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ABSTRACT

Repairs of corroded high-pressure pipelines are essential for fluids transportation under high pressure. One of
the methods used in their repairs is the use of layered composites. The composite used must have the necessary
strength. Therefore, the experiments and analytical solutions presented in this paper are performed according to
the relevant standards and codes, including ASME PCC-2, ASME B31.8S, ASME B31.4, ISO 24817 and ASME
B31.G. In addition, the experimental tests are replicated numerically using the finite element method. Setting the
strain gauges at different distances from the defect location, can reduce the nonlinear effects, deformation, and
fluctuations due to the high pressure. The direct relationship between the depth of an axial defect and the stress
concentration is observed at the inner side edges of the defect. Composite reparation reduces the non-linearities
related to the sharp variation of the geometry and a more reliable numerical simulation could be performed.
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1 Introduction

Increasing demand and production of fluids is one of the prominent drivers of the growth
and development of a country. Pipelines as axisymmetric shells [1,2] are one of the most efficient
infrastructures for supplying various products and materials such as basic fluids and sewage. In
light of their diverse capabilities, pipelines play an important role in the upstream, midstream, and
downstream industries. These lines are mostly made of steel due to its high strength and toughness.
Nevertheless, steel pipes exhibit disadvantages too, such as the low corrosion resistance under the
action of internal and external corrosive agents. Additionally, the erosion phenomenon may cause
the formation of a major defect throughout the thickness of the pipe and the possibility of failure
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due to fatigue. Dangers of pipe corrosion and erosion include the infiltration of effluent (sewage or
basic fluid) into the surrounding environment, causing the contamination of the surrounding lands,
as well as the risk of detonation due to gas leaks [3-5]. More than 60% of the world’s high-pressure
pipelines are over 40 years old, according to the North American Oil and Gas Center. The possibility
of in-service problems such as leakage, explosion, and breakage are quite common for these pipes.
According to the US ministry of transportation, the average annual cost of replacing and maintaining
high-pressure transmission lines is estimated at around $ 7 billion, of which about 80% is spent on
repairing corrosion damages [6]. Some studies have investigated types of axisymmetric shells [7,8] like
pipes [9] and vessels made of steel, functionally graded materials [10,11] and composites to increase
mechanical strength. However, due to economic issues, most of the time, their repairs are prioritized
over material replacement. The repair and reinforcement of metal pipes have traditionally been done
by welding. With this method, a new and healthy piece of metal replaces the damaged part by welding
or a corroded portion is repaired with filler material.

With the advancement of mechanics in recent decades, researchers and engineers have suggested a
method of repairing pipes using composite fibers in order to control crack growth and strength pipes.
This method is a good alternative to the traditional one and does not have the disadvantages of welding
repair. The composite repair technique involves filling corroded part by using some filler material and
then repairing it with a layer of composite reinforced with glass, carbon or aramid fibers [12]. Also,
seawater intrusion can cause corrosion and damage to parts of the pipeline beyond the initial holes
[13]. So, composite repair is a highly effective and safer option for pipelines in certain situations.

As reported in [4], advantages of repair procedure by composite fibers against welding method
can be summarized as follows: it can be adopted in all atmospheric conditions; it is not affected either
by the characteristics or by the status of the fluid flowing through the pipe; it is safer, i.e., less risk of
explosion; the repair is rapid and easy to process which translates in saving times and costs; it increases
the corrosion resistance of the tube and it protects the conduit against earthquakes; it is characterized
by a high strength to weight ratio of the pipe (up to 15 times for some steels); applicability during the
operation of the transmission without the need to cut-off the flux, guaranteeing the full functionality
of the pipeline.

Different types of defects can be repaired by making use of composite screw layers. According to
[14], this repair technique can be used to restore damages caused by external corrosion such as wear
and tear. Similarly, it can repair internal erosions, which usually lead to fluid leakage. Furthermore,
the composite is capable of arresting the advancement of cracks. Eventually, it can also be used to fix
dented tubes.

The composite reparation technology has also disadvantages related to the mechanical properties
of the composite and to technical limits gives a representation of the possible damages that can occur
due to the use of this technique. ISO 24817 standard [1 5] shows the defective layering of the composite,
which is one of the major technical issues of this method. This issue may often be caused by an uneven
distribution of stress and a subsequent increase of the internal pressure in the composite layers. In
one of defects, it is shown the damages caused by external shocks to composites reinforced with glass
and carbon fibers, respectively. Also, there are other defects that they illustrate the long-term behavior
of fiber reinforced composites: their mechanical properties weaken over time and, as a result, they
become dry and brittle.

Noor et al. [6] studied the methods of repairing fluid transmission pipelines. For angled and
elongated pipes, pre-cured layered, flexible wet lay-up, pre-impregnated, split composite sleeve and
flexible tape systems were used, which hardens in the final stage after curing. 73% cheaper than
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replacing the damaged section of the steel pipe completely and 24% cheaper than welded steel sleeve
repairs. Mazurkiewicz et al. [12] investigated a metal pipe under internal pressure that was damaged
by an excavator tooth, both numerically and experimentally. It examined the corrosion response of
the damaged pipe as well as of the tube after the repair. The corroded pipe was reinforced with filler
material and then repaired by an unidirectional glass fiber composite fabric. The analyses showed
that a corrosion status to a depth of 60% of the pipe thickness reduces the pipe resistance up to 62%.
Additionally, the results showed that when the composite reparation has 24 layers, it becomes even
more resistant to corrosion than the metal pipe itself. Abd-Elhady et al. [16] performed numerical
modeling of a metal pipe with an inclined crack. It was found that in a defective pipe under internal
pressure, the crack grows along the original crack plane direction and, after the composite reparation,
the internal pressure increases compared to the defective state. Moreover, the crack growth is prevented
and ultimately the lifespan of the tube is increased. Barros et al. [17] experimentally investigated the
effect of composite fabric on the corrosion of welded joints. They chose an ASTM2507 stainless steel
tube, which is highly corrosion resistant and used an offshore platform for the tests. According to
ASME B31.8S [18] standard, the minimum thickness of the repair layer for double-sided glass fiber
fabric was calculated and installed on the corroded tank. It was observed that the repair done making
use of composite screw is effective even for a damage as extended as 90% of the depth. Lim et al. [19]
investigated the mechanical properties of steel and composite pipes through laboratory tests. The
results showed that in pipes repaired with glass fiber composite, the critical pressure increases by 23%
and causes a significant reduction of strain in the defect area.

Khan et al. [20] obtained numerical and experimental results by investigating the filler material.
According to the ISO 24817 standard, an artificial defect was created on the pipe. This defective
tube was then repaired with a nano-fluid filler amplifier and then with a nano-clay. Leong et al. [21]
analyzed the effect of corrosion width on circumferential stress by means of numerical modelling,
and repaired these corrosion damages with composites. Armentani et al. [22] studied the evolution
of energy release rate for delamination defects in a composite panel numerically to evaluate the G
distribution. While the study conducted by Canale et al. [23] does not directly address composite
pipe repair methodologies, their investigation into moisture absorption in thick composite plates sheds
light on potential concerns for long-term durability in underground and undersea applications. Ansari
Sadrabadi et al. [24] performed a numerical and experimental investigation of a steel pipe repaired
with a composite sleeve. It was found that the composite repairing system had almost eliminated the
stress concentrations generated by a thickness reduction. Abd-Elhady et al. [25], by using numerical
modelling on a metal pipe with an inclined crack, came to the conclusion that in a defective pipe
under internal pressure, the crack grows in the original crack plane and after the repair with the use of
composite, an increase of the internal pressure is caused with respect to the defective state. In addition,
to suggest the continuation of research in the future, we can mention the optimization of the composite
structure considering additive manufacturing technology [26].

Here are some general reasons why fiber composite materials are suggested for reinforcement:

e Enhanced stiffness and flexibility: Composites can be tailored to achieve specific stiffness and
flexibility properties depending on the fiber orientation and matrix material. This allows for
precise control over the mechanical response of the reinforced structure.

e Corrosion resistance: Unlike traditional metals, many fiber composite materials are highly
resistant to corrosion, making them a valuable choice for applications exposed to harsh
environments, like saltwater or chemicals.
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e Fatigue resistance: Composites can withstand repeated stress cycles better than many other
materials, leading to longer service life and reduced maintenance needs.

In this study, a composite fiber repair methodology is presented and analyzed with the help of
both experiments and numerical simulations. The experimental tests are performed according to the
relevant standards and codes, such as ASME PCC-2, ASME B31.8S, ASME B31.4, ISO 24817 and
ASME B31.G. Some aspects of the problem are also addressed numerically by means of the finite
element method.

2 Materials and Methods

In the present study, a steel pipe for the transportation of fluids, designed according to API 5L
A106 Gr.B specifications, has been investigated. The pipe has an outer diameter of 88.9 mm (nominal
3 inches), a thickness of 5.5 mm and a length of 500 mm. Different caps configurations exist to close
the two ends of the pipe. The hemispherical cap is characterized by a higher-pressure tolerance and
can withstand an average pressure of up to about 2 times the elliptical cap of the same thickness. It has
been well established by researchers that the best cap shape for a pressure vessel is hemispherical. Thus,
two hemispherical caps were chosen and welded to the metal pipes using the argon welding technique.

The mechanical properties of the pipe including yield strength, ultimate strength and module of
elasticity were obtained by preliminary tests performed according to the ASTM E8/ESM standards.
The stress-strain diagram of a sample of pipe material with the specifications mentioned in Fig. | is
shown in Fig. 2. To mitigate the statistical dispersion, the tensile tests were performed 4 times and the
mechanical properties were calculated as average of the preliminary test results. An image of the test

~

can be observed in Fig. 3.

The experimental tests were performed by means of an electric hydraulic pump which is respon-
sible for the pressure supply. The machine is capable of a maximum pressure of 700 bar, which can be
regulated through the inlet valve. In the tests of this study, the maximum pressure was set to 90 bar.

L |
M I N | M—:l
= r 11
- -
e
4 £
At
G
G (Gauge length) 25+0.1 mm
W (Width) 6+0.1 mm
T (Thickness) 540.5 mm
L (Overall length) 100 mm
N (Length of rauced section) 32 mm
M (Length of grip section) 30 mm
H (Width of grip section) 10 mm

Figure 1: Sample size for tensile test
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Figure 2: Stress-strain diagram of tensile test
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Figure 3: Tensile test on the sample

During the first phase of the experiment, the intact vessel was connected to the hydraulic device
and the internal pressure was increased. In the second phase, a defect was created on the outer surface
of the pipe. The defect was designed according to the ASME PCC-2 [27] standard with a depth of 70%
of the thickness. In Fig. 4a, sketch of the cavity geometry is shown. Also, an image of the defect can
be seen in Fig. 5.
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Figure 4: Defective pipe design

Figure 5: Defect created on the tank

Under testing conditions, a local increase of pressure is experienced by the vessel in the area
surrounding the cavity due to the presence of the defect in the tank wall. This local increase of pressure

leads to an increase in the local strain and eventually to a concentration of stress in this region with
respect to the intact vessel test.

In order to measure the strain and the stress accordingly, the tank was equipped with strain gauges,
as shown in Fig. 6. These were positioned on the outer skin of the pressurized tank and connected to
a graphical user interface system. In this way, it was possible to monitor and register the stress level in
the tank thickness in real-time during the experiments. According to the coordinates system of Fig. 6,
the axial strain gauge A and the circumferential one B are positioned in the critical region near the
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defect, and the peripheral strain C is located at a distance of 70 mm from the defect, along the axial
direction.

70mm

-.-.---.1><

Circumferential Direction

c Defect
L, - — —f = —_ - = —_ —_— — —
Axial Direction [

B.ﬂ‘ ==l A

Figure 6: Strain gauge coordinates on the defective tank

Fig. 7 is a schematic representation of the experimental test rig. The tank is equipped with strain
gauges which, in turn, are connected to the Data Logger through soldered wires. The tank is joined
with the high-pressure hose of the hydraulic pump and filled with hydraulic oil. With this apparatus, it
is possible to monitor the internal pressure of the oil as well as the stress and strain level of the tank on
display. Fig. 8 shows the defective tank under test, fully equipped with the strain and pressure gauges.

Data logger

= O

Strain Defect Pipe

Figure 7: Schematic diagram of a defective pipe test
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Figure 8: Defective pipe test

Fig. 9 shows the strain evolution during the test measured by the three strain gauges in the
defective pipe. In areas close to the defect, due to geometric changes and non-uniformity of the area,
the axial strain (gauge A) is higher than the peripheral strain (gauge B). In fact, the axial gauge detects
tensile deformation whereas the circumferential one reveals a compressive deformation. The peripheral
strain gauge positioned in C is stretched due to its distance from the defect.
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-200
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time(s)

e gXial strain(A) === «environmental strain(B) = = = environmental strain(C)

Figure 9: Axial and environmental strain measured during the experiment

As shown in Figs. 1012, to repair the defective tank and reduce the strain and concentration of
stress in the cavity area, first, the inside of the defect is filled with filler material and then the metal tank
is repaired by screwing the composite fabric reinforced with glass fibers. Generally, the filler material
is flexible and has a high compressive strength which enables the transmission of the internal stress
from the pipe to the composite. In this study, for the first time, it was used as filler material, a mixture
of resin and hardener. Next, the surface of the pipe and the composite layers are impregnated with the
hardened resin mixture. Thereafter, the layered composite fabric is wrapped onto the defective pipe to
reach the minimum thickness of the repair layer as designed by ISO-standards [15] and following the
prescriptions of several ASME-standards [18,27-32].

Once the installation of the composite screw was finished, a perimeter strain gauge was attached
to the composite fabric as shown in Fig. 13. This was needed to monitor the strain in the repaired area
during the final test under the action of the internal pressure.



CMES, 2024

Figure 11: Impregnation of composite layers with resin
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Figure 12: Pipe repaired with Glass Fiber Reinforced Polymer (GFRP) under internal pressure
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Figure 13: Strain gauge coordinates on the repaired tank

Fig. 14 is a diagram of the circumferential strain evolution of the repaired pipe. The hoop strain
was tensile throughout the duration of the experiment, and it presented an increasing trend with the
internal pressure. As the defect is repaired, the discontinuities are removed and the cylindrical relations
between longitudinal and hoop strain are re-established with the hoop strain being greater than the
axial one.
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Figure 14: Peripheral strain diagram of the repaired tank

The maximum oil pressure applied in the three experiments was calculated by means of the von
Mises yield criterion in order to not exceed the yield strength of the material. In a point of a cylindrical
pressure vessel, the von Mises formula writes:

Ch %K"" —0)’ + (01— 0)" + (0, — )] (1)

Given that the tank is thin-walled (¢/D < 0.1), the hoop, the longitudinal and the radial stress are

. pPr —P : . .
respectively o, = - = 20, and o, = - The equivalent of von Mises stress is represented by o*, r



CMES, 2024 11

denotes the pipe radius, ¢ the tank thickness, and P represents the internal pressure. According to this
relationship, the internal pressure for a healthy pipe decreases to 322.7 bar and after creating a defect
to a depth of 70% of the pipe wall thickness, the critical pressure decreases to 91.9 bar. In order to have
comparable results, a common internal pressure was set for the intact, defective and repaired pipe. The
pressure was thus calculated for the most critical case, i.e., the defective pipe (thickness ¢,). By solving
Eq. (1) for the pressure of incipient plasticization (o, is the yielding strength of the material), i.e., the
critical pressure at which the pipe firstly plasticizes, P, is obtained as:

2 c 0y ts
P, = 2
V3t 417 + 3t

The latter equation suggests a maximum allowable internal pressure of 91.9 bar. The ISO 24817
standard classifies defective metal pipes for repair classes as defined in Table 1. Depending on the
repair class and the useful life of the repair, the allowable strains can then be selected. The design
pressure and the fluid type of the tank under analysis fall in class 3 of the standard. Therefore, the
E, to E. ratio can be determined from Tables 2—4. These are the modulus of circumferential and axial
elasticity, respectively [15].

2)

Table 1: Repair class in ISO 24817 standard [15]

Repair class Fluid type Design pressure Design temperature

Class 1 Sea water, diesel and other <1 MPa <40°C
hydrocarbons

Class 2 Boiling water and flooding system <2 MPa <100°C

Class 3 Water, hydrocarbons, gases and Maximum allowed Maximum allowed

flammable liquids

Table 2: Permissible design strain in proportion to the useful life of the repair for repair group 3 [15]

Type of module of elasticity Repair class 3 (%)
Repair useful life 2years 10years 20 years
0.30 0.27 0.25
For E, > 0.5E
o Fe ¢ 030 027 0.25
0.30 0.27 0.25
For E, < 0.5E
OF Fa = Hoke 010  0.10 0.10

Note: E,, is the axial modulus of the repair laminate, expressed in megapascals.
E., is the circumferential modulus of the repair laminate, expressed in megapascals.
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Table 3: Mechanical properties of glass fibers and epoxy resin

Resin of epoxy Characteristic Glass fiber
110 Density (kg/m®) 1281

2375 Modulus of elasticity (MPa) 26756

0.36 Poisson’s ratio 0.22

Table 4: Mechanical properties of E Glass composite fabric along two directions

Density (kg/m?) 1150
Modulus of elasticity in the axial direction E;; (MPa) 8242
Modulus of elasticity in the circumferential direction E,, (MPa) 8242
Modulus of elasticity in radial direction E;; (MPa) 84
Shear modulus G,, (MPa) 34
Shear modulus G,; (MPa) 96
Shear modulus G,; (MPa) 96
Poisson’s ratio 9, 0.249
Poisson’s ratio 9,5 0.327
Poisson’s ratio ¥,; 0.327

3 Results

Knowing the mechanical properties for fabric and resin, the corresponding properties of each
repair layer could be calculated according to micromechanical relationships reported below [33]:

P = PV + Puv (€)
E =E =Ev,+E,v, “4)
£ = e [ 1 E ”
m:%0+ga ©)
E,
o= )
6 = 31+ ®)

1 1 1 m
_=_=___P+%ﬂ 9)
G Gy Ve =+ N6V Gf G,
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G, = G (10)

(- Gf)

1 G,
=—(3-49,+ = 11
nG 4(1 _ ‘0’") ( m + Gf ) ( )
19]3 = 7-923 = I}f'vf + ﬁmvm (12)
E,

By = — 13
© =35, (13)

In these expressions, p;, p,, and p represent the fiber density, the resin density and the composite
density, respectively. E, and E,, are the moduli of elasticity of fibers and resins, and v, and v,, are the
respective volume fractions. G, and G,, represent the shear moduli of fibers and resins, and ¥ and ¥,
represent the respective Poisson’s ratios.

In the present study, the E-Glass composite fabric fibers were selected because of their high
strength, corrosion resistance and good torsional stiffness. Fiberglass composite is, due to its consid-
erably good mechanical properties and its low cost, one of the most widely used composites available.
The bidirectional mechanical properties of the composite with glass fibers measured experimentally
are given in Table 4. These values were used as material parameter for the numerical analyses.

To observe the effect of the type of fiber in repairing defective pipes, the numerical model of
the defective pipe was repaired with carbon fiber double-sided composite fabric (CFRP). The most
important mechanical properties of carbon fiber composite are the very high tensile strength, the
low weight and the high resistance in chemical and corrosive environments. The main mechanical
properties of carbon fiber composite are reported in Table 5.

Table 5: Mechanical properties of CFRP carbon fiber composite fabric, two-dimensional type

E, (MPa) Ey,(MPa) E;;(MPa) ¢, s ¥n  Gin(MPa) G, (MPa) Gy; (MPa) Gy (MPa)
50600 50600 7560 0.04 0.05 0.05 2200 2200 1703 1703

3.1 Calculation of the Minimum Thickness of the Repair Composite

The minimum thickness of the composite screw on the tank is calculated according to ISO 24817
[15]. In the equations reported underneath, F,, represents the applied loads without considering the
axial and the shear loads. ¢, is the admissible strain based on the design service life, D is the tank
outer diameter, P, is the equivalent internal pressure (excluding shear load and torsional torque), v
represents the Poisson’s coefficient of composite layer, E, and E, are the moduli of elasticity of the
composite along the axial and circumferential directions, respectively. P is the maximum allowable
design pressure (MAOP) calculated from ASME B.31.8 standard [32]. The calculated minimum
thickness of the composite repair layer was 7.39 mm for glass fibers and 3.13 mm for carbon fibers. As
expected, the minimum required thickness for the repair layer in carbon fiber composite resulted to
be 58% less than the glass fiber repair layer, which makes the repaired tank lighter.
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1 F, Pe DV
;o= e Pe 14
"e, (erEu 2E, ) (14)
4
Feq - %P . D2 + Fax2 + 4F\'h2 + B Maxz + Mto2 (15)
N PO LI RSV Y (16)
Pa =P 2T Doy T T 2

3.2 Calculation of Repair Composite Length

The minimum amount of repair length of the composite screw was calculated according to ISO
24817 standard in [1 5]. The following equations were used to compute the minimum repair length and
it resulted to be 132.9 mm. Since in this study, the pipe is only subjected to internal pressure and is not
tested for a long time, the parameter L,,,, can be neglected; in fact, L,,,, only accounts for the purpose
of preventing moisture to penetrate into the repair layers during the service life.

L, =2Di (17)
L=2. Lover + Ldefect + Ltaper (18)

3.3 Numerical Modeling

The pipe sample used for the tests was modelled by means of the finite element software ABAQUS
as shown in Fig. 15. First, the cylinder geometry and the two hemispherical caps were created and then
merged together with a tie constraint. The mechanical properties were defined according to Table 3
and an internal pressure of 10 MPa was applied on the internal surface of the pipe.

Figure 15: Pipe modeling in the mesh module

To simulate the defect in the tank, 70% of the pipe wall thickness, located at the middle pipe
length as shown in Fig. 16, was removed in accordance with ISO 24817 standard. In accordance with
the experimental test conditions, the internal pressure was set to 90 bar.

The geometry of the specimen was meshed using second-order hexahedral elements (C3D20). The
final mesh was obtained after a convergence analysis, made on the number of elements required in the
area surrounding the defect. The converged mesh was made up of 7581 20-node brick elements of type
C3D20, as shown in Fig. 17.
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Figure 17:
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Figure 16: Tank corrosion in modeling
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Convergence of the element at the location of the pipe defect

In Fig. 18a, comparison of the von Mises stress distribution along the pipe length is presented
for both intact and defective pipe. The portion of pipe under analysis is the area surrounding the
defect along the axial direction. It can be seen that within the area of thickness reduction, the stress
remarkably increases (by a factor of 4) with respect to the intact vessel. The area directly close to the
outer edge of the defect faces a rapid reduction of the stress due to the sharp geometry change. Thus,
the presence of the defect has only a local effect as the stress level reaches the non-defective stress level.

Figure 18:

0 250 500
Lengh of pipe(mm)

pipe == - «Defective pipe

Comparison of stress diagrams in healthy and defective pipes
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The repair was modelled by means of the finite element software as well as shown in Figs. 19
and 20. The filler resin was inserted in the defect and assembled through a tie-type constraint to
the defective pipe geometry. On top of this, a layer of GFRP composite fabric, having a thickness
calculated according to Eqgs. (17) and (18), was modelled and tied to the global model. The mechanical
properties of both the resin and the composite layer were defined according to Tables 3 and 5. The
diagram of Fig. 21 shows the von Mises stress trend along the pipe’s axial direction for all the
configuration under analysis: intact pipe, defective pipe, pipe reinforced with filler resin and pipe
repaired with GFRP composite fabric. The diagram shows that the stress concentration decreases
by 4% as consequence of the filler resin reinforcement; the reduction increases to 22% after the GFRP
composite fabric insertion. A further enhancement of the repaired vessel is shown in Fig. 22. Here, it
is visible the circumferential strain reduction by 62% with respect to the pipe configuration before the
repair.

Max: +2,031e+008

]
e

Figure 19: Placing the filler in the defect of the pipe

S, Mises

(Avg: 75%)
+1.608e+08 Max: +1.608e+008
+1.474e+08
+1.340e+08
+1.206e+08
+1.072e+08
+9.378e+07
+8.038e+07
+6.699e+07
+5.359e+07
+4.019e+07
+2.679e+07
+1.340e+07
+0.000e+00

Max: +1.608e+08
Elem: PART-1-1.2094
Node: 3164

Figure 20: Final view of repairing a defective pipe with the help of composite in mesh module
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Figure 21: Comparison diagram of stress distribution in healthy, defective, filler-reinforced and
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Figure 22: Peripheral strain diagram in the pipe before and after repair

In order to assess the effect caused by the use of a different woven composite fabric, it was
created a numerical modelled of the pipe having an outer repair layer made of CFRP fibers instead
of the GFRP one. The calculation of the minimum thickness of the layer required, performed as per
Eq. (14), showed that the CFRP layer is more than 50% thinner than the GFRP layer. With the CFRP
configuration, the simulation results showed a 12.5% reduction of the von Mises peak stress with
respect to the GFRP one; in addition, also the circumferential strain presented a reduction of 25%
in the supplementary configuration. The simulation image and its results can be seen in Figs. 23-27.
In addition, a comparison of experimental and numerical strain of defective pipe and repaired pipe is
shown in Table 6.
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Max: +1.385e+008

Figure 23: Stress in a pipe repaired with CFRP composite
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Figure 24: Comparison diagram of stress distribution in a pipe repaired by GFRP and CFRP
composite fibers
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Figure 25: Comparison diagram of circumferential strain in a tank repaired with the help of composite
with GFRP and CFRP fibers
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Figure 26: Comparison of experimental and numerical strain of defective pipe: (a) axial strain at point
A (b) circumferential strain at point B
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Figure 27: Comparison of experimental and numerical circumferential strain of defective pipe at
point C

Table 6: Comparison of experimental and numerical strain of defective pipe and repaired pipe

A B C D
Experimental 259.809 x 10~° —150.718 x 107 231.579 x 107° 354.067 x 10~
Numerical 220.498 x 107 —124.87 x 10~ 269.248 x 1073 401.7 x 10—
Error% 15 17 14 11.8

As can be observed from the diagram of Fig. 28, there is a very precise agreement between
numerical and experimental results of the circumferential strain. In fact, the maximum difference
detected, always at the highest-pressure levels, was 11.8%. This could be explained by the fact that
the reparation reduces the non-linarites related to the sharp variation of the geometry and as a
consequence attenuate the stress pick; this secondary effect is not detected by the FE-analysis of
the numerical model. An other explanation is that the high level of the internal pressure caused a
fluctuations in the strain gauges measurement.
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Figure 28: Comparison of experimental and numerical stress of repaired pipe at point D

4 Discussion

In the experimental tests, the defective and repaired pipe were equipped with strain gauges to
monitor the strain in the surrounding area as a function of the internal pressure applied to the pipe.
Analogously to the tests, the same approach was followed for the numerical simulations. Consequently,
the numerical results were compared with the test data to validate the numerical model. The results
demonstrate quantitatively that the corroded pipeline reacquired its lifespan; in fact, it regained the
resistance to internal pressure, flow capacity and deformation requirements almost as its pre-repair
state.

The approach presented in this study demonstrates the potential of GFRP and CFRP composite
fabrics for effectively repairing defective steel pipes. This method offers several advantages, including
minimal disruption to existing infrastructure, relatively quick and cost-effective installation compared
to traditional repair techniques, and improved structural integrity of the pipe by alleviating stress and
strain concentrations. Further research could explore the application of this method to different types
of pipe materials, defect geometries, and loading conditions. Investigating the long-term durability and
fatigue performance of the repairs would also be crucial for ensuring their reliability and longevity in
real-world applications.

The results of the finite element analyses demonstrate the substantial improvement in structural
integrity achieved through the combined application of filler resin and GFRP composite fabric. As
shown in Fig. 21, the stress pick is reduced by 4% due to the filler resin reinforcement. This reduction
further increases to 22% following the GFRP composite fabric application. Fig. 22 further illustrates
the effectiveness of the repair by showing a 62% reduction in circumferential strain compared to the
unrepaired pipe.

Figs. 26 and 27 report the axial and circumferential strain comparison between tests data and
numerical results. Due to the defect’s geometry, the axial gauge A and the circumferential one C detect a
tensile and increasing trend during the experiment, whereas a compressive and downward trend occurs
for the circumferential strain gauge B. The numerical analyses were able to reproduce the experiments
both in terms of strain values and trend. The numerical-experimental agreement is complete in the
initial part of the test whereas, during the second half of the experiment, a mismatch arises. The
maximum error between experimental data and numerical results was detected by the circumferential
strain gauge B, corresponding to a value of 17% as per Table 6. Also, in Fig. 26, the correspondence
in the axial strain diagram, gauge B, between experiments and numerical analyses is spotless over the
first 100 s of the test. According to the coordinates of the strain gauge in Fig. 27, it can be seen that
the peripheral strain C is located at a distance of 70 mm from the center of the defect. As shown in
Fig. 27, due to the distance of this strain gauge from the defect location-the peripheral strain C was
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located at a distance of 70 mm from the center of the defect- the nonlinear effects and deformation
are less evident. From the beginning to the time of 250 s, the two curves, experimental and numerical,
match entirely, but in the end of the test, when the internal pressure was 90 bar, a maximum difference
of 14% arises.

The present study shows the superb capabilities of composite repair. Nevertheless further tests
are needed to assess its endurance resistance. The long-term exposure to environmental stressors,
such as fluctuating pressure and fatigue originated from cyclic loads demands careful consideration.
Implementing a dedicated monitoring program, alongside routine maintenance schedules tailored for
the unique characteristics of the repaired pipeline, will ensure its continued operational life.

5 Conclusions

In this study, a new method was proposed to repair defective steel pipelines in accordance with ISO
24817 standard (glass fiber composite thread). From the analysis of the comparison between numerical
simulations and experiments, the following conclusions are drawn:

e By creating an axial defect to a depth of 70% of the thickness on the reservoir cylinder, the stress
concentration is increased more than 3 times and the maximum stress is achieved at the inner
edges of the defect.

e In the area surrounding the defect, the geometrical discontinuity makes the axial strain being
higher than the circumferential one. This trend is inverted as the axial strain gauge is moved
away from the defect location. Moreover, the presence of the defect causes a compressive
circumferential strain and a tensile axial strain.

e The reparation with only filler material, a compound of resin and hardener, reduces the stress
concentration by 4% with respect to the defective pipe. The addition of a GFRP composite
fabric layer reduces the maximum von Mises stress by 22% and the circumferential strain
by 62%. Furthermore, it was proven that the use of a different composite fiber layer has an
influence on the repair. In fact, the use of a Carbon Fiber-Reinforced plastic (CFRP) fiber,
in place of GFRP fiber, was beneficial not only in terms of thickness (more than 50%-layer
reduction) but also in terms of local stress and strain reduction and global redistribution.
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