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Introduction
Transportation pipeline

Pipelines have been used for a long time to supply towns and cities with drinking water 
[1]. For the oil and gas industry, the first use of pipelines was in mid of the 1800s in the United 
States [2]. The main objective of pipelines is to carry the oil and gas from its sources like 
crude oil or gaseous to the processing facilities and distribution units. High demands on 
energy worldwide require a fast and effective way of transporting huge amounts of oil or gas. 
Accordingly, the most effective and practical way of oil and gas transportation has been used 
for a long time is pipelines. Depending on needs, pipelines can vary from a few kilometers to 
thousands of kilometers to deliver oil or gas to different destinations or even other countries. 
Accordingly, Pluvinage and Elwany [3] stated that the total length of gas transportation 
pipelines worldwide is around 1 million km; 450,000km is in the USA, while 235,000km is in 
Russia [3].

Meanwhile, Mahmoodian and Li [2] stated that the United States has 800,000km of 
pipelines for transporting products like natural gas, crude oil, and petroleum [2]. Pipelines 
can be classified based on materials such as conventional pipelines (i.e., mostly metallic) and 
composite pipelines. More details about these two types are given in the below sections.

Conventional pipelines
Conventional oil and gas transportation pipelines are mostly made from different steel 

types [4]. It is well known that carbon steel pipes, as well as high-strength low alloy steel pipes, 
have been widely used for oil and gas transportation due to their high-strength properties 
[5,6]. High-pressure capacity and high strength properties of pipelines are essential factors 
for oil and gas transportation in different environmental conditions like offshore or onshore, 
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Abstract
This paper examines the effect of fiber-reinforced plastic (FRP) types on the internal pressure capacity 
and corrosion behavior of joined metallic pipes. To this end, fabrication processes of aluminum pipes have 
been prepared to be used later for wrapping with different FRP and welding. The FRP used are kevlar 
fiber/epoxy (KFRP) and carbon fiber/epoxy (CFRP). These fibers have been cut into strips and utilized 
in the joining systems using the fabric-winding method. Two types of pipes have been considered: pipes 
joined with four layers of KFRP and pipes with eight layers of KFRP-CFRP. On the other hand, pipes with 
two types of welding have been used for comparison purposes. The results showed improvement in the 
pipe’s internal pressure capacity compared to welding. Finally, the corrosion test was carried out. The 
results showed that FRP joining systems have higher corrosion resistance than welded and non-joined 
pipes. These results revealed that using FRP composites in pipe joining shows a promising future.
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buried or above the ground [4,7,8]. It is also worth mentioning that 
designing pipelines is based on well-known standards and codes 
such as ASME and API.

Composite pipelines
Fiber-reinforced polymer composite (FRP) pipelines became 

an alternative to metallic pipelines because of their excellent 
performance and cost-effectiveness [9,10]. FRP composite pipes 
were first developed after the 2nd world war. They consist of 
woven or chopped fibers and resin applied over a mandrel and 
molded using the hand lay-up technique. Manufacturing of the 
first commercial composite pipes started in the mid-1950s. With 
time, the manufacturers developed a filament-winding process to 
produce high-performance composite pipes.

Challenges in pipelines design
Piping techniques have many challenges to meeting the 

requirements for design and operation, which are usually specified 
in codes and standards primarily in the oil and gas industry. For 
example, it is well known that maintenance of pipelines due to 
leakage or rupture is a significant challenge for pipeline engineers 
[7],11-14]. Maintenance of pipelines is a costly activity, which can 
be increased in the case of offshore pipelines or buried pipelines. 
On the other hand, extended networks of pipelines need joining 
techniques to connect thousands of kilometers of pipelines. 
Therefore, pipeline joining is considered a significant challenge in 
pipeline design. It is also evident that the type and location of joints 
controlled the pipeline’s failure [15]. This is because designers 
consider joints critical locations (i.e., stress risers).

Moreover, in the case of elbow and T-joints, the stress 
concentration is attributed to the abrupt change in the geometry 
of the pipeline, which leads to catastrophic failures in pipelines 
[16,17]. In addition to the joining challenge, the effect of corrosion 
on the pressure capacity of the pipeline is very significant, and 
it deteriorates the pipeline integrity and shortens its lifetime. 
Furthermore, if not adequately considered in the design, combining 
these factors will lead to an unplanned shutdown [18,19]. As 
mentioned earlier, two significant challenges arise in pipelines: 
corrosion and joining; these two considerable challenges are 
discussed in the below sections.

Effect of welding on pipes pressure behavior
Stress concentrations appear due to circumferential butt welds, 

buckling arrestors, and welds at flanges connectors in pipelines. 
Those stress concentrations affect the lifetime of pipelines due 
to cyclic internal pressure due to the starting and shutdown of 
operations or gas transportation where the pressure changes 
inside the pipelines [17]. In addition, residual stresses induced 
by the welding process significantly affect the plastic behavior of 
pressurized pipes with girth-welds subjected to cyclic bending 
because of enhancing the hoop strain rate compared to pressurized 
pipes with no girt-welds. It has been found that hoop strain 
increases as the bending load or the internal pressure increase 
[16]. Lee and Chang [16] have studied the residual stresses in girth-

welded steel pipes and their evolution under internal pressure. 
Their results showed that the internal pressure applied to girth-
welded pipes with open ends showed compressive hoop stress in 
the girth-weld due to circumferential shrinkage results from the 
welding process. This leads to a second axial bending moment, 
where tensile axial stresses are presented at the outside surface of 
the pipe and compressive stresses on the inside surface of the pipe 
in and around the weld. While for the internal pressure applied to 
girth-welded pipes with closed ends, an extra bending moment 
at the girth-weld attributed to the reduced diameter during the 
welding process is produced in addition to the secondary bending 
moment [20].

In this study, the internal pressure capacity and corrosion 
behavior of composite system joining metallic pipes have been 
studied and compared to welded and non-joined pipes. The paper 
is organized as follows. Section 2 outlines the methodology being 
applied to carry out the experimental investigation. Section 3 
presents and discusses the results obtained from experimental 
tests in detail. Finally, the main contributions of this investigation 
are resumed in Section 4.

Experimental Programs
Herein, the sequences of sample preparation and the procedure 

followed in conducting the experiments are described.

Materials
Aluminum pipes: Aluminum pipes of 50mm outer diameter 

and 3mm thickness have been used in this research to carry out 
bending tests for welded pipes and composite joining pipes, as well 
as internal pressure tests and corrosion investigation, see Figure 1.

Figure 1: An aluminum pipe with (a 50 mm) outer 
diameter and (3 mm) thickness.

Composites

Two different types of fibers have been used: kevlar and carbon 
fiber. These fibers are in woven sheets form with 0˚-90˚  see Figure 
2.

Figure 2: Woven sheets of fibers: kevlar fibers (yellow 
color) and carbon fibers (black color).
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Sample preparation
Aluminum pipes for welding: Aluminum pipes of 1 m total 

length have been cut in the middle and subjected to commercial 
welding using aluminum filler wire. The welding process involved 
two different methods: V-welding and faced butt welding. The 
V-welding pipes were prepared by removing material from the edge 
of the pipe on a slope. This method has allowed the filler material 
to be intensively distributed through the joint and to provide higher 
welding quality. For the faced butt-welding method, the pipes were 
faced together after cutting, and welding was applied directly to 
join the two pipes.

Aluminum pipes for composite joining: Aluminum pipes of 
1m total length have been cut in the middle, and the groove of 1.5 
mm depth and 5 cm width has been applied, as shown in Figure 3, 
to allow for the wrapping process. A small solid cylindrical piece 
of aluminum has been used to mount the two parts of the pipes 
together for the wrapping process.

Figure 3: Aluminum pipe prepared for fabrication: (a) 
dimensions produced by Solidworks, and (b) sample 

after preparation.

Fibers preparation: All fibers (kevlar and carbon fiber) are 
in woven sheets, with 0˚-90˚ angles orientation. The woven sheets 
have been cut into long strips 5 cm in width. These strips have been 
cut with the same angle of 0˚-90˚. Cutting with different angles has 
also been performed, but during the fabrication process, the trial for 
wrapping fibers with different angles failed due to fiber condensing 
and crushing; hence only a normal cut with 0˚-90˚ was successfully 
to be used in fabrication. These strips have been used in wrapping 
0˚-90˚ as well as 45˚-45˚ by adjusting the angle of wrapping to 45˚. 
Other angles have been difficult to wrap since they need manual 
adjusting for the angle when using 0˚-90˚ strips.

Fabrication process: Pipes have been coupled by placing a 
solid cylindrical piece of aluminum inside the two parts of the pipes 
to prepare them for fabrication. This piece of aluminum has been 
covered with a layer of nylon to ease its removal after the fibers are 
cured. The fabrication has been done by wrapping the joined pipes 

with fiber strips from groove to groove.

Internal pressure test procedure
The test has been carried out using Resato high-pressure 

machine model SPU-CC-2000. The reset machine applies pressure 
using corroded oil fluid pressurized by a high-pressure air pump 
with a maximum capacity of 2000 bar. The test starts with filling 
the pipe and then performing low pressure to ensure there is no 
leak before conducting the pressure test with 1MPa/min. After 
fabrication, the pipes delegated for the internal pressure test have 
been threaded from each side to fit in prepared fixtures for this test, 
see Figure 4. These two fixtures have been fabricated to allow the 
inlet and outlet hoses of the machine to be fixed to the pipes.

Figure 4: (a) fixtures, (b) a pipe with threads, and (c) 
pipe after fixation with inlet and outlet hoses.

Corrosion investigation procedure
Corrosion investigation has been carried out on the two types 

of FRP composites joining (KFRP and CFRP) and the welded and 
non-joined pipes. First, the specimens were sealed from one side 
using chemical-resistant sealing. They were then immersed in 1.5M 
of HCl solution as corrosive media. The use of HCL is to imitate the 
severe environmental condition in the Gulf region, see Figure 5.  In 
addition, to accelerate the corrosion process, a heater containing 
water at a temperature of 50 ˚C has been used as a surrounding 
media to the solution, see Figure 6.

Figure 5: Aluminum pipe specimens before corrosion 
experiment: (a) welded aluminum pipe (b) non-welded 
aluminum pipe (c) aluminum pipe joined with KFRP(d) 

aluminum pipe joined with CFRP.
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Figure 6: Beakers contain solution and specimens 
immersed in the heater.

Results and Discussion
Herein, the results of internal pressure capacity for KF – four 

layers and (CF-KF) – eight layers, which have been selected by 
optimization for bending test results [21], are presented and 
discussed in detail. 

Combined axial and radial internal pressure
The test for KF under combined axial and radial internal 

pressure test has been conducted by connecting both sides of the 
pipes with the inlet and outlet hoses using a cylindrical fixture, see 
Figure 7. The results showed that the pipe had been filling the stage 
for 16s before it experienced the cyclic internal pressure stage until 
failure after 4s with 100 bar of internal pressure, see Figure 8. The 
failure occurred when the leakage started. At the same time, the 
joint has been split from one side of the pipe without breakage in 
the main pipe body or the joint itself, see Figure 9. This indicates 
that the failure is related to resin failure in the layer in contact with 
the pipe surface. Accordingly, it has been decided to design another 
fixture to fix the pipe from each side to allow only radial pressure, 
giving a more realistic result and representing the reality where 
joined pipes are always fixed.

Figure 7: Aluminum pipes with KF joining under 
combined axial and radial internal pressure test.

Figure 8: kevlar joining under combined axial and 
radial internal pressure.

Figure 9: Split of the joint from the pipe.

Radial internal pressure
For the radial internal pressure test, a new fixation has been 

used as a case to hold both sides of the pipe. This fixation has been 
designed as two plates connected using four long threaded rods 
with nuts for tiding. These two plates have a cup groove where the 
original two pipe fixtures can be placed, see Figure 10. The result 
of the KF under radial internal pressure test showed a significant 
increase in the internal pressure capacity of the pipe. The failure 
was observed at 200 bar after 30s from filling completion, see 
Figure 11. The failure occurred as leakage from the kevlar joint 
edges without any breakage or visual deformation in the pipe or the 
joint. Again, this failure is related to resin cracks in the layer, which 
is in contact with the pipe’s surface. After removing the pipe from 
the test fixtures, it was noticed that the joint was still connected to 
the pipe and could not be removed by hand.
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Figure 10: Fixation for radial internal pressure test.

Figure 11: Kevlar joining under radial internal 
pressure.

The effect of (CF-KF)-8 layers fiber-reinforced composite: 
As shown in Figure 12, the result of (CF-KF)-8 layers joined 
aluminum pipes under radial internal pressure test failed 160 bar 
after 40s from filling completion. The failure occurred as leakage 
from the composite joint edges, without any breakage or visual 
deformation in the pipe or the joint, as observed in KF-4 layers. 
Again, this failure is related to resin cracks in the layer, which is in 
contact with the pipe’s surface. After removing the pipe from the 
test fixtures, it was noticed that the joint was still connected to the 
pipe and could not be removed by hand. This result was lower than 
the results obtained from the KF-4 layers test, although it took a 
long time to occur. This finding can be referred to as hand lay-up 
problems during the fabrication process, including the amount of 
resin used. It indicates that the fabrication process quality could 
affect the results significantly.

Figure 12: (KF-CF) joining under radial internal 
pressure.

The effect of fiber-reinforced composite: The results for 
welded aluminum pipe under radial internal pressure test showed 

failure at 165 bar, see Figure 13. The KF-4 layers showed a higher 
internal pressure capacity of 200 bar. Although (CF-KF)-8 layers 
showed similar internal pressure capacity to welded aluminum 
pipe, it is believed that this behavior can be improved by higher 
quality in the fabrication process. In general, using composites for 
joining pipes shows a promising method for higher performance in 
terms of internal pressure compared to welding methods.

Figure 13: Internal pressure capacity of composite 
joining vs. welding.

Summary of internal pressure test outcomes: Using fiber 
composites in joining has significantly improved the internal 
pressure capacity of joined pipes compared to classic welding 
techniques. The failure in fiber composite joined pipes is 
anticipated in the edge of the joint as leakage due to resin cracking 
in the attached layer to the pipe’s surface and before any visual 
deformation in the pipe’s bulk or the joint bulk. In addition, the 
quality of the fabrication

Corrosion behavior

Figure 14: Aluminum pipe joined with FRP composites 
after one week of corrosion experiment: (a) aluminum 
pipe joined with KFRP, and (b) aluminum pipe joined 

with CFRP.

The corrosion experiment has been designed to investigate the 
corrosion resistance of different FRP composite types compared 
to weld and base metal. The figures for different specimens before 
and after immersing them in 1.5M HCl solution are presented. 
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The experiment showed that corrosion was formed in welded and 
non-joined pipes. Figure 14 shows the aluminum pipe joined with 
FRP composites after one week of corrosion experiment where 
no corrosion was observed at the joining area. However, pitting 
corrosion started in both welded and non-welded aluminum pipes 
after one week of conducting the corrosion experiment, see Figure 
15, due to acid attacking the oxide film on aluminum pipes.

Figure 15: Corrosion in (a) welded and (b) non-welded 
aluminum pipe.

Concluding Remarks and Outlook
In this study, using fiber composite in pipe joining has been 

investigated in terms of internal pressure capacity and compared 
to the welding method, which has many limitations in terms of lack 
of properties. Kevlar and carbon fiber have been used as joining 
composites for aluminum pipes.

Internal pressure test has been carried out on the optimized 
types of joining resulting from the bending test, which was KF-4 
layers and (CF-KF)-8 layers. The results showed that using fiber 
composites in joining has significantly improved the internal 
pressure capacity of joined pipes compared to classic welding. 
However, the failure in the case of fiber composites joining under 
internal pressure test has been observed as leakage from the joint 
edges without any visual deformation in the joint structure or pipe 
bulk.

Finally, a corrosion test was carried out. The results showed 
that FRP joining systems have higher corrosion resistance than 
welded and non–joined pipes. These results revealed that using 
FRP composites in pipe joining shows a promising future for 
pipe joining to achieve free corrosion pipelines. In the next step, 
the sophisticated models developed [22-27] will be employed to 
numerically investigate the failure behavior further of the proposed 
joining system under different loading conditions. Further research 
activities in this area would regard the investigation of the joining 

system under fatigue loadings, see [28-31], crushing forces, see 
[32-34], as well as the durability of the joining system.
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