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Abstract: In this paper, three kinds of carbon fiber cloth (CFRP) reinforcement schemes for aluminum
alloy round tube are proposed, which are two ends reinforcement, section reinforcement and whole
package reinforcement. The failure forms, load-displacement curves and stress-strain curves of aluminum
alloy circular tubes reinforced by carbon fiber cloth were obtained through axial compression loading tests.
The test results show that the yield strength and ultimate compressive strength of the aluminum alloy
round tube strengthened by CFRP segment are superior to those of the aluminum alloy round tube
strengthened by CFRP two ends and the aluminum alloy round tube strengthened by CFRP whole package.
The vyield strength and ultimate compressive strength of the aluminum alloy round tube strengthened by
CFRP segment are increased by 17.79% and 7.76%, respectively, and the ultimate compressive strength
values are increased by 2.09% and 1.93%, respectively. The ultimate displacement of the all-wrapped
aluminum alloy tube is best among the three kinds of carbon fiber cloth, which is improved by 22.22% and
7.84%, respectively. Finally, by comparing the cost of aluminum alloy round pipe reinforced by CFRP
segment with that of aluminum alloy round pipe reinforced by CFRP whole package, it is found that the
cost of aluminum alloy round pipe reinforced by CFRP segment can be saved by 14.48%. The
compression performance of aluminum alloy tube reinforced by CFRP segment is obviously improved and
the cost is effectively saved.
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1. Introduction

Since the 1960s, fiber-reinforced polymer (FRP) composite materials have been used in civil engineering
[1], and their light-weight and high-strength advantages have been widely used in repairing and upgrading
reinforced engineering structures [2-3]. Many studies have shown that pasting FRP fabric onto metal surfaces
has also developed into a metal strengthening method [4, 5], improving the physical properties of materials,
including higher bearing capacity [6], stronger buckling resistance [7], longer service life [8], and greater energy
absorption capacity [9]. Aluminum alloy materials and fiber polymers have similar advantages such as
lightweight, corrosion resistance, non-ferromagnetism, and good plasticity. The combination of FRP and
aluminum alloy materials retains these advantages and even exhibits improved behavior, including higher load-
bearing capacity and stiffness compared to pure aluminum alloy materials, and better ductility compared to pure
FRP. Due to these advantages, the application range of fiber polymer and aluminum alloy composite
components has been further expanded, which can be applied to lattice shells, grid structures, suspension
structures, folded plate structures, and membrane structures [10].

The method of strengthening aluminum alloy with FRP is a key factor affecting the properties of FRP
aluminum alloy materials. The main forms of compression failure of aluminum alloy pipes are end-expansion or
tearing and middle buckling [11-13]. At present, the main method of reinforcing metal pipes with FRP is to stick
the FRP fabric onto the metal surface [14]. Triantafillou et al. [15] studied the bending performance of CFRP
fully encapsulated aluminum alloy pipe composite components and found that the stiffness and load-bearing
capacity of the composite material were significantly improved. Truong et al. [16] found that the tensile strength
and failure strain of CFRP aluminum alloy composite specimens were significantly improved. Kim [17]
analyzed the economic effects of CFRP aluminum alloy hybrid bending components and found that these
components provide various economic advantages. The FRP fully wrapped aluminum alloy reinforcement
scheme can significantly improve its physical properties, but there is still room for improvement in terms of
economy.
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A targeted CFRP segmented reinforcement plan for aluminum alloy pipes based on the three aspects of
compression failure morphology, construction difficulty, and economy is proposed in this paper. This study
designed three reinforcement schemes: end reinforcement, end and middle section reinforcement, and full
package reinforcement. According to GBT7314-2017- Metal Compression Test Method [18], the optimization
plan for CFRP-reinforced aluminum alloy pipes is compared in terms of compressive strength, stress-strain
curve, elastic modulus, and other aspects.

2. Experimental plan and phenomena

2.1 Material properties

This article selects 6063-t5 aluminum alloy circular tube (thickness 3mm) and CFS-1-300 Class | 300g
carbon fiber cloth (CFRP) (thickness 0.167mm) as the experimental materials. The mechanical properties of
aluminum alloy materials are listed in Table 1, and the stress-strain is shown in Fig. 1. The mechanical
properties of CFRP were determined according to the requirements of the Standard Test Method for Tensile
Properties of Polymer Matrix Composite Materials (ASTMD3039/D3039M) [19], as shown in Table 2. The
mechanical properties of epoxy resin as a CFRP bonding material are also listed in Table 2.

Table 1 Mechanical property parameters of aluminum alloys

Material Yield strength Tensile strength Elastic modulus
Aluminum alloy 190.0MPa 217.3MPa 69.8GPa

Table 2 Mechanical properties of carbon fiber and epoxy resin mater
Material Thickness Tensile strength Elastic modulus
CFRP 0.167mm 3532MPa 2.33x10°MPa
Epoxy resin >40MPa >2800MPa

2.2Sample preparation and reinforcement plan

According to GBT7314-1987- Metal Compression Test Method [18], compression tests are conducted on
aluminum alloy pipes to determine their compressive strength. According to the requirement of standard [18],
L=(5~8) d,, it is a medium short column. In this article, an aluminum alloy pipe with a length of 300mm is used.
CFRP is reinforced by attaching epoxy resin to the surface of aluminum alloy. The reinforcement scheme is
shown in Fig. 2 and Table 3. The overlap length of CFRP is 40mm, and the epoxy resin adhesive are configured
according to the ratio of epoxy resin and curing agent 10:3. After CFRP reinforcement, all specimens were
placed in a dry and cool place (at a temperature of 25°C) for 7 days to ensure complete solidification of the
epoxy resin. After the epoxy resin has completely solidified, the upper and lower surfaces of the specimen are
polished to a flat surface, and the outer surface of the CFRP is wiped with acetone.

stress/Mpa
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Fig. 1 Stress-strain relationship of aluminum alloys
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Fig. 2 Reinforcement Plan for Aluminum Alloy Pipe with Carbon Fiber Cloth

2.3 Loading device and measurement point distribution

According to GBT7314-2017- Metal Compression Test Method [18], the controlled displacement method was
used on aluminum alloy pipes, with a loading speed 3mm/min. To determine the stress-strain relationship of
aluminum alloy pipes, strain gauges were attached at both ends and in the middle ofthe pipes. The strain gauge
parameters are shown in Table 4. The specific sticking position of the strain gauge is shown in Fig. 3.

Table 3 Sample reinforcement plan

Pipe wall thickness Test piece number Reinforcement plan Number of reinforcement
layers
LC-1 Unreinforced (Fig. 2(a)) 1
LC-2 Reinforcement at both ends 1
3mm (Fig. 2(b))
LC-3 Three section reinforcement 1
(Fig. 2(c))
LC-34 All inclusive reinforcement 1
(Fig. 2(d))
Table 4 Basic parameters of strain gauges for testing
Model Resistance Sensitivity coefficient Accuracy class
120-5AA-R-D150 | 120Q 20+1% A
Eﬁmlllliﬁm III%QM 23m
125mm 125 mm 125 mm 125 mm
e BN N
125 mm 125 mm 125 mm 125 mm
25\\\111111 . 2[\111111 . 25\\\111"1 25\\111111

Fig. 3 Strain gauge bonding position
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3. Test Results and Analysis

3.1 Failure mode of aluminum alloy circular tube

During initial loading, the vertical deformation of the specimen increases linearly with increasing load.
When the load increases to about 80% of the material's ultimate load, the vertical deformation begins to increase
nonlinearly, and the material enters the yield stage until convex deformation occurs near the end of the
specimen. Afterward, the load slowly increased, but the bearing capacity of the reinforced aluminum alloy
circular tube began to decrease until the specimen was damaged (Fig. 4). Before yielding, each sample exhibits
good linearity. When the load approaches the yield load, the cracking sound of CFRP fiber fracture can be
heard. After yielding, CFRP controls the buckling of the aluminum alloy circular tube, thereby delaying the final
failure of the specimen and causing the axial load to continue to increase until the specimen fails.

/, > 1 S \ |
(2 ——

5 —& ES AN
(@) Intermediate buckling  (b) Middle and Elephant (c) Buckling of non- (d) Intermediate
Foot Flexion reinforced sections drumbeat
Fig. 4 Failure morphology of aluminum alloy pipes

Different CFRP reinforcement methods for aluminum alloy circular pipes have different structural
constraints, resulting in different axial bearing capacities and failure modes of the specimens. The LC-1
specimen first undergoes bulging at the upper end, then bends in the middle, and finally produces a corner at
both ends (Fig. 4 (a)). The end bulging of CFRP-reinforced aluminum alloy circular tubes occurs in the bonding
area between CFRP and aluminum alloy circular tubes (Fig. 4 (b) (c)). CFRP can effectively suppress the
bulging of aluminum alloy circular tubes and delay the flexion of elephant feet. The middle part of LC-1 and
LC-2 specimens experience buckling. However, the middle part of the LC-1 specimen exhibits significant
deformation and exhibits good ductility. During the deformation of the middle part of the LC-2 specimen, the
bonding zone between CFRP and aluminum alloy circular tube undergoes tearing failure. The unreinforced part
of the aluminum alloy circular tube of LC-3 specimen is divided into two parts: upper and lower. The damaged
buckling part of LC-3 specimen is only distributed in the upper or lower parts. The three-section reinforced
aluminum alloy circular tube effectively constrains the lateral deformation of the aluminum alloy circular tube.
The LC-4 specimen has the smallest lateral deformation, mainly due to middle bulging and CFRP fracture (Fig.
4 (d)). After yielding, the stiffness of the CFRP reinforcement sleeve remains high, which can provide stiffness
for aluminum alloy circular pipes. Therefore, CFRP can suppress the outward protrusion of the yielding part of
aluminum alloy circular tubes, preventing or delaying elephant foot buckling.

3.2 load-displacement curve
The axial load-displacement curves of the four types of specimens in this experiment are shown in Fig. 5.
From the graph, it can be observed that the load displacement trend of aluminum alloy pipes can be divided into
three stages: 1) in the elastic stage, the load-displacement shows a linear growth trend; 2) During the
strengthening stage, the slope of the load-displacement curve gradually decreases and finally reaches the
ultimate load; 3) During the failure stage, the load-displacement curve gradually decreases until failure occurs.
In the elastic stage, the trend of the load-displacement curve of reinforced aluminum alloy pipes is significantly
_________________________________________________________________________________________________________________________________|
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slower than that of unreinforced loads, with a smaller slope. Comparing the slope of the load-displacement
curve of the reinforced specimens in the elastic stage, the effect of CFRP reinforcement on aluminum alloy pipe
specimens is LC-3>LC-4>LC-2>LC-1. This proves that the effect of three-stage reinforcement in the elastic
stage is better than that of full-package reinforcement and two-end reinforcement. In the strengthening stage, the
trend of the load-displacement curve of the reinforced specimen is flat, and the extended displacement is better
than that of the unreinforced specimen.

140
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0.|.|.|.|.|.|.
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displacement/mm
Fig. 5 load-displacement curve
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Combining the compressive strength and vertical displacement of the specimen, the analysis was
conducted using the average values of two sets of experimental results, as shown in Table 5. The yield strength,
compressive strength, yield displacement, and ultimate displacement of the reinforced specimen are better than
those of the unreinforced specimen (LC-1). The yield strength of the three-stage reinforcement (LC-3) specimen
is significantly better than that of the other two types of reinforcement (LC-2, LC-4) specimens, with values of
113.9kN, 96.7kN, and 105.7kN, respectively. Meanwhile, the ultimate load of the three-section reinforced
specimens is 126.5kN, 123.9kN, and 124.1kN, respectively, compared to the other two types of reinforced
specimens. However, the ultimate compressive strength of LC-3 is not significantly improved compared to LC-2
and LC-4, with 2.09% and 1.93% respectively. The yield strength, compressive strength, yield displacement,
and ultimate displacement of the LC-4 specimen are superior to those of the LC-2 specimen reinforced at both
ends. However, comparing the ultimate displacement, the LC-4 specimen performs the best compared to LC-2
and LC-3 specimens, with values of 11.1mm, 9.0mm, and 10.2mm, respectively. All-inclusive specimens have
excellent ductility.

Table 5 Compressive strength and vertical displacement of the specimen

Test piece Elastic stage Strengthening stage
number Yield load Displacement Ultimate load Displacement
LC-1 89.3kN 1.8mm 114.9kN 6.9mm
LC-2 96.7kN 2.1mm 123.9kN 10.2mm
LC-3 113.9kN 5.7mm 126.5kN 9.0mm
LC-4 105.7kN 4.2mm 124.1kN 11.1mm

3.3 Analysis of load strain curve of specimen

From Figs. 6 (a), (b), (c), and (d), LC-1 is linear elastic in its initial stage until the stress reaches the non-
proportional elongation strength. Its own longitudinal and circumferential strains first increase in the middle
part, followed by both sides, which is more consistent with its failure mode. There is a significant mutation in
the lower longitudinal strain of LC-1. The longitudinal and circumferential strains in the middle part of the LC-2
specimen first increase and grow rapidly, while the longitudinal and circumferential strains in the reinforced
parts at both ends grow slower than those in the unreinforced parts, which is consistent with the failure mode.
The circumferential and longitudinal strains in the middle part of the LC-2 specimen are significantly greater
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than those in the upper and lower parts. The longitudinal and circumferential strains at both ends of the LC-3
specimen increase rapidly, while the longitudinal and circumferential strains in the middle part do not increase
significantly, which is consistent with its failure mode. The LC-4 specimen also exhibits the above trend, but it
is not significant. In the elastic stage, there is little difference in the trend of load strain curves between the
upper, middle, and lower parts of the specimen itself. The reinforcement of different parts of aluminum alloy
pipes with CFRP has no significant impact on the longitudinal and circumferential strains of different parts.

L40

140 140

120
100

120
100

120
100
RO

Z B0
L .
3 60 60

{1

Toad kN

z
]
2

= —

o =2

(a'-‘.!.t'

15000
000

=2

10000
5000

5000

20000

BO0O
B000
1000

000

10000

" T . . " strain/pe ial strainue  longitudinal I straipe  longitudi
circumferential strain'pe  longitudinal strain/ps H strain/pe stra

solgzzgaz

I strain/s:

(@) LC-1 Load strain curve

(b) LC-2 Load strain curve

(c) LC-3 Load strain curve

(d) LC-4 Load strain curve

Fig. 6 Load strain curve

3.4 Analysis of load vertical strain curve

Comparisons of the longitudinal strains in the upper, middle, and lower parts of specimens with different
reinforcement methods, are as shown in Fig. 7 (a), (b) and (c). Overall, the longitudinal strain of the
unreinforced specimens varies significantly with increasing load. Under the same load conditions, the three-
section reinforced specimen (LC-3) and the fully enclosed specimen (LC-3) effectively restrained the
longitudinal displacement changes of the upper, lower, and middle aluminum alloy pipes. There is a sudden
change in the longitudinal strain at both ends of the LC-1 specimen, which is reinforced at both ends. Due to

CFRP. Comparing the restraining effect of CFRP on longitudinal strain of aluminum alloy pipes, LC-3>LC-
4>LC-2>LC-1.
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Fig 7 Longitudinal load strain curve

3.5 Analysis of load circumferential strain curve

Figures 8 (a), (b), and (c) show the load circumferential strain curves of CFRP-reinforced aluminum
alloy pipes at the same location. In Figs. 8 (a) and (b), the slope of CFRP in the upper and middle parts of the
specimen towards the load circumferential strain curve of aluminum alloy pipes is LC-1>LC-2>LC-4>LC-3.
Thus, it has been proven that CFRP has a restraining effect on the circumferential strain of aluminum alloy pipes
LC-3>LC-4>LC-2>LC-1. However, the circumferential strain in the lower part of the specimen (Fig. 8 (c))
shows a very similar trend in LC-3 and LC-4. The segmented reinforcement of CFRP aluminum alloy pipes can

effectively control the circumferential deformation of the pipes, and its overall effect is better than that of CFRP
fully wrapped aluminum alloy pipes.
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3.6 Elastic modulus analysis
According to the formula 1 for calculating the elastic modulus Ecin GBT7314-2017 Metal Compression
Test Method [18]:

(Fk—Fj)Lo

€ 7 (aLk—ALj)So

@

The parameter Fj is the bearing load when controlling the longitudinal displacement 4Ljand Fis the
bearing load when controlling the longitudinal displacement AL, Lospecimen length, Socross-sectional area of
the specimen.

The elastic modulus of aluminum alloy pipe specimens can be calculated and displayed in Table 6. The

relationship Eqc.1c > Eqc2)c > Ec-a)c > EqLc-a)e, Which proves that CFRP effectively constrains the longitudinal

displacement of aluminum alloy pipes under axial pressure, with segmented CFRP reinforcement having the
best effect. However, compared to the full reinforcement of aluminum alloy pipes, the effect of segmented
CFRP reinforcement on aluminum alloy pipes is not significantly improved, at 0.42%.

Table 6 Elastic modulus

Test-Piece | Bearing | Control Bearing | Control Test Piece | Cross- Elastic
Load Longitudinal | Load Longitudinal | Length Sectional Modulus
(kN) Displacement | (kN) Displacement | (mm) Area of of
(mm) (mm) Specimen | Specimen
(mm2) (GPa)
LC-1 60.5 3.00 106.4 3.90 300 442.9 67.7
LC-2 37.0 2.56 102.0 3.85 300 442.9 66.9
LC-3 43.6 0.78 102.3 1.98 300 442.9 67.2
LC-4 26.8 1.56 100.5 3.06 300 442.9 66.6

3.7 Carrying capacity and cost analysis

Combining the analysis of failure morphology, load-displacement curve, load strain curve, and elastic
modulus, CFRP-reinforced aluminum alloy pipes can effectively improve the compressive strength and ductility
of aluminum alloy pipes, and constrain the longitudinal and circumferential deformation of aluminum alloy
pipes. Among them, the segmented reinforcement effect of CFRP on aluminum alloy pipes is better than the
other two reinforcement methods. However, the improvement compared to the CFRP fully reinforced aluminum
alloy pipe specimens is very small.

Although the compressive strength of CFRP segmented reinforced aluminum alloy pipes is slightly
higher than that of CFRP fully reinforced aluminum alloy pipe specimens. Based on the construction difficulty
and material cost, the cost of CFRP segmented reinforcement and fully reinforced aluminum alloy pipes is
calculated, as shown in Egs. (2) — (4). The amount of CFRP reinforcement material used per unit length of
aluminum alloy pipes in the CFRP segmented reinforcement plan is half of the total CFRP reinforcement plan.
However, the construction difficulty of the CFRP segmented reinforcement scheme is 1.5 times that of the
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CFRP fully inclusive reinforcement scheme. This indicates that the construction time of the CFRP segmented
reinforcement scheme is 1.5 times that of the CFRP full package reinforcement scheme.

Ctotal = Cconstruction + Cmaterial (2)
Cmaterial = CCFRP + CEpoxy (3)
Cconstruction = Ch Xh (4)

The cost calculation of the CFRP segmented reinforcement scheme and the CFRP full package
reinforcement scheme in this experiment is shown in Table 7.

The above calculation represents the cost of the 30cm specimen used in the experiment. The segmented
reinforcement cost scheme saved 11% compared to the full package reinforcement scheme. Compared to the full
package reinforcement scheme, the segmented reinforcement cost scheme saves 14.48% with 300cm aluminum
alloy pipes. Therefore, without reducing the compressive strength reinforcement effect of aluminum alloy pipes,
the segmented reinforcement scheme can greatly save costs.

Table 7 Cost calculation for CFRP reinforcement

Reinforcement plan CFRP cost Epoxy resin cost | Construction duration
CFRP segmented reinforcement ¥35 ¥2.05 0.25h
CFRP all-inclusive reinforcement ¥6.00 ¥5.78 0.17h

4. Conclusions

Two-end reinforcement, segmented reinforcement, and full-package reinforcement schemes for the axial
compression failure state of aluminum alloy pipes are presented. By comparing the compression failure states of
three types of CFRP-reinforced aluminum alloy pipes, the deformation part of the segmented CFRP-reinforced
aluminum alloy pipe is in the unreinforced part, and the failure part is in a part of the unreinforced aluminum
alloy pipe, effectively protecting the overall integrity of the aluminum alloy pipe. Comparing the yield strength
and ultimate strength of three types of CFRP-reinforced aluminum alloy pipes, the yield strength of the three-
section reinforced (LC-3) specimen is significantly better than the other two types of reinforced (LC-2, LC-4)
specimens, with an increase of 17.79% and 7.76%, respectively. The ultimate compressive strength of LC-3 is
not significantly improved compared to LC-2 and LC-4, with 2.09% and 1.93% respectively. However, the
ultimate displacement of LC-4 is higher than that of LC-2 and LC-3, but the improvement is not significant, at
22.22% and 7.84%, respectively. By analyzing the load strain curve and elastic modulus, it can be concluded
that the reinforcement effect of aluminum alloy pipes is LC-3>LC-4>LC-2>LC-1. However, the improvement
in segmented reinforcement compared to full package reinforcement is very small. On the other hand, from the
perspective of cost control, the segmented reinforcement scheme has saved about 14.48% compared to the full-
package reinforcement scheme, effectively controlling costs. Therefore, this article suggests that the segmented
reinforcement scheme is suitable for the reinforcement of aluminum alloy pipes. Further experimental research
is needed to verify the effectiveness of other segmented reinforcement schemes in improving the bearing
capacity and cost control of aluminum alloy pipes.
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