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Abstract: Aluminum alloy has the similar characteristics to CFRP (carbon fiber reinforced polymer) for 
structural application, including light-weighted, anti-corrosive and easy-shaped properties. However, 
strength and module of aluminum alloy are relatively low, and CFRP is anisotropic and easy to fail in 
connection parts. Combining these two materials into composite structural elements can compensate each 
other to fully exploit of their favorable properties. It was proposed that CFRP be used to strengthen 
aluminum alloy elements to improve performance. In this paper, two sets of specimens, including two 
pure aluminum tubes and four strengthened aluminum tubes processed by the vacuum bag aided 
processing procedures, are tested in four-point bending. Flexural stiffness and load capacity of the tubes 
with different CFRP layers and cross sections are investigated. It is shown that the flexural stiffness and 
the load capacity can be significantly enhanced with increasing amount of CFRP. The test results show 
that CFRP strengthened aluminum elements is a competent alternative for future long-span structures. 
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1  Introduction 

Two kinds of new building material, CFRP and 
aluminum, which are both light-weighted and anti-
corrosive, have recently achieved wide application in 
structure engineering [1-3]. However, some unfavorable 
properties of these two materials, including anisotropy 
and brittleness of FRP, and low module of aluminum, 
prohibit their full utilization. Hybrid elements of CFRP 
strengthened aluminum were proposed for engineering 
structures [4,5]. The combination of aluminum and FRP 
makes appropriate use of the respective advantages of 
them, which is economical and practiced [6]. GFRP 
(glass fiber reinforced polymer) repairing the cracked 
aluminum structures [7] and FRP strengthening steel 
structures have been used in practice. So it is implied 
that the combination of aluminum and FRP is feasible. 

CFRP strengthened aluminum tubes for large-span 
latticed structures and special space structures are 
investigated. The stability under axial compressive load 
of this type of elements was studied in Ref.[8]. In this 
paper, the vacuum bag aided processing is used to wrap 
the CFRP sheets on the extruded square section 
aluminum tubes. Two sets of specimens with different 
section sizes are tested under bending. Load capacity 
and flexural stiffness of the hybrid elements are studied 
in comparison with the pure aluminum alloy tubes. 

2  CFRP Strengthened Aluminum Tubes 

2.1  Materials 

2.1.1 Aluminum Alloy 
The designation of aluminum alloy used in this 

experiment is T6063-T6. In order to acquire the basic 
mechanical parameters, short column compression and 
standard extension experiments are conducted. The 
results are listed in Table 1. The yield strain and stress 
of extension is close to those of compression. But the 
ultimate strains and stresses of the two experiments 
have some difference, which can be explained by 
different failure modes, i.e. breaking in tension and local 
buckling in compression respectively. 

 
Table 1: Basic mechanical parameters of aluminum 

Specimens   E* C** 
Proportional limit stress fp(MPa) 193.4 189.3
Proportional limit strain εp(με) 4417 4000
Nominal yield stress f0.2(MPa) 197.5 193.4
Nominal yield strain ε0.2(με) 4857 5101
Ultimate stress fu(MPa) 216.6 205.7
Ultimate strain εu(με) 21929 12674
Elastic modulus EA(GPa) 68.6 66.7 
Poisson’s ratio ν 0.351 0.360
E*: Extension; C**: Compression 

Proceedings of ACIC 07 
Advanced Composites in Construction 
2nd – 4th April 2007, University of Bath, Bath, UK 

                                                                                                          482



2.1.2 CFRP 
The CFRP in this paper is made of T30 carbon 

fiber sheets with a nominal thickness of 0.167mm and 
companioned epoxy resin. The basic mechanical 
parameters are obtained by the tensile tests of 
unidirectional CFRP laminates according to China Code 
of Test Method for Tensile Properties of Oriented Fiber 
Reinforced Plastics (GB3354-82). Three groups of 
specimens with different fiber orientations, including 0°, 
90°and 45°, are tested to get the basic elastic parameters 
for the anisotropic material. In the specimens, the 
average thickness of one layer is 0.38mm, The results 
are shown in Table 2.  

 
Table 2: Basic mechanical parameters of CFRP 

Elastic modulus in longitude EL(GPa) 110.7 
Elastic modulus in transverse  ΕT(GPa) 5.35 
Shear modulus GLT(GPa) 2.25 
Poisson’s ratio νLT 0.367 

2.2  Fabrication of Specimens 

All specimens were made by wrapping outside 
aluminum tubes with CFRP sheets, as show in Figure 1. 
The extruded square section aluminum tubes are 
employed. The normal orthotropic CFRP laminates 
denoted by [0/90], are composed of two crossed layers 
orthotropically. The laminates are attached on the 
outside of the aluminum tubes with the aid of the 
vacuum bags.  

 

 
Figure 1: The cross-section of CFRP strengthened 

aluminum element 
 

The processing procedures involving eight steps are 
illustrated in Fig. 2. The surface of the aluminum tubes 
is wiped clear with acetone before the CFRP sheets are 
wrapped. Then the CFRP sheets are applied layer by 
layer after painting the resin. After that, the auxiliary 
materials, including the peel ply, bleeder and breather 
are wrapped outside the tubes in sequence by hands. 
Finally, the vacuum bags are used to wrap the resultant 
tube to form a vacuum environment between the tube 
walls and the bags. The atmosphere pressure pushes the 
fiber sheets and the resin on the walls of aluminum 
tubes together. The fiber sheets are fully soaked with 
resin and well bonded to the aluminum tube, although 
the thickness of the CFRP ply is not quite uniform. A lot 

of resin is amassed at the corners of the tubes. After 
curing for 20 hours and removing the auxiliary stuffs 
outside of CFRP sheets, a CFRP strengthened aluminum 
element is formed.  
 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 
  

Figure 2: The procedures of manufacturing CFRP 
strengthened aluminum elements: (a) preparing 

materials; (b) wrapping CFRP sheets; (c) wetting CFRP 
sheets with resin; (d) wrapping peel ply; (e) wrapping 

bleeder and breather; (f) sealing vacuum bag; (g) 
pumping and curing; and (h) specimens for tests  

 
Table 3: Specimen geometric parameters (mm) 

No. BA tA BH tH Laminates
ACST76-0 76.37 3.19 N/A N/A N/A 
ACST76-2 76.37 3.19 80.30 5.25 [0/90]2 
ACST76-4 76.37 3.19 85.40 7.71 [0/90]4 
ACST50-0 50.00 3.00 N/A N/A N/A 
ACST50-2 50.19 3.14 61.40 5.95 [0/90]2 
ACST50-4 50.19 3.14 75.80 8.75 [0/90]4 

2.3  Specimens 

Six specimens are categorized to two groups 
according to the sizes of sections. Each group includes a 
pure aluminum tube and two hybrid tubes with different 
numbers of CFRP layers. The geometric parameters are 
listed in Table 3. ACST is the abbreviation of 
Aluminum/CFRP Square Tubes, and the number 
following it is the width of the section of the pure 
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aluminum, BA. The number after the dash line means the 
number of the normal orthotropic CFRP layers. For 
example, ACST76-2 represents the hybrid element 
made of square aluminum tube with 76mm wide sides 
and 2 layers of [0/90] CFRP laminates. The pure 
aluminum alloy tubes ACST76-0 and ACST50-0 are 
used as the control specimens for composite ones. 

 
3  Tests 

3.1  Experimental Setup 

To acquire the load capacity and the flexural 
stiffness, the specimens are loaded under four-point 
bending. The specimens are simply supported as shown 
in Fig. 3. The net span of simply supported specimens is 
800mm with two loading points in the middle 300mm 
separately. A force sensor is used to monitor the total 
load, and five LVDT are set up to measure the vertical 
displacement of loading points, midspan, and the 
supports. And nineteen electric strain gauges are 
attached on the specimens’ surface. 
 

 
 

P

300mm 

800mm 

LVDT LVDT 

LVDT LVDT 
LVDT 

 
Figure 3: Four-point bending test setup 

 
3.2  Loading and Failure 

3.2.1 ACST76 group 
ACST76 group has larger section and bigger width 

thickness ratio.  
ACST76-0 is a pure aluminum alloy member. At 

the beginning of loading, the deflection rose in a nearly 
linear relationship with the load. After yielding, the load 
increased slowly while obvious flexural deformation 
occurred. Then the side wall under the loading points 
gradually buckled outwards, and the load went down 
slightly. Finally, the tube failed as shown in Fig. 4(a). 
The dash lines indicate the failing section.  

ACST76-2 has the similar performance to the 
control member at the beginning of the loading. When 
the total load reached 19kN, a cracking sound was heard 
for the first time. Then sound occurred continuously till 
failure. After the load beyond 45kN, it increased slowly 
while the deflection grew faster. And the load fluctuated 

with cracking sound to the peak of 50.8kN. At that time, 
CFRP plies swelled outwards at the middle section. 
However, the internal aluminum walls buckled inside, 
which was observed after loading. After the peak, the 
load went down gradually till unloading. The final 
deflection was very large. The failure mode is shown in 
Fig. 4(b). Fracture of CFRP was observed at the middle 
section. No debonding between CFRP and aluminum 
was found except for the middle section. 

ACST76-4 is the component with four CFRP plies. 
Its testing behaviors were similar to those of ACST76-2. 
Its first crack occurred at the load of 23kN. Unlike 
ACST76-2, there wasn’t an obvious yield point for 
ACST76-4, instead there was a load peak. The buckling 
failure of the tube walls and the CFRP rupture occurred 
at the two sections under the loading points, as shown in 
Fig. 4(c). 
 

 
(a) 

(b) 

(c) 
Figure 4: Failure modes of specimens: (a) ACST76-0; 

(b) ACST76-2; (c)ACST76-4 
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Figure 5: Load-deflection curves of ACST76 group 

(LVDT of ACST76-2 broke at the peak) 
 
The curves of the load and the deflection in the 

middle are illustrated in Fig. 5. It can be seen that the 
stiffness and the strength are significantly enhanced 
with increasing amount of CFRP.  
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3.2.2 ACST50 group 
ACST50 group has smaller section and smaller 

width thickness ratio. 
ACST50-0 is a pure aluminum alloy component. 

At the beginning of loading, the deflection rose in a 
linear relationship with the load. After yielding, the load 
kept increasing slowly till unloading.  The final 
deformation is obvious. The side walls under the 
loading points did not buckle outwards.  

The exhibition of ACST50-2 is similar to that of 
ACST50-0 except that ACST50-2 failed as a 
consequence that CFRP ruptured at the two sections 
under the loading points. ACST50-4 had similar 
experimental phenomenon to ACST76-4.  
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Figure 6: Load-deflection curves of ACST50 group 

(LVDT of ACST50-4 broke at 47kN) 
 
From the load-deflection curves shown in Fig. 6, it 

could be seen that load capacity and flexural stiffness of 
composite tubes are much higher than those of the pure 
aluminum alloy tube. Both the capacity and the stiffness 
increase with more CFRP layers. 
 
3.3  Results Analysis 

3.3.1 Failure modes 
All specimens failed in bending, in which 

aluminum alloy yielded and CFRP ruptured before the 
local buckling of the walls of the tubes. Obvious 
residual flexural deformation can be observed for each 
member. Although debonding or delamination occurred 
in the vicinity of the failure sections, CFRP and 
aluminum bonded well at the else parts. It is shown that 
the vacuum bag aided fabrication is effective and 
reliable to process the CFRP strengthened aluminum 
elements. Furthermore, the failure processing of all 
specimens was ductile. Their load capacity didn’t fall 
obviously. It is different from the test results in Ref. [5].  

 
3.3.2 Load capacity 

The load capacity of the hybrid elements is much 
higher than that of the pure aluminum elements, which 
means that CFRP strengthening aluminum is effective. 
However, it is shown by the equivalent effective 
strength of the specimens fe,test defined by Eq. (1) that 
the efficiency of hybrid elements is lower than that of 
the pure aluminum counterparts. 

W
Mf test=teste,

 (1) 

Where, Mtest is the maximum load, and W is the section 
flexural resistant moment. The results of all specimens 
are listed in Table 4. It can be seen that the CFRP layers 
are not fully utilized in that the corresponding fe,test is 
much lower than the material strength. The longitude 
fiber of the CFRP layers contributes directly to the 
stiffness and the strength. Meanwhile the transverse 
fiber of these layers prevents buckling of side walls and 
the CFRP layers. The optimization for the CFRP layer 
configuration is necessary. 

 
Table 4: Load capacity of specimens  

No. Mtest 
(105Nmm) 

W 
(104mm3) 

fe,test 
(N/mm2) 

ACST76-0 4.24 21.9 194.0 
ACST76-2 6.36 37.0 171.7 
ACST76-4 10.39 57.0 182.3 
ACST50-0 2.15 8.3 258.1 
ACST50-2 3.31 22.3 148.7 
ACST50-4 6.16 47.2 130.6 

 
3.3.3 Stiffness  
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Figure 7: Load-curvature curves: (a) ACST50 group;  
(b) ACST50 group 

 
In the test, the strains at the middle section and the 

loading sections were measured with the corresponding 
loads. Based on the measured strains on the top and the 
bottom of the middle section, εtop and εbot , the curvature 
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of the section can be determined by Eq. (2). Thus, the 
moment-curvature relations can be obtained, as shown 
in Fig.7 (a) and (b).  

A

topbot

B
εε

φ
−

=      and    
H

topbot

B
εε

φ
−

=  (2) 

From the figures, it can be seen that the section 
flexural stiffness increases with the number of CFRP 
layers. The elastic flexural stiffness of elements can be 
determined from the elastic part of the curves. This 
stiffness is a considerable parameter for the buckling 
behaviors under the axial compression. 

Based on the plane section assumption and 
layered-plate theory, a formula to calculate the total 
flexural stiffness of the hybrid element is suggested as 
Eq. (3) 

( ) AA
1

CX,CX, IEIEEI
n

i
ii += ∑

=

 (3) 

where EX,Ci is the elastic modulus of ith layer CFRP in 
axial direction of the element; IX,Ci is the inertia moment 
of ith layer CFRP in the section; EAIA is the flexural 
stiffness of the pure aluminum section, which can be 
determined by the control specimens. The flexural 
stiffnesses of the tests hybrid elements calculated by Eq. 
(3) are listed in Table 5 in comparison with the test 
results. It can be seen that the calculated stiffnesses are 
fairly close to the test results. 

 
Table 5: Flexural stiffness of hybrid elements 

No. (EI)test 
(kNm2) 

(EI)cal 
(kNm2) (EI)cal/(EI)test

ACST76-2 83.40 83.50 1.00 
ACST76-4 118.60 118.85 1.00 
ACST50-2 26.50 27.04 1.02 
ACST50-4 33.70 35.18 1.04 

4  Conclusions  

The flexural performance of CFRP strengthened 
aluminum elements, innovative structure elements, is 
investigated by tests. The conclusions can be 
summarized as follows: 

 The fabrication technique with the aid of the 
vacuum bag is effective and reliable as CFRP and 
aluminum almost bonded well in the tests. 

 Load capacity and flexural stiffness of hybrid 
tubes increase a lot comparing to the pure 
aluminum ones due to the contributions of CFRP 
layers. 

 The equivalent effective strength of the hybrid 
elements is lower than that of the pure aluminum 
elements. It is necessary to optimize CFRP layer 
configuration in order to utilize the high strength 
material efficiently. 

 A formula to determine the flexural stiffness of 
hybrid elements is suggested, which agrees with 
the test results well. 
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