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Abstract
This research is aimed to develop repair and reinforcement methods with excellent workability and usefulness for steel 
structural members that have been damaged through aging. Fiber-reinforced plastic, which has been used in various 
fields in recent years, is also used for building and civil engineering. Especially, it is assumed that carbon fiber-reinforced 
plastic (CFRP) has light weight and high-strength mechanical properties. Conventional methods of repair and reinforce-
ment using CFRP are mainly hand-lay-up molding methods using carbon fiber sheet and adhesion methods using CFRP 
plate. However, both methods have some issues. Therefore, we apply the vacuum-assisted resin transfer molding to 
repair and reinforce steel structural members; the proposal of a construction procedure and a basic investigation of 
bond strength were carried out. In the basic investigation, a double-strap tensile shear test and a three-point bending 
test of steel/CFRP composite specimens were carried out. In the double-strap tensile shear test, in order to improve the 
adhesiveness of CFRP, the adhesive strength against shear force was compared between the specimen pre-coated with 
resin and a specimen not coated with resin after surface treatment. The results showed that the pre-coated specimen 
had high strength and stability. In the three-point bending test, bond strength and fracture mode against bending force 
were analyzed using adhesion length and number of laminated carbon fiber sheets as parameters. From the finite ele-
ment method, the stress when peeling occurs due to the bending deformation was estimated and compared with the 
experimental result.
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1  Introduction

In recent years, one of the problems that the construc-
tion industry has is the aged deterioration of structures. 
In particular, the enormous number of structures con-
structed during the period of high economic growth will 
soon reach 50 years since construction in Japan [1]. The 
performance deterioration due to corrosion and thinning 
with aging are also reported in the field of steel structures. 
Moreover, research and development related to repair and 

reinforcement technology of steel structural members are 
actively pursued in various countries [2, 3]. It is desired 
that suspend the construction of repair and reinforce-
ment should be carried out as short as possible. Hence, 
rapid repair and reinforcement are required, and a method 
excellent in handling on the construction site is expected. 
In the repair and reinforcement of existing structures, it 
is feared that influence on substructure due to increas-
ing the structural weight and increase in the seismic load 
will occur through repair and reinforcement. Therefore, it 
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is assumed that carbon fiber-reinforced polymer (CFRP), 
having light weight and high-strength mechanical prop-
erties, would be a material suitable for repair and rein-
forcement of structures, and an adhering method using 
CFRP is noticed [4, 5]. Conventional methods of repair and 
reinforcement by CFRP are mainly hand-lay-up molding 
methods using carbon fiber sheet and adhesion methods 
using CFRP plate [6]. However, in the former case, the con-
struction time is expanded by multiple laminations and 
large area molding, and the latter has difficulty in applica-
tion to a curved surface. So, there is a need for the devel-
opment of an adhesion method that can be adopted by 
on-site construction where many restrictions exist. Based 
on these backgrounds, the vacuum-assisted resin transfer 
molding (VaRTM) method, which is the manufacturing 
method used for the blades of wind power generation 
facilities, was adopted in this study. This molding method 
has some advantages which are that it is easy to form with 
multi-layers and in a wide range, can be expected to have 
high fiber volume content, and shortens construction time 
by simultaneously forming and bonding [7, 8]. To apply 
this method to the repair and reinforcement of steel struc-
tures, the basic bond strength was investigated. In the 
basic investigation, a double-strap tensile shear test and 
a three-point bending test of some steel/CFRP composite 
specimens were performed.

2 � Adhesive molding method by VaRTM 
technology

VaRTM is a molding method that impregnates with resin 
using vacuum depressurization. This molding method, 
therefore, provides excellent workability because it is 
closed mold method, it is possible to develop a mold that 
contains a large amount of reinforcement material, which 
will have excellent reliability and reproducibility. VaRTM 
is used, for example, in the blades of wind turbines, FRP 
structural elements in aircraft and in the automobile field 
[9]. A female mold is a material with high stiffness, and 
a male mold uses a plastic film so that it can follow the 
shape of the reinforcement material during vacuum. If nec-
essary, a coat of gel can be applied to the female mold. 
After this, reinforcement material, peel ply, and flow media 
are stacked in this order, before being sealed with a film 
and vacuum depressurization. When a predetermined 
vacuum pressure (approximately − 100 kPa) is reached, the 
resin is dried and forms into the shape of its surroundings, 
then the curing and film are peeled off, and demolding 
occurs. Figure 1 shows a diagram of the VaRTM method. 
In this study, a female mold is used as steel for the experi-
ment to apply to repair and reinforcement of existing steel 
structural members.

3 � Double‑strap tensile shear test

3.1 � Experimental specimens

Figure 2 shows the dimensions of the molding system. 
A steel plate was made of SS400 (typical mild steel 
used in Japan) with a thickness of 12 mm, and mold-
ing was carried out on each side by VaRTM technology. 
In order to make it a double-strap type, the steel plate 
was bolted at both ends after cutting. The experimental 
parameters were with or without a resin “undercoat”. The 
term “undercoat” means to coat in advance the impreg-
nation epoxy resin (Toray ACE, AUP40) to the bonding 
surface before lamination to improve workability, secure 
the adhesive layer, and to prevent corrosion after sur-
face treatment. The adhesive strength in the bonding 
method depends on the thickness and condition of the 
adhesive layer, and it seems to stabilize by securing a 
suitable adhesive layer and improving adhesiveness. As a 
result, with/without undercoat was adopted as an exper-
imental parameter. (Hereinafter, the undercoat speci-
men is “W specimen”, and without undercoat specimen 
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Fig. 1   A schematic sectional view of the VaRTM, showing the lami-
nated structure of necessary materials and reinforcing materials
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Fig. 2   The molding dimensions of the double-strap tensile shear 
test specimens based on Fig. 1
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is “D specimen”.) The used reinforcement materials are 
a medium elastic unidirectional carbon fiber sheet (CF 
sheet) which has a thickness of 0.217 mm, an elastic 
modulus of 440GPa and 400gsm of weight (Toray, UM46-
40) as well as a chopped strand grass mat (CM) which is 
set up between the steel surface and the CF sheet and is 
450 gsm of weight. The CF sheet was 30 mm width, and 
the number of laminations is 7 layers on each side, total-
ing 14 layers so that the ratio of axial stiffness of steel 
material and CFRP is about 1:2. A tapered lamination of 
10 mm/layer was adopted to relieve stress concentra-
tion at the end of CFRP [10]. Also, to avoid the yielding 
of the steel plate before the CFRP breaking occurred, a 
tensile shear test was carried out after cutting the steel 
plate width about 50 mm after molding. The name of the 
experimental specimen is “with or without resin under-
coat (W or D)—specimen number”.

3.2 � The procedure of molding and bonding 
by VaRTM technology

Figure 3 shows the procedure of VaRTM. First, the steel 
surface was treated by a rotary blaster [11]. Thereafter, 
the roughness was measured by surface roughness tester 
(Mitutoyo, SJ-210) to confirm that the ten-point average 
roughness was over 20 μm. Then, in order to prevent air 
leakage from the cut part at the time of VaRTM molding, 
an epoxy-based mending material (Konishi, BQM100) was 
used to seal ± 5 mm at the cut part. Thereafter, as shown 
in Fig. 3a, the undercoat was performed and surrounded 
by “sealing material” for affixing a plastic film around the 
molding area. Figure 3b is the state of the CM and the CF 
sheet laminated onto the treated surface. Figure 3c shows 
the state for the “peel ply” which is to separate other than 
CFRP at the time of demolding and “flow media” to flow 

resin. As shown in Fig. 3f, by placing a vacuum section on 
the upper side and resin transferring section on the lower 
side, it is possible to vacuum while sufficiently impregnat-
ing the resin. Figure 3g, h shows the state after impregna-
tion and demolding.

3.3 � The fiber volume content of specimens

As shown in Table 1, the fiber volume content Vf was cal-
culated using Eq. (1) [12]. These thicknesses are measured 
by a coating thickness meter (Sanko, SWT-9000 and Fe-10). 
The tCFRP+CM is evaluated by its averaging six points on 
both sides, and tCM is measured after demolding; it was 
0.62 mm. And the tCF sheet used a nominal thickness of 
the used CF sheet of 0.217 mm/layer. Table 1 shows that 
the average of the fiber volume content exceeded 50% 
throughout all specimens. In the with/without undercoat, 
since the change in the fiber volume content is hardly 
observed and the coefficient of variation is also stable, 
it is considered that there is no influence on the CFRP 
thickness. 

tCFRP+CM total thickness, tCM CM thickness, Nply number 
of laminations, tCF sheet total CF sheet thickness.

3.4 � Result and discussion

Figure 4 shows setup for the double-strap tensile shear 
test and dimensions of the experimental specimen, strain 
gauge (SG) positions, and classification of bonded sur-
faces. A to D in Fig. 4 are used to indicate a fractured sur-
face after the experiment described below.

(1)Vf =
Nply ⋅ tCF sheet

tCFRP+CM − tCM

Fig. 3   The procedure for actually molding specimens
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3.4.1 � Bond strength against a shear force

Figure  5 shows σshear—displacement relationship, and 
Table 2 shows the maximum loading, fracture surface and 
bond strength against a shear force of each specimen. The 

σshear means the bond stress against shear force and calcu-
lated by Eq. (2); the displacement is corresponding to the 
crosshead displacement of testing machine. As a result of 
the double-strap tensile shear test, there was no signifi-
cant difference in the bond strength against a shear force 
between the W specimen and the D specimen; however, the 
W specimen had a low coefficient of variation as compared 
with the D specimen. Although there is almost no difference 
in CFRP thickness, it seems that the improvement in the 
adhesion at the interface leads to this result. Figure 6 shows 
the fracture surface (bonded surface) after the experiment. 
In both W and D specimens, the fracture mode results in a 
debonding between the steel material and the CM inter-
face in the center part, or delamination of the CFRP (mate-
rial destruction) in the other areas [13]. This result seems to 
correspond to bond strength against a shear force and is not 
varied between W specimen and D specimen because the 
fracture mode does not change.

(2)�shear =
P

Abond

Table 1   The measurement 
results of the CFRP thickness of 
the specimens after molding 
and the fiber volume content 
obtained by its result are 
shown

Specimens tCFRP+CM (mm) Vf

(%) Average (%) Coefficient 
of variation

Average (%) Coefficient of variation

W-1 3.655 50.05 50.01 0.00476 50.22 0.00874
W-2 3.661 49.95
W-3 3.660 49.97
W-4 3.634 50.40
W-5 3.679 49.66
D-1 3.664 49.91 50.04 0.00963
D-2 3.583 51.27
D-3 3.658 50.01
D-4 3.625 50.55
D-5 3.631 50.44
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Fig. 4   The condition of the experiment and dimensions of the 
specimen, and also indicate the attaching posit ions of the strain 
gauges
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Fig. 5   A bond stress against the shear force–displacement relationship obtained by the double-strap tensile shear test
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P the tensile loading, Abond sum of two bonded areas.

3.4.2 � Bond stress against the shear force: strain relations

Figure 7 shows the σshear–strain relationship for each 
surface. Also, on the assumption that the strains of the 
steel and the CFRP are equal at the position of X = 50 mm 
to 75 mm where the SG is attached, the elastic theory 
calculated by Eq. (3) is drawn in Fig. 7. In addition, the 
results by finite element analysis (FEA) are also drawn in 
Fig. 7. The FEA used an analysis model is shown in Fig. 8. 
The mechanical properties of the materials are shown 
in Table 3. The FEA used in the analysis of this study was 
a two-dimensional model as shown in Fig. 8, and the 
element was a quadratic rectangle element assuming 
a plane stress condition. The steel material and the CM 
are two isotropic elastic materials, and the CFRP is an 
orthotropic elastic material. The fiber axial direction elas-
tic modulus, the fiber vertical direction elastic modulus 
and the shear modulus of the CFRP were calculated by 

the rule of mixture. However, the theoretical equation 
and FEA are based on the average tCF of each of the W 
and D specimens obtained from Table 1, and the elastic 
modulus of CFRP was calculated from this thickness by 
the rule of mixture [12]. From Fig. 7, at the X = 50 mm 
position, the correspondence between the experimental 
result and Eq. (3) was not confirmed; however, the cor-
respondence with the FEA was shown. From this result, it 
was confirmed that the strain of steel and CFRP was not 
equalized at X = 50 mm, whereas, at the X = 75 mm posi-
tion, it is considered that the approximately correspond-
ence with Eq. (3), FEA and the experimental results. And, 
the position to be equal where the strains of the steel 
and CFRP are equalized is near the position of X = 75 mm. 
Also, as the maximum loading approaches, the strain of 
CFRP increases. Since destruction is considered to pro-
ceed from the steel material cutting part (center part 
of the specimen), linearity cannot be maintained in the 
σshear–strain relation of X = 50 mm, and similar behavior 
also occurred at X = 75 mm which thereafter occurred. In 

Table 2   The results of double-strap tensile shear test

In the table, the maximum loading, fracture surface, the bond strength against the shear force calculated by the maximum loading and its 
stability are shown

Specimens Maximum 
loading (kN)

Fracture 
surface

Bond strength against a shear force

(MPa) Average (MPa) Coefficient of 
variation

Average (MPa) Coefficient of variation

W-1 160.320 B, C 16.70 16.83 0.02291 16.98 0.0469
W-2 168.304 B, D 17.53
W-3 158.868 B, C 16.55
W-4 157.896 A, D 16.45
W-5 162.480 B, C 16.93
D-1 166.756 B, C 17.37 17.14 0.06051
D-2 146.640 B, C 15.26
D-3 173.300 B, C 18.05
D-4 162.052 B, C 16.88
D-5 173.880 A, D 18.11

Fig. 6   The fracture surface after the experiment
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the W specimen, the σshear at which nonlinearity appears 
is about 10 MPa, and the bond stress against the shear 
force—strain relationship thereafter shows similar 

behavior. On the other hand, in the D specimen, there 
were a precipitous strain increase and variation in behav-
ior, as shown on the bonding surfaces A, X = 75 mm of 

X=50mm X=75mm X=50mm X=75mm
Surface A Surface B

X=50mm X=75mm X=50mm X=75mm
Surface C Surface D

FEA Eq. (3) D-1 D-2 D-3 D-4 D-5
(a) W-specimens

X=50mm X=75mm X=50mm X=75mm
Surface A Surface B

X=50mm X=75mm X=50mm X=75mm
Surface C Surface D

FEA Eq. (3) D-1 D-2 D-3 D-4 D-5
(b) D-specimens
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Fig. 7   The bond stress against the shear force–strain relation for each bonding surface of the specimen. In each graph, the theoretical value 
obtained by Eq. (3) is shown
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Fig. 8   The FEA model of double-strap tensile shear test
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the D-2 specimen and the bonding surfaces B and D of 
the D-1 specimen.

ε strain, P tensile loading, bs steel breadth, ts steel thick-
ness, Es elastic modulus of steel, bcf CFRP breadth, tcf CFRP 
thickness, Ecf elastic modulus of CFRP

4 � Three‑point bending test

4.1 � Experimental specimens

In this experiment, the same materials as the double-
strap tensile shear test were used; a CFRP was bonded 
and molded on the tensile side of the steel plate by 
VaRTM technology. As shown in Table 4, the experimen-
tal parameters were the number of laminated CF sheets 
and its bonding length. The name of the experimental 
specimen is “L bonding length—the number of lami-
nated CF sheets—specimen number”. Figure 9 shows 
the dimensions of the molding system in the L400 speci-
mens. From the results of the double-strap tensile shear 
test, all the bonding surfaces of these specimens were 
undercoated, and a tapered lamination of 10 mm/layer 
was also adopted at the end of CFRP. After molding, the 
experimental specimen is cut at a width of about 40 mm 
and a three-point bending test is carried out.

(3)� =
P

bstsEs + 2bcftcfEcf

4.2 � The procedure of molding and bonding 
by VaRTM technology

Figure 10 shows the procedure of VaRTM for this experiment. 
As also shown in Sect. 4.1, the molding of the specimens in 
this experiment was made as two sets of L400 specimens 
and L220, L320 specimens, to avoid variation for each speci-
men as much as possible. Unlike the double-strap tensile 
shear test specimen, the steel is not sealed with epoxy-based 
mending material because it is not cut at the center.

4.3 � The fiber volume content of specimens

For the bending specimen, the Vf was calculated using 
Eq. (1) in the same method as the double-strap tensile shear 
specimen, and it is shown in Table 5. The CM thickness was 
0.56 mm on average. Although the Vf decreased slightly 
compared to the double-strap tensile shear test experiment, 
the stability in molding in two lots could be confirmed.

4.4 � Result and discussion

Figure 11 shows the setup for the three-point bending test, 
and dimensions of the experimental specimen, SG and dis-
placement meter (DM) positions are shown in Fig. 12. Fig-
ure 13 shows some of the fracture modes. In the fracture 
mode, debonding occurred at the adhesive layer interface 
at the end of the CFRP in the L220 and L320 specimens. 
Also, in the L400 specimen, debonding did not occur, but 
there was a breaking of the CFRP at the center. Figure 14 
shows the load–displacement relationships. The displace-
ment shown in Fig. 14 is the average value of the two DMs 
in Fig. 12. For the convenience of the experimental equip-
ment, measurement results up to maximum deformation 
of 25 mm are shown. In addition, the calculated value Py 
of the bending yield load in without strengthening steel 
plate (yielding point σy = 296  MPa obtained by inspec-
tion certificate) and the theoretical formula calculated as 
the composite cross section by the elastic curve equation 
are drawn. The theoretical equation calculates the elastic 
modulus of CFRP by the rule of mixture using the average 
CFRP thickness obtained from Table 5. Then, considering 
the taper lamination as shown in Fig. 12, the moment of 
inertia is calculated and drawn. As can be seen from Fig. 15, 
the maximum strength and the maximum deformation of 
each parameter were almost stable, and correspondence 

Table 3   The mechanical properties of materials used in FEA

Elastic modulus (GPa) Poisson ratio

(a) Steel plate  200 0.3
(b) CM  8 0.3

Elastic modulus (GPa) Shear modulus (GPa)

(c) Epoxy resin and CF sheet
 Epoxy resin 3.9 1.5
 CF sheet 440 20

Table 4   The experimental 
parameters in the three-
point bending test, and the 
parameters are the number of 
CFRP laminations and the its 
bonding length

Bonding length (mm)

220 320 400

Number of laminations 7 11 7 11 7 11
Number of specimens 2 2 2 2 4 4
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with the theoretical equation based on the elastic curve 
equation was also obtained. As the number of laminated 
CFRPs increased, the maximum deformation was equiva-
lent in the L220 specimens, but the L320 specimens greatly 
decreased. Figure 15 shows the load–strain relationships. 
The strain is the value of SG3 on the tensile side, and the 
average of SG1 and SG2 on the compression side. As shown 
in Fig. 13c, the fracture mode is breaking of CFRP at the 
center, and its strain could be confirmed in the range of 
about 8000μ to 9000μ in the L400 specimens from Fig. 15a. 
Also, in Fig. 15b, c, it was found that debonding occurred 
in the L220 specimens within the elastic range of the steel 
plate and debonding occurred in the L320 specimens after 
the steel plate yielded. From these results, it was confirmed 
that in the case of reinforcement with the bonding length 
and the number of laminations like that of the L400 speci-
mens, debonding of the CFRP did not occur after the yield 

of steel plate and followed the deformation of the steel 
plate. To elucidate the behavior under bending deforma-
tion, there is a need to analyze and estimate the maximum 
stress in the vertical direction of the bonding surface (peel 
stress). In repair/reinforcement design, it is considered that 
debonding under bending deformation can be suppressed 
by designing the shape and number of laminated parts so 
as not to exceed the estimated peel stress. However, since it 
is difficult to measure the peel stress [14], the peel stress of 
each experimental specimen was estimated using FEA. Then, 
bond strength and fracture modes were analyzed by FEA 
results. The FEA used in the analysis of these specimens was 
a two-dimensional model based on the measured values of 
each specimen as shown in Fig. 16, and the element was a 
quadratic rectangle element assuming a plane stress condi-
tion. The mechanical properties shown in Table 3 were used 
for the analysis. In addition, since Fig. 16 is a symmetrical 

Fig. 9   The molding dimen-
sions in the three-point bend-
ing test similarly to Fig. 2
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model, the left part from the center is omitted. The steel 
material is an isotropic elastoplastic material of a perfectly 
bilinear model with a yield point of 296 MPa. The CM is an 
isotropic elastic material, and the CFRP is an orthotropic 

elastic material. The fiber axial direction elastic modulus, 
the fiber vertical direction elastic modulus and the shear 
modulus of the CFRP were calculated from the measured 
thicknesses of the specimens by the rule of mixture used 
in the same method as the theoretical value of Fig. 14. The 
estimated position of the peel stress was defined as the 
boundary of the tapered position between the first layer 
and the second layer of CFRP. This is the position where the 
fracture mode through the experiment was also caused by 
debonding at the interface between the CM and the steel 
plate and by the delamination of the CFRP between the first 
and second layers. In the analysis, one experimental speci-
men was used for each parameter because the experimen-
tal result was stable as shown in Fig. 13. Firstly, the bending 

Table 5   The measurement results of the CFRP thickness of the specimens after molding and the fiber volume content obtained by its result 
are shown similarly Table 1

Specimens Width (mm) tCFRP+CM (mm) Vf

(%) Average (%) Coefficient of 
variation

Average (%) Coefficient of variation

L400-7-1 44.16 4.12 42.67 42.19 0.0199 44.27 0.0349
L400-7-2 42.34 4.20 41.73
L400-7-3 42.91 4.16 42.19
L400-7-4 43.35 4.16 42.19
L400-11-1 43.34 5.73 46.17 44.23
L400-11-2 42.76 5.99 43.96
L400-11-3 44.12 6.07 43.42
L400-11-4 43.43 6.06 43.40
L320-7-1 39.78 3.84 46.31 46.31 0.0305
L320-7-2 37.38 3.84 46.31
L320-11-1 38.07 5.91 44.62 44.37
L302-11-2 38.77 5.97 44.12
L220-7-1 41.59 3.98 44.41 45.50
L220-7-2 39.43 3.82 46.59
L220-11-1 38.96 5.88 44.87 45.08
L220-11-2 38.20 5.83 45.29

Fig. 11   A condition in the 
experimental specimen with 
the bonding length of 220 mm 
and the number of CFRP lami-
nations of 11 layers

50
SG

500
250

225 25

SG1SG2DM

SG3
DM1DM2

Loading

Pinned support

[Unit: mm]

Fig. 12   The bending span, the positions of strain gauge and dis-
placement meter
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behavior of each specimen was analyzed. From Fig. 17, it can 
be seen that the peel stress per unit deformation decreases 
as the bonding length increases. Focusing on the variation 
in the number of laminated CFRPs for each bonding length, 
there were hardly any differences in the L220 specimens; 
however, the peel stress per unit deformation increases as 
the number of laminated pieces was increased in the L320 
specimens. The reason for this result in the L220 specimens 

is that the bending stiffnesses are generally the same in the 
7-layer specimen and the 11-layer specimen. In the case of 
L220-11, as shown in Fig. 9b, it is expected that CFRP length 
of the shortest layer is 20 mm, and load-bearing was hardly 
performed. Also, in Fig. 14c the bending stiffness of L220-7 
and L220-11 was generally the same, and the compressive 
strain of the steel plate in Fig. 15c is also comparable. How-
ever, the maximum tensile strain of CFRP was decreased. 

Fig. 13   The condition of deformation after the experiment
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Dashed line: 7 layers specimens
Solid line: 11 layers specimens
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Fig. 14   The load–displacement relation obtained from the experiment. Also, in the figure, the theoretical values by the elastic curve equa-
tion are shown
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Figure 13 also shows the results of FEA, and the results are 
almost corresponding to the experimental results. From 
these results, it was found that a reinforcing effect was not 
exerted in the case of where the bonding length is extremely 
short, but FEA could simulate the effects. Based on these 
factors, it is considered that the bending behavior was dif-
ferent between the L220 specimens and the L320 specimens 

debonding of CFRP occurred. Secondly, the fracture modes 
were analyzed. Figure 18 shows the peel stress–strain rela-
tionships by FEA. Its strain is the same position of SG3. As can 
be seen from Fig. 17, it can be confirmed that the peel stress 
at the time of debonding of the L220 specimens and L320 
specimens is about 20 MPa. From this result, it is estimated 
that debonding failure occurs when the peel stress reaches 
about 20 MPa in this experimental condition. The debonding 
failure occurred by not only peel stress but also other stress 
component [15]; especially shear stress severely affects the 
debonding failure, so the failure stress should be determined 
by the various sectional shape, loading condition as well as 
stiffness of steel and/or CFRP as a subject of future inves-
tigation. On the other hand, focusing on the L400 speci-
mens in which the breaking of CFRP at the center occurred, 
L400-7-1 reached the breaking strain of CFRP at the center 
before reaching the peel stress of 20  MPa as shown in 
Fig. 18. From the results of L400-11-1 in Fig. 18, it is found 
that the peel stress of 20 MPa is generated when the strain 
of CFRP reaches about 7000μ. The breaking strain of CFRP 
in the experiment was visually confirmed when it exceeded 
8000μ; however, the nominal breaking strain of the carbon 

Fig. 15   The load–strain 
relation obtained from the 
experiment
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Fig. 16   The FEA model of three-point bending test
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fiber sheet in this study was about 5400μ; it was considered 
that the bending elastic modulus is lower than the fiber axial 
direction elastic modulus; it is supposed that the breaking of 
CFRP at the center occurred before the peel stress reached 
20 MPa or in the same load step. In that case, it is considered 
that the bending stiffness decreases because of the break-
ing of the carbon fiber at the center, and the peel stress was 
also slightly decreased. As a result, the L400-11 specimens 
reached peel stress of 20 MPa, which is expected to result in 
debonding in the case of FEA; however, the debonding did 
not occur through all L400-11 specimens, resulting in the 
breaking of CFRP.

5 � Conclusions

In this study, the VaRTM method was applied as an adhe-
sive bonding method for repair/reinforcement to steel 
structural members. Steel/CFRP hybrid specimens were 
prepared by VaRTM, and bond strength and mechanical 
behavior were analyzed and evaluated using elastic theory 
and finite element analysis through a double-strap ten-
sile shear test and a three-point bending test. The findings 
obtained are shown below.

(1)	 It is demonstrated that high fiber volume content 
and stable CFRP molding adhesion are possible by 
the VaRTM method.

(2)	 It showed that by applying the impregnating resin 
beforehand to the adhering surface before setting up 
the reinforcing material, it leads to stability of bond 
strength.

(3)	 For the elastic behavior, the initial stiffness shows cor-
respondence with the beam theory, indicating that 
the bending stiffness increases. Also, it is confirmed 
that FEA can simulate the effects of CFRP-strength-
ened steel with high accuracy even if the complex 
lamination condition was adopted.

(4)	 Analysis of bond strength and fracture mode of 
specimens with different bonding length and num-
ber of laminations using by finite element analysis, 
it was estimated the peel stress caused debonding 
was around 20  MPa without the effects of shear 
stress. And, it was confirmed that the FEA results 
corresponded to experimental result. In addition, it 
showed that the breaking of CFRP can occur before 
debonding because of the increase in bonding 
length.
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