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This study examined the application of carbon fiber reinforced polymer (CFRP) and glass 
fiber reinforced polymer (GFRP) as wrapping structures for defective pipe systems. The 
structural behavior and performance of the CFRP and GFRP wrapping structures were 
assessed using computational simulation methodologies. The goal of the study was to 
determine the best wrapping material for strengthening the integrity and reliability of 
piping systems with defects by comparing the results of the simulations. The study 
evaluated the capability of the proposed composite wrapping structure through CAD 
simulation. The simulations provided preliminary analysis and visually depicted 
deformations, aiding in the selection of an optimized lamination orientation for the 
composite wrapping structure in real-world applications. Eventually, this approach 
could have alleviated two primary failure modes that were common in composite 
repair: composite overloading due to excessive thickness and composite delamination 
from the substrate. The results of this study would have helped enhance effective and 
efficient pipe repair techniques in a variety of industries by offering useful insights into 
the selection and use of suitable wrapping structures for repairing defective pipes. 
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1. Introduction 
 

In today's modern working culture, sustainable technologies that prioritize competitive 
production rely on robust infrastructure systems consisting of software, communications, machines, 
instruments, tools, and structures. Critical Infrastructure (CI), particularly the strategic infrastructures 
(SIs), play a crucial role in supporting these systems [1]. Among the essential components of CI, 
pipeline systems are widely utilized for the transportation of various substances, such as oil, gas, 
water, and more. Ensuring the safety, reliability, and continuous flow of products in these pipeline 
systems is of utmost importance. One method to address pipeline failures is by pipe insulation, which 
enhances hydraulic efficiency and stability across diverse applications, including oil and gas pipelines, 
water pipes, and manufacturing tanks [1]. 
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The focus of this research is to assess the structural behavior and performance of the CFRP and 
GFRP wrapping structures using computational simulation methodologies. Besides the goal of the 
study is to determine the best wrapping material for strengthening the integrity and reliability of 
piping systems with defects by comparing the results of the simulations. Composite materials, such 
as Carbon Fiber Reinforced Polymer (CFRP) and Glass Fibre Reinforced Polymer (GFRP), have gained 
prominence in the oil and gas sector due to their unique properties, including low density, corrosion 
resistance, and superior mechanical characteristics [2,3]. By employing composite wrapping, the 
need for costly and time-consuming pipe replacements, caused by defects like gouges, pits, and splits, 
can be mitigated [4,5]. 

While various wrapping methods exist, this research aims to address the orientation of layers and 
wrapping materials through simulation, providing valuable insights for consumers to choose the 
appropriate material and orientation based on specific conditions. By employing SOLIDWORKS 
simulation, the study also advances layer optimization for composites with different angle of 
laminations referring to Figure 1 [25]. Previous studies have primarily focused on different wrapping 
materials, with limited research conducted on various laminations [6,7]. 

 

 
(a)                                                          (b) 

Fig. 1. (a) Unidirectional quasi-isotropic (b) cross-piled quasi-
isotropic lamination [8] 

 
Given the critical nature of pipeline systems and their role in the transportation of flammable and 

inflammable liquids over vast distances, safety is paramount. However, the long-term sustainability 
of pipelines poses challenges, with defects classified into multiple categories based on the nature of 
causes, technological processes, location, and configuration [9]. Wrapping, or lamination, serves as 
a temporary and long-term solution to address these complications. 

The goal of this research is to provide a comprehensive analysis of CFRP and GFRP as a wrapping 
material for pipe structures, determining the optimized lamination thickness and sustainable effects 
to maintain strength. By characterizing composites and exploring their potential as a solution for 
pipeline defects, this study aims to offer a breakthrough in selecting the appropriate wrapping 
material and optimized lamination orientation. Overall, this journal focuses on the simulation and 
optimization of carbon fiber reinforced polymer wrapping for pipeline systems, contributing to the 
development of sustainable technologies, and enhancing the performance of critical infrastructure 
in modern competitive production environments. 
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2. Methodology  
 
The methodology for this research project consists of several key steps. Firstly, a thorough 

literature review is conducted to gather relevant information and establish a strong foundation for 
the study. This includes reviewing previous studies on repairing defected pipes using CFRP and GFRP 
wrappers and referring to standards such as ASME-PCC-2-2018 and LANL Engineering Standard 
Manual for parameter references. Design parameters for the defected pipe, including test pressure, 
wall thickness, yield strength, and temperature limits, are determined based on these references. 

The research is divided into two parts, each aligned with a specific objective. In the first part, the 
focus is on designing the wrapper for the defected pipe. This involves assembling the pipe with a 
defect, the composite wrapper with different lamination orientations, and the repaired pipe with the 
wrapping material. The design takes into account the specifications of the chosen pipe, such as its 
outside diameter, wall thickness, NPS, and ID, as well as the specific defect geometry, assuming a 
crack-type defect. Table 1 and Table 2 are the parameters that has been set for the pipe structure 
and design parameters. 

 
Table 1 
Parameter Set up for Pipe Specification 
Parameters Specimen Specifications Parameter References 
Type of pipeline Crude oil pipeline, operating NA 
Outer Diameter (mm) 168.3 Minimum 150mm (ASME B36.10M) 
Wall thickness (mm) 7.11 ASME B36.10M 
Nominal Pipe Size (mm) 150 NPS range in between 1/8” – 12” (ASME 

B36.10M) 
Pipe Schedule 40 (ASME B36.10M) 
Internal Diameter (mm) 161.19 [7] 
Length (mm) 1200 [7] 
Seamless Pipe Minimum 
Yield Strength (MPa) 

245 Table A-1 ASME B31.3 

Seamless Pipe Tensile Strength 
(MPa) 

415 Table A-1 ASME B31.3 

Material grade API 5L Grade B Carbon Steel 
Seamless 

LANL Engineering Standard Manual 

Fluid Service Normal LANL Engineering Standard Manual 
Fluid Velocity 2 to 10 m/s NA 
Pressure Rating Class 150 ASME B36.10M 
External Pressure Rating (MPa) 0.103421 ASME B36.10M 
Corrosion Allowance (For 6-inch 
pipe) 

0.063 0.00, 0.031, 0.063, 0.125 (ASME B36.10M) 

Type of pipe thickness Thin wall structure (23.67) If ratio of pipe diameter to thickness is 
greater than 20 (D/t > 20) thin wall 
structure is considered [10]. 

 
Table 2 
Design Parameters [11] 

Piping Specification Corrosion Allowance (0.000, 0.031, 0.063, 0.125) 

M
et

ric
 

Sy
st

em
 Design Pressure (MPa) 1.97 1.79 1.59 1.38 1.17 0.97 0.86 

Design Temperature (℃) 37.78 93.33 148.89 204.44 260.0 315.56 343.33 
Minimum Temperature (℃) -6.67 -6.67 -6.67 -6.67 -6.67 -6.67 -6.67 
Minimum Test Pressure (MPa) 2.96 2.69 2.38 2.07 1.86 1.69 1.52 
Maximum Test Pressure (MPa) 5.65 
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Next, material properties are established for the pipe, sealer, and CFRP wrapper. The pipe and 
sealer are considered isotropic materials, while the composite wrapper is treated as an orthotropic 
material due to its layered structure. These material properties are then declared in SOLIDWORKS, 
the simulation software used for analysis [23]. 

In the second part of the research, the performance of the composite wrapper is evaluated 
through static analysis. Static analysis is conducted to assess the wrapper's ability to withstand 
various internal pressures by analyzing stress, strain, factor of safety (FOS), and displacement. 
Referring to Figure 2 the geometry and connection fixtures, including fixed geometry at the holes 
where bolts connect the pipe, are defined. Contact settings between the CFRP wrapper, sealer, and 
defected pipe at the defected region are also established. The internal pressure is applied throughout 
the pipe, and the analysis parameters specified in the provided tables are used. 

 

 
Fig. 2. The assembled components were then defined with fixed 
geometry, contact set and internal pressure for static analysis 

 
A finite element model is developed by meshing the geometries of the individual parts (pipe, 

sealer, and composite) and assigning material properties to each part. The assembled structure is 
then analyzed as an integrated entity. Meshing is performed using suitable mesh sizes, including a 
control mesh for critical geometries [12]. The static analysis is run with the defined boundary 
conditions and loading, and the results are analyzed, including stress, strain, displacement, deformed 
shape, and FOS as can be referred from Figure 3. 
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Fig. 3. (a) The sample stress results (b) the sample strain results (c) the sample 
displacement results (d) the sample factor of safety results (e) the list of results that 
could be achieved by static analysis 

 
Throughout the research process, proper documentation and reporting of the results are 

maintained. The methodology described aims to achieve the two objectives of designing the wrapper 
for the defected pipe and evaluating its performance through simulation, ultimately contributing to 
the understanding and improvement of the repair process for defected pipes using composite 
wrappers [13]. The study involves analyzing a dataset comprising average minimum factors of safety 
for CFRP and GFRP repaired pipes. The dataset encompasses various wrapper orientations, such as 
(0°)2, (0°)4, (0°)6, (0°)8, (45°/-45°/45°)s, (45°/0°/45°)s, (90°/-90°/90°)s, (90°/0°/90°)s, (45°/-45°/0°/45°)s, 
(45°/90°/0°/45°)s, (0°/90°/45°/-45°)s, and (0°/-45°/90°/45°)s. 
     
3. Results  
 

As was already indicated, the static analysis is crucial in determining the proper wrapping 
structure for the entire pipe structure when there is constant pressure loading. Table 3 shows the 
maximum Stress on CFRP wrapped defected pipe while the Table 4 shows the Maximum Stress on 
GFRP Wrapped Pipe.  
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Table 3 
Maximum Stress on CFRP Wrapped Defected Pipe 

CFRP Wrapper 
Orientations 

Maximum Stress on Repaired Pipe (MPa) Average 
Maximum 
Stress on 
CFRP 
Wrapped 
Pipe (0.86 
– 19.65) 

Minimum 
thickness of 
1 layer 

0.02mm 0.05mm 0.13mm 0.47mm 

Ply                
 

Pressure (MPa)   
Min. Design 
0.86 

Max. 
Design 
1.97 

Max. Test 
(exp) 
5.65 

Max. Test 
(Theory) 
19.65 

(0°)2 2 25.70 55.66 280.3 786.2 286.965 
(0°)4 4 24.17 51.98 259.3 652.9 247.0875 
(0°)6 6 23.74 51.46 242.4 572.0 222.4 
(0°)8 8 23.84 50.98 225.8 521.1 205.43 
(45°/−45°/45°)𝑠𝑠 6 25.01 55.70 140.1 427.0 161.9525 
(45°/0°/45°)𝑠𝑠 6 24.85 54.39 137.6 399.1 153.985 
(90°/−90°/90°)𝑠𝑠 6 45.33 51.46 141.8 434.7 168.3225 
(90°/0°/90°)𝑠𝑠 6 46.26 62.65 155.8 377.6 160.5775 
(45°/−45°/0°/45°)𝑠𝑠 8 25.49 54.16 132.0 404.2 153.9625 
(45°/90°/0°/45°)𝑠𝑠 8 27.01 54.15 131.6 387.6 150.09 
(0°/90°/45°/−45°)𝑠𝑠 8 27.36 102.1 259.6 695.4 271.115 
(0°/−45°/90°/45°)𝑠𝑠 8 27.49 102.1 259.4 618.5 251.8725 

 
Table 4 
Maximum Stress on GFRP Wrapped Defected Pipe 

CFRP Wrapper 
Orientations 

Maximum Stress on GFRP Wrapped Repaired Pipe (MPa) Average 
Maximum 
Stress on 
GFRP 
Wrapped 
Pipe (0.86 
– 19.65) 

Minimum 
thickness of 
1 layer 

0.02mm 0.05mm 0.13mm 0.47mm 

Ply                
 
 

Pressure (MPa) 
Min. Design 
0.86 

Max. Design 
1.97 

Max. Test 
(exp) 
5.65 

Max. Test 
(Theory) 
19.65 

(0°)2 2 23.18 52.82 149.5 506.7 183.05 
(0°)4 4 23.16 52.37 146.3 486.6 177.1075 
(0°)6 6 51.94 51.94 142.7 468.7 178.82 
(0°)8 8 23.06 51.52 139.2 450.5 166.07 
(45°/−45°/45°)𝑠𝑠 6 23.11 52.41 146.4 456.0 169.48 
(45°/0°/45°)𝑠𝑠 6 23.11 52.20 144.8 459.4 169.8775 
(90°/−90°/90°)𝑠𝑠 6 23.02 52.44 146.8 414.1 159.09 
(90°/0°/90°)𝑠𝑠 6 23.04 5.221 145.0 424.0 149.3153 
(45°/−45°/0°/45°)𝑠𝑠 8 23.06 51.93 142.6 433.60 162.7975 
(45°/90°/0°/45°)𝑠𝑠 8 23.03 51.91 142.6 415.5 158.26 
(0°/90°/45°/−45°)𝑠𝑠 8 23.02 51.93 142.6 419.8 159.3375 
(0°/−45°/90°/45°)𝑠𝑠 8 23.02 51.93 142.5 421.4 159.7125 

 
The simulation was done for every orientation considering the number of layers and thickness. 

This is done to study on the effectiveness of the lamination orientation alterations that sustain or 
control the maximum stress after the pipe repair has been done [14]. For the maximum stress, the 
orientation that could sustain maximum stress value before and after the pipe repair are considered 
the effective wrapping structure [15,16]. However, these findings may vary according to the 
operating pressure that are used. Not all applications utilize the theoretical maximum test pressure 
of 19.65 MPa [20]. Therefore, it is important to identify a wrapping structure and a wrapping material 
that could sustain the maximum stress after the repair on an average basis that covers from 0.86MPa 
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till 19.65MPa. Table 5 shows the comparison in between the average maximum stress of CFRP and 
GFRP repaired pipe structure and Figure 4 is the graph comparison that is tabulated based on Table 
3 and 4 to find the comparison in between CFRP and GFRP as wrapping structure.  

 
Table 5 
Average Maximum Stress of CFRP And GFRP Repaired Pipe 
Wrapper Orientations Number of 

layers 
Average Maximum Stress (0.86 MPa – 19.65MPa) 

CFRP GFRP 
(0°)2 2 286.965 183.05 
(0°)4 4 247.0875 177.1075 
(0°)6 6 222.4 178.82 
(0°)8 8 205.43 166.07 
(45°/−45°/45°)𝑠𝑠 6 161.9525 169.48 
(45°/0°/45°)𝑠𝑠 6 153.985 169.8775 
(90°/−90°/90°)𝑠𝑠 6 168.3225 159.09 
(90°/0°/90°)𝑠𝑠 6 160.5775 149.3153 
(45°/−45°/0°/45°)𝑠𝑠 8 153.9625 162.7975 
(45°/90°/0°/45°)𝑠𝑠 8 150.09 158.26 
(0°/90°/45°/−45°)𝑠𝑠 8 271.115 159.3375 
(0°/−45°/90°/45°)𝑠𝑠 8 251.8725 159.7125 

 

 
Fig. 4. Graph of comparison to compare average maximum stress in between CFRP and GFRP 

 
Looking at the values, CFRP exhibits a range of average maximum stress from 150.09 MPa to 

286.965 MPa, with an overall average of approximately 201.74 MPa. On the other hand, GFRP 
demonstrates a range from 149.3153 MPa to 183.05 MPa, with an overall average of approximately 
164.17 MPa. When comparing the two materials, CFRP generally demonstrates higher strength or 
resistance to maximum stress based on the provided data [23]. CFRP's range of average maximum 
stress values is greater than that of GFRP, and its overall average maximum stress is slightly higher as 
well [17]. However, it's essential to consider that this analysis solely relies on the provided data and 
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does not take into account other crucial factors such as manufacturing processes, other geometrical 
composite design, or specific requirements and standards [22,24]. Additionally, the data lacks 
information about sample size and statistical significance, which could affect the reliability of the 
analysis. Table 6 was tabulated to compare the average minimum factor of safety in between CFRP 
and GFRP repaired pipe structure and Figure 5 is the graph comparison that is tabulated based on 
Table 6 to compare the average minimum factor of safety between CFRP and GFRP repaired pipe. 
 

Table 6 
Table of average minimum factor of safety of CFRP and GFRP repaired pipe 
Wrapper Orientations Number of 

layers 
Average Minimum Factor of Safety (0.86 MPa – 19.65MPa) 
CFRP GFRP 

(0°)2 2 4.3699 4.328275 
(0°)4 4 4.440325 4.2636 
(0°)6 6 4.490225 4.285725 
(0°)8 8 4.533725 4.30575 
(45°/−45°/45°)𝑠𝑠 6 4.4407 4.371325 
(45°/0°/45°)𝑠𝑠 6 4.4732 4.379825 
(90°/−90°/90°)𝑠𝑠 6 4.46315 4.3189 
(90°/0°/90°)𝑠𝑠 6 4.51645 4.3337 
(45°/−45°/0°/45°)𝑠𝑠 8 4.519525 4.268275 
(45°/90°/0°/45°)𝑠𝑠 8 4.542275 4.416925 
(0°/90°/45°/−45°)𝑠𝑠 8 4.545775 4.32245 
(0°/−45°/90°/45°)𝑠𝑠 8 4.54635 4.328425 
 

 
Fig. 5. Graph of comparison to compare average minimum factor of safety between CFRP and GFRP 
repaired pipe 

 
By examining the data, we can draw the following analysis and make a suggestion for the 

wrapping structure. For CFRP the average minimum factor of safety ranges from 4.3699 to 4.54635 
for various wrapper orientations and the number of layers. For GFRP the average minimum factor of 
safety ranges from 4.2636 to 4.416925 for different wrapper orientations and layer combinations. 
Comparing both CFRP and GFRP in general, both CFRP and GFRP exhibit relatively high average 
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minimum factors of safety, indicating a good level of safety in the repaired pipes [21,26]. The specific 
wrapper orientation and number of layers influence the minimum factor of safety for each material. 
Based on the provided data, CFRP tends to have slightly higher average minimum factors of safety 
compared to GFRP for most wrapper orientations and layer combinations [18,19]. From the given 
data, the wrapper orientation of (45°/90°/0°/45°)s with 8 layers appears to provide relatively high 
average minimum factors of safety for both CFRP (4.542275) and GFRP (4.416925). Therefore, 
considering the provided information, this wrapping structure may be a suitable option for repairing 
a defected pipe. 

Based on the previous analysis, CFRP (Carbon Fiber Reinforced Polymer) exhibits a slightly higher 
average minimum factor of safety compared to GFRP (Glass Fiber Reinforced Polymer) for most 
wrapper orientations and number of layers. Therefore, based on the provided data, CFRP can be 
considered as the preferred material for repairing a defected pipe. However, it's important to note 
that this conclusion is based solely on the provided data, and other factors such as cost, availability, 
specific application requirements, and expert consultation should also be taken into consideration 
when making the final decision. 

 
4. Conclusions 
 

In conclusion, the analysis of maximum stress on the pipe provides important insights into the 
performance of different materials. Based on the simulated data, Carbon Fiber Reinforced Polymer 
(CFRP) exhibits a higher range of average maximum stress values (150.09 MPa to 286.965 MPa) 
compared to Glass Fiber Reinforced Polymer (GFRP), which has a relatively lower range (149.3153 
MPa to 183.05 MPa). Moreover, the overall average maximum stress for CFRP is approximately 
201.74 MPa, whereas GFRP has an average of approximately 164.17 MPa. These findings suggest that 
CFRP has a greater capacity to withstand higher stress levels compared to GFRP. Therefore, if the 
primary concern is the maximum stress endured by the pipe, CFRP may be a more suitable choice 
due to its ability to provide a higher level of strength and resistance. Besides, the average Minimum 
Factor of Safety for both CFRP and GFRP exhibit relatively high average minimum factors of safety, 
indicating a good level of safety in the repaired pipes. Specifically based on the simulated data, CFRP 
tends to have slightly higher average minimum factors of safety compared to GFRP for most wrapper 
orientations and layer combinations. This suggests that CFRP may provide better resistance to failure 
and increased safety margins in repairing defected pipes. Considering the wrapper orientation and 
number of layers, the specific combination of wrapper orientations and the number of layers 
significantly influences the minimum factor of safety for both CFRP and GFRP. The data reveals 
variations in the minimum factor of safety across different orientations and layer combinations. From 
the given data, the wrapper orientation of (45°/90°/0°/45°)s with 8 layers appears to provide 
relatively high average minimum factors of safety for both CFRP and GFRP. Therefore, this wrapping 
structure is recommended as a suitable option for repairing a defected pipe. However, it's essential 
to consider that the conclusions drawn from this analysis are based solely on the simulated data. 
Other factors, such as cost, availability, specific application requirements, and expert consultation, 
should be taken into account before making a final decision on the wrapping structure. To make more 
accurate and informed choices, it is recommended to gather additional data, conduct further 
analyses, and consider all relevant factors that could impact the performance and suitability of the 
wrapping structure for the specific pipe repair application. 
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