is generally computed by the Finite Element method.

Fig. 5 shows the T-stress distribution along the ligament in the CT specimen with a patch (type III) (applied tensile load
1000 N). T-stress increases with the distance to the notch tip and stabilizes at a distance greater than 1 mm. Increases of the
relative notch depth induce a loss of constraint, i.e.,, T has a higher negative value. A similar evolution to that of the
unpatched specimen is noted: the T-stress constraint changes from a negative to a positive value and increases with increas-
ing defect length.

6. Determination of effective T-stress Tr

Due to the fact that T is not constant, the considered value is obtained by a conventional definition. The effective T-stress
is the value of T at the beginning of the stabilization of the T-stress distribution. This distance is called the T effective distance
Xesr. In order to get this value more precisely, an analytical method is used. The T distribution along a ligament is fitted by a
polynomial function (Eq. (7)).
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Fig. 5. T-stress distribution along the ligament in the CT specimen with patch (type III) (applied tensile load 1000 N).
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T (X) = iaix" (7)
i=0

where q; are the coefficients and x the distance. The relative gradient of the T-stress is given by:

1 dTw(x) Yigiax™!

= . 8
1(%) Ta® & > Tax (8)
The weight function ¢ is written as follows:
noso i
plx) = 1 - Xi-ol0 ©)

SioiX!
The T effective distance can be obtained by the Taylor approach for the vicinity of the notch tip. It corresponds to the min-
imum point of the relative gradient of T-stress:

dy(x)
dx o)
Substituting Eq. (9) in the relation (10), the following relationship can be obtained:
dy Z?:o(izaiXFz —iax ) Yilax!
o " - o =° (11)
dax 2inoliX' D icoiX!

The effective T-stress is estimated by averaging the T-stress over the T effective distance
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Fig. 6. Schematic diagram of the determination of the T-stress by the proposed method and the gradient of the T-stress near the notch tip and effective
distance (CT specimen without patch a/W = 0.5 applied tensile load 1000 N).
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Fig. 7. Evolution of the effective T stress with relative notch depth a/W for the three configurations and for critical loads given in Table 2.
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Xof

Ty :Xi/ Texu (1) - @(1) dr (12)
ef 0

Here, T =Ty = (0x — Oyy)o-0 is the T-stress distribution along the ligament (r) in the xx direction and ¢ (r) is the weight

function.

Fig. 6 shows a graphic representation of the T-stress along the ligament, the gradient of this distribution and the tech-
nique of the minimum of the gradient to deduce the two parameters: the T effective distance X,sr and the effective T-stress,
Ter.

Fig. 7 reports the evolution of the effective T, stress with relative notch depth a/W for the three configurations (with and
without patch). For critical loads given in Table 2, the effective T-stress is called critical T, This value increases with the
relative notch length and corresponds to an increase of constraint. For a relative notch length a/W < 0.5 for the specimen
with a patch and for a/W < 0.45 for the specimen without a patch, the value of T, is negative. Positive values of Tz have
some influence on the possibility of crack bifurcation after fracture initiation [11].

7. Patch repairing index (RPI) in the Fracture Toughness-Constraint Diagram (FTCD)

By plotting the critical notch stress intensity factor versus the critical effective T-stress T in the plane Notch stress
intensity factor - effective T-stress [T,—Kr], one plots the Failure Material Master Curve (FMMC). This FMMC is a decreasing
function of T, i.e., fracture toughness decreases when constraint increases. We note that, in our case, the evolution of frac-
ture toughness is non-linear.

Fig. 8 reports the evolution of the applied and critical notch stress intensity factors with relative notch depth a/W for the
two types of patch. Points associated with critical notch stress intensity factors give the FMMC. One notes that the (13) of the
defect decreases more with the type Ill patch. In the plane [Te—K,], any assessment point below the FMMC represents a safe
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Fig. 8. Evolution of the notch stress intensity factor with relative notch depth a/W for the two types of patch and the FMMC.
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Fig. 9. Patch repairing index (RPI) in the Fracture-Constraint Diagram (FCD).



T. Nateche et al./Engineering Failure Analysis 48 (2015) 166-173 173

Table 3

Value of RPI with relative notch length.
a/lw 0.2 0.3 0.4 0.5 0.6
RPI (%) 61.8 61.9 68.4 78.6 87.7

situation. A line from origin O and passing through any assessment point A intercepts the FMMC at point B (Fig. 9). The patch
repairing index (RPI) is defined as:

RPI = 1 — OA/OB (13)

This RPI is an indicator of the remaining harmfulness of a defect after repair. Values of RPI with relative notch lengths are
given in Table 3.

8. Conclusion

The use of composite for repairing damaged pipe is a fast and economic method without service interruption. However,
the remaining repair defect retains some harmfulness. This residual harmfulness needs to be evaluated in order to see if the
security is at acceptable level. This can be done using the patch repairing index (RPI) measured by the method described in
this paper. A conventional value of this admissible index is necessary. Associated with a safety factor of 2, a criterion of
admissible RPI can be a value less than 50%. The length of the patch as well as the thickness of the glue layer has a major
influence on the defect driving force in terms of the ] integral or notch stress intensity factor, as mentioned by Ref. [12]. This
will be the direction of our future work.
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