
RESEARCH PAPER

Experimental Investigation on Bonded and Screwed Carbon Fiber-
Reinforced Plastic Plates on Timber Column–Sill Joints

Rintaro Ueda1 • Akio Sakamoto2 • Kei Sawata3 • Yoshihisa Sasaki3 • Takanobu Sasaki3

Received: 23 August 2022 / Revised: 14 March 2023 / Accepted: 23 March 2023
� The Author(s) 2023

Abstract
In this study, timber column–sill joints strengthened with carbon fiber-reinforced plastic (CFRP) plates using bonds and

screws were subjected to loading tests. Twelve joint specifications were considered depending on different combinations of

the CFRP plate surface finish and thickness and the type of bond, and the corresponding effects on the load–displacement

behavior of the joints were investigated. Three failure modes were observed in addition to the peeling of the CFRP plate.

The specimens that failed owing to screw tear out and screw head pull-through in the CFRP plate or splitting of the sill

showed load–displacement curves of a similar shape. Those that failed owing to buckling of the CFRP plate showed a rapid

and substantial load decrease due to failure. This failure mode was only observed in 0.50 mm thick CFRP plate specimens.

When a peel-ply CFRP plate was installed in the column–sill joint specimens, similar secant stiffnesses were observed in

the silicon and epoxy resin-bonded specimens, both with high shear strength. Although the specimens with bonds with a

high shear strength showed lower deformation performance, the specimens’ maximum load increased with the bond’s shear

strength. The maximum load improved for a 0.75 mm thick peel-ply silicon- or epoxy-bonded CFRP plate. The load’s

maximum value after peeling the CFRP plate was 0.79–1.23 times as large as the maximum load of the no-bond specimens

and did not change significantly.

Keywords Column–sill joint � Bond type � Failure mode � Stiffness � Maximum load

List of symbols
PS-max Maximum load of the no-bond specimens

Pr Maximum load after peeling of the CFRP plate

Du Displacement corresponding to the value of

0.8 9 PS-max

1 Introduction

Recently, carbon-fiber-reinforced plastics (CFRPs) have

been increasingly used in construction. Numerous studies

have reported on strengthening structures using CFRP

sheets and plates for concrete construction. CFRP materials

are usually externally installed by bonds, and the guidelines

for strengthening reinforced concrete structures using FRP

have been published in countries such as Japan [1],

America [2], and Italy [3].

Several experimental [4–6] and theoretical [7, 8] studies

on FRP bonded to concrete joints have been conducted in

the last two decades [9]. Based on the knowledge and

experience acquired in concrete construction, CFRP has

been applied to strengthen timber structures. This tech-

nique is less intrusive than are the other techniques, and it

allows the preservation of the original appearance of the

target construction and can be performed rapidly [10]. In

Italy, guidelines for the design and construction of exter-

nally bonded FRP systems for strengthening existing tim-

ber structures have been established and published [11].

However, more studies have focused on the application of

CFRP materials to concrete construction than timber

structures.

Timber structures are often strengthened by installing

CFRP materials with bonds or fasteners. The interfacial

behavior of CFRPs bonded to timber joints has been
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investigated, and analytical models have been developed

[9, 10, 12–17]. Wan et al. [12] developed an exponential

bond strength model from 86 single-shear tests of FRP–

timber joints with six adhesive types, two FRP plate types,

and two wood species. They concluded that the difference

in adhesive type did not noticeably affect the bond stress–

slip response. All the adhesives used in the study were

epoxy based, and their individual differences were not

mentioned. Biscala and Diogo [10] conducted single-shear

tests on FRP-to-timber bonded joints with additional

mechanical anchorage to prevent the premature debonding

of FRP strips from the timber surface. The study reported

that most of the adapted mechanical anchorages increased

the load capacities of the joints compared to those without

mechanical anchorages. Some studies have focused on

strengthening timber beams with CFRP strips or sheets,

mainly bonded externally to the tension side [18–23].

Schober et al. [18] studied the bending strength of old

timber beams strengthened with CFRP strips bonded

externally or in slot to the tension zone and reported that

the presence of CFRP strengthening arrested the crack

opening, and the strengthened beams exhibited more duc-

tile behavior. Garcia et al. [19] studied the strength prop-

erties of timber beams strengthened with externally bonded

U-shaped basalt fibers and unidirectional and bidirectional

CFRP fabrics on the tension side. They reported that the

beams with strengthening exhibited greater stiffness irre-

spective of the used fiber fabrics than those without

strengthening. Using bidirectional CFRP fabrics offered

better results than unidirectional fabrics, even with lower

grammages than the latter. This result implies the potential

cost-effectiveness of using bidirectional CFRP materials

for strengthening timber structures. Biscaia et al. [22]

compared flexural-strengthened old timber beams with

externally bonded CFRP strips on the tension side. They

reported that the slips between the CFRP and timber and

bond stresses within the CFRP-to-timber interface were

reduced.

The installation methods for FRP with metal fasteners

are described in the guidelines [11]. Righetti et al. [24]

investigated the bending behavior of timber beams

strengthened with CFRP plates screwed on the tension side.

They reported that the strengthening increased bending

strength by 29.4% and global modulus of elasticity by

68.4%. The typical failure mode was timber cracking in the

tension zone with no failure of the CFRP plates. Addi-

tionally, Righetti et al. [25] studied the shear resistance and

deformation characteristics of single-screwed joints using

FRP plates. They reported that the failure of the specimens

was mainly due to screw yielding at the timber and FRP

plates, and slippage between the plate and wood was

observed. Studies have been conducted on CFRP to timber

joints with bonds or fasteners; however, few reports on the

load-deformation behavior of combined joints with bonds

and fasteners are available.

When wooden houses are subjected to horizontal forces,

such as earthquakes and wind, an uplift force occurs in the

column–sill timber joints. In recent years, metal hardware

has often been installed in the column–sill joints of wooden

houses to resist this uplift force; however, this is not often

performed in older wooden houses. When metal hardware

is installed in timber, probable condensation on the metal

hardware can increase the moisture content of the timber.

The increased moisture content at the sill often causes

biodegradation of timber. Given that the CFRP plates are

less likely to condense than metal hardware, the external

installation of CFRP plates can be an appropriate method

for strengthening column–sill joints in such houses.

Therefore, cyclic loading tests were conducted on column–

sill joints strengthened with CFRP plates installed using

both bonds and screws. The effects of the CFRP specifi-

cations and bond type on the load–displacement behavior

of these joints were investigated.

2 Experimental Details

2.1 Materials

2.1.1 CFRP Plates

The design of the CFRP plate is illustrated in Fig. 1. The

plates were 105 mm wide and 210-mm long and had

20 9 6.0 mm diameter holes (as shown) for the screws.

The plates were either 0.50- or 0.75 mm thick. The plate

specifications are listed in Table 1. The plates comprised

two or three layers of laminated F6343B-05P prepreg

sheets. Each layer was 0.24 mm thick and had a fiber areal

weight of 200 g/m2. The prepreg sheets were composed of

15
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Fig. 1 CFRP plate: a Geometrical dimensions; b CFRP plate with a

peel ply
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plain weave T300-3 K carbon fiber manufactured by Toray

Industries Inc. (Tokyo) and comprised carbon fibers

arranged in two orthogonal directions. The tensile strength

of the carbon fibers was 3530 MPa. The matrix resin was

an epoxy resin.

Peel plies are often used in composite manufacturing to

create clean and rough surfaces for bonding [26, 27]. Mold

release agents often remain on the surface of molded

CFRPs, affecting the bonding properties between the CFRP

and timber. To remove these remnants, CFRP plates with

two different surfaces were used. One had a polyester peel

ply on the surface of the CFRP (Fig. 1b), which was

removed prior to the bonding. The other surface type was

sanded with sandpaper on the surface of the CFRP without

a peel ply to roughen the surface for bonding. The abrasive

grain size of the sandpaper was 80–106 lm, and the mold-

releasing agent was removed by sanding. The sanded 0.50

mm thick, peel ply 0.50 mm thick, and peel ply 0.75 mm

thick CFRP plates were named 50S, 50P, and 75P,

respectively. The timber surface was not sanded.

2.1.2 Columns and Sills

The design of the columns and sills is illustrated in Fig. 2.

The columns (105 mm 9 105 mm 9 645 mm) and sills

(105 mm 9 105 mm 9 1000 mm) were prepared from

Japanese cedar (Cryptomeria japonica). The mean wood

density was 373 kg/m3, and the dimensions of the tenons

and mortises were 75 mm 9 30 mm 9 45 mm and

78 mm 9 33 mm 9 50 mm, respectively. The dimensions

of the tenons were smaller than those of the mortises to

avoid friction between the tenons and mortises when

investigating the load–displacement behavior of the bon-

ded and screwed joints.

2.2 Column–Sill Joint Specimens

The CFRP plate was installed on one side of the column

and sill members. Four approaches can be adopted to join

CFRP plates to members. One was a screwed joint without

a bond (no-bond). The others were joints with screws and

bonds combined. The screw design is shown in Fig. 3. The

screws used in this study were 41 mm long with a 31 mm

long shank; the outer thread and core diameters were

4.0 mm and 2.65 mm, respectively. These screws were

manufactured by Synegic Co., Ltd. (Miyagi) for timber

structures, and the yield strength of the screws was

1553 MPa. The yield strength was determined from a four-

point bending test with support and load spans of 27 mm

and 6 mm, respectively. The CFRP plate was fastened to

the column and sill using ten screws in each.

The following three types of bonds were prepared: two

silicon resin adhesives (Silicon A and B) and one epoxy

resin adhesive (Epoxy). The bond specifications are listed

in Table 2. Epoxy resin adhesives are used post-strength-

ening timber structures; however, they might be generally

too rigid for bonded timber joints [18]. The silicon resin

Table 1 Details of CFRP

CFRP

type

Number of

laminates

Thickness of CFRP

plate (mm)

Surface of

CFRP plate

50S 2 0.50 Sanding

50P 2 0.50 Removal of a

peel ply

75P 3 0.75 Removal of a

peel ply

45
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100

100
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Fig. 2 Geometrical dimensions of column and sill

41mm

31mm

4mm

Fig. 3 Dimension of screw
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adhesives used in this study were elastic curing adhesives

and might be able to increase displacement during shear

deformation of bonded joints. Therefore, three different

bonds were provided to investigate the effects of the shear

strength of bonds on the strength properties of column–sill

joints with CFRP plates installed using both bonds and

screws. The shear strengths of the bonds are listed in

Table 2. The shear strengths were determined from single-

lap shear tests according to JIS K 6850, equivalent to

ASTM D 1002 and ISO 4587. The shear strengths of Sil-

icon A, Silicon B, and Epoxy were 0.76, 5.62, and

18.9 MPa, respectively. The specimens with the adhesive

applied were placed at room temperature and humidity

during curing. Twelve specifications of column–sill joint

specimens comprising three different CFRP plates with

four different joint types were considered, and tests were

conducted on three specimens per specification.

2.3 Experimental Methods

The test setup is shown in Fig. 4. The column was fastened

to a steel jig using four bolts with a diameter of 12 mm.

The sill was fastened to a steel frame using two bolts with a

diameter of 16 mm. The fastening position was 400 mm

from the center of the column.

The displacement between the column and sill was the

mean value recorded by the two displacement transducers

located on each side of the column. Cyclic tests were

conducted using a computer-controlled hydraulic-actuated

testing machine. The load was applied to produce a

0.5 9 yield displacement, which was subsequently reduced

to 0 mm. This loading procedure was repeated to produce

displacements of 1.0, 2.0, 4.0, 6.0, and 8.0 9 yield dis-

placement; subsequently, the load was monotonically

applied. The tests were terminated when the load dropped

below 50% of the maximum load [28]. The yield dis-

placement was obtained from the preliminary monotonic

loading test of the column–sill joint specimens with a 0.75

mm thick CFRP plate. The yield displacements of speci-

mens with no-bond, Silicon A, Silicon B, and Epoxy were

1.0, 1.6, 0.8, and 1.5 mm, respectively.

3 Results and Discussion

3.1 Failure of Column–Sill Joint Specimens

The column–sill joint specimens with bonds and screws

initially failed at the bonded joint between the CFRP

plate and timber, and the CFRP plate was peeled off

from one or both columns and sills. The subsequent

failures of the column–sill joint specimens can be clas-

sified into three modes: (a) screw tear out and screw head

pull-through in the CFRP plate; (b) splitting of the sill;

and (c) buckling of the CFRP plate; as shown in Fig. 5. A

diagram of the progress of the screw tear and screw head

pull-through is shown in Fig. 6. The screw joints resisted

external forces after the bonded joint failed. The

embedment of the CFRP plate by the screws increased

with the deformation of the column–sill joint specimen.

Finally, the specimen failed with a screw tear out and

screw head pull-through. The occurrence rates of the

failure modes are shown in Fig. 7. Tear out and screw

head pull-through were frequently observed in the 50S

and 50P CFRP plate specimens. For the 75P CFRP plate,

this failure occurred in the no-bond and Silicon A

specimens.

A split of the sill was observed in some column–sill joint

specimens with the 50P CFRP plate bonded with Silicon B

and Epoxy, but occurred mostly on the 75P CFRP plate

specimens. When the embedding load of the CFRP plate

was high and the CFRP plate was rigidly fastened to the

sill, sill splitting occurred mainly on the upper edge

(Fig. 5) owing to the small edge distance. As shown in

Fig. 8, some specimens exhibited a split near the center of

the sill, and the crack length associated with such splits was

larger than that of the splits near the edge of the sill.

The embedded marks exhibited slit-like shapes when the

screw was embedded in the CFRP plate. If the screw

passed through the embedding marks under a reversed

Table 2 Details of bond type

Type Bond fs (MPa)

Silicon A Silicon resin 0.76

Silicon B Silicon resin 5.62

Epoxy Epoxy resin 18.9

fs: shear strength

100      400         400      100

105

1000

600

Displacement

transducer

Loading direction

[Unit: mm]

Fig. 4 Outline of column–sill joint specimen with CFRP
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load, it returned to the original screw hole. Otherwise, the

CFRP plate failed by buckling, as shown in Fig. 9. Buck-

ling of the CFRP plate was observed only in the 50S and

50P CFRP plate column–sill joint specimens. When the

CFRP plate was thin, buckling occurred under reversed

loading.

Fig. 5 Failure mode of column–sill joint specimen: a tear out and screw head pull-through (50S CFRP plate specimen bonded with Silicon B);

b split of sill (75P CFRP plate specimen bonded with Silicon B); c buckling of CFRP plate (50P CFRP plate specimen bonded with Silicon B)

Pushed away

from plate end 

Punching out

of screw head

or

Debonding

of plate

Splitting of 

carbon fiber

Fig. 6 Deformation process of screw tear out and screw head pull-through
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3.2 Load–Displacement Behavior

Envelope load–displacement curves were obtained for the

column–sill joint specimens from the cyclic load–dis-

placement curves, as shown in Fig. 10. The load of the no-

bond specimens showed a linear increase up to the yield

point and a continuous increase after yielding. The load of

the specimens bonded with Silicon A increased rapidly

immediately after loading. After the CFRP was peeled off

from the column and sill, the 50S and 50P specimens

showed no increase in load, whereas the 75P specimens

exhibited an increase in load. The load of the Silicon

B-bonded specimens increased to approximately 10 kN and

then rapidly decreased owing to the peeling of the CFRP

plate. Additionally, the Epoxy-bonded specimens exhibited

a significant decrease in load owing to peeling of the CFRP

plate. The shear strength of Epoxy was higher than that of

Silicon B (Table 2). For the 50P and 75P specimens, the

maximum loads of the Epoxy-bonded specimens were

greater than those of the Silicon B-bonded specimens.

However, for the 50S specimens, the maximum load of the

Epoxy-bonded specimens was smaller than that of the

Silicon B specimen. The surface roughness of the CFRP

plate can vary among the plates owing to inconsistent

sanding, and the difference in surface roughness can affect

the maximum load of the 50S specimens.

The envelope load–displacement curves are shown for

each failure mode. The specimens that showed failure by

screw tear out, screw head pull-through, and split of the sill

showed no difference in the shape of the load–displace-

ment curves. The specimens that exhibited buckling of the

CFRP plate showed a sudden and significant decrease in

load owing to failure. The buckling failure of CFRP should

be avoided because of the possible sudden loss of resis-

tance of the column–sill joint owing to the cyclic load. A

0.75 mm CFRP plate would be preferable over a 0.50 mm

one to avoid buckling failure.

3.3 Strength Properties

The initial stiffness and maximum load of the column–sill

joint specimens were obtained from the envelope load–

displacement curves. The line calculated by the least

squares method using load and displacement data from the

origin to 50% of the maximum load was defined as the

initial stiffness.

The initial stiffness and maximum load of the column–

sill joint specimens are shown in Fig. 11. The specimens

with bonds exhibited a higher initial stiffness than did those

without bonds. The initial stiffness of the 50S specimens

increased with the increasing shear strength of the bond.

The initial stiffness was higher for the 50P and 75P Silicon

B specimens than that for the 50P and 75P Silicon A and

Epoxy specimens. This was because of the method used to

evaluate the initial stiffness. The loads of the 50P and 75P

Silicon B- and Epoxy-bonded specimens first increased

linearly (Fig. 10), and the slope of the increase changed at

approximately 5 kN. The slope after 5 kN was less steep for

the Epoxy-bonded specimens than for the Silicon B-bonded

specimens. Because the data up to 50% of the maximum

load were used for the calculation of initial stiffness, the

initial stiffness of the Epoxy-bonded specimens would be

determined as low. For the Silicon B- and Epoxy-bonded

specimens, the secant stiffness, the slope of the line passing

through the origin and a point on the curve corresponding

to 5 kN, was calculated.

The mean secant stiffness values of the 50S Silicon B-

and Epoxy-bonded specimens were 7.97 and 9.24 kN/mm,

those of the 50P Silicon B- and Epoxy-bonded specimens

were 7.43 and 6.49 kN/mm, and those of the 75P Silicon B-

and Epoxy-bonded specimens were 7.03 and 6.83 kN/mm,

respectively. For the 50P and 75P specimens, the secant

stiffness showed a similar value, irrespective of the type of

bond. For a CFRP plate that excluded the peel ply with a

shear strength of the bond[ 5.62 MPa, the load–dis-

placement behavior during a small displacement of the

column–sill joint showed similar values.

Plate 

breakage

Plate 

buckling

Screw caught in 

deformed screw hole

Fig. 9 Buckling process of CFRP plate
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For the 50S Silicon A-bonded specimens, the maximum

load was similar to that of the no-bond specimens and

reflected the lowest values (Fig. 11b). The maximum load

of the 50S Epoxy-bonded specimens was lower than that of

the Silicon B-bonded specimens. As the shear strength of

Epoxy was higher than that of Silicon B, the bonding

performance of Epoxy-bonded specimens was not fully

reflected in the maximum load of the specimens. The

sanding of the CFRP plate may not have created sufficient

surface roughness.

The maximum load of the 50P and 75P Silicon A-bon-

ded specimens was comparable to that of the no-bond

specimens, and the maximum load of the specimens

increased as the shear strength of the bond increased. The

maximum loads of the 75P specimens were generally

higher than those of the 50P specimens for the no-bond and

Silicon A-bonded specimens; the maximum loads for the

Silicon B- and Epoxy-bonded specimens were very similar

to those of the 50P specimens. This shows that the thick-

ness of the CFRP plate influenced the maximum load of the

no-bond and Silicon A-bonded specimens but had little

effect on the Silicon B- and Epoxy-bonded specimens.

3.4 Load–Displacement Behavior After Peeling
of CFRP Plate

Schematic diagrams of the load–displacement curves of the

column–sill joints with and without bonds are shown in

Fig. 12. The column–sill joint with a bond resisted the

uplift force by the shear resistances of the bonded and
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screwed joints. When the displacement of the column–sill

joint was small, as shown in image I in Fig. 12, most of the

resistance of the column–sill joint was attributed to that of

the bonded joint. When the bonded joint failed and the

CFRP plate peeled off, the screwed joints resisted the uplift

force. The load–displacement behavior of the column–sill

joint specimens with bonds after CFRP peeling (image II in

Fig. 12) was compared with that of the no-bond specimens.

The maximum load (PS-max) and displacement corre-

sponding to 80% of the maximum load (0.8 9 PS-max) over

the maximum load were determined for the no-bond

specimens. For the bonded specimens, the maximum load

(Pr) after peeling the CFRP plate and the displacement

corresponding to the value of 0.8 9 PS-max, obtained from

the no-bond specimens, were determined.

The value of Pr was divided by the mean value of the

maximum load of the column–sill joint no-bond specimens,

and the results were expressed in terms of Pr/PS-max, as

shown in Fig. 13. The Pr/PS-max value did not change

significantly, irrespective of the CFRP plate or bond

composition, and the average remained in the range of

0.79–1.23. After peeling the CFRP plate, the bonded

specimens exhibited resistance similar to that of the no-

bond specimens.
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The displacement (Du) corresponding to a value of

0.8 9 PS-max is shown in Fig. 14. The column–sill joint

50S and 50P specimens showed no clear difference

between the values of Du of the specimens with and

without bonds. However, the values of Du of the 75P

specimens depended on the bond type. The values of Du of

the Silicon A specimens were similar to those of the no-

bond specimens, and the Silicon B and Epoxy specimens

exhibited significantly smaller values. When a bond with

high shear strength is used in a column–sill joint with a

CFRP plate, a significant decrease in load owing to the

peeling of the CFRP plate can influence the deformation

performance of the screwed joints.

When the CFRP plate is installed in the column–sill

joint with both a bond and screws, the plate with the peel

ply is recommended over that with sanding because sand-

ing can cause variations in the consistency of the finish

when creating surface roughness. The preferred thickness

of the CFRP plate is 0.75 mm because the 0.50-mm thick

CFRP plates under cyclic loading can fail due to buckling,

which causes a rapid decrease in the load. When a high

shear strength bond is used, the column–sill joint shows

high resistance during small displacements and high max-

imum loads, although the deformation performance after

peeling the CFRP plate can be lower.

4 Conclusions

Cyclic loading tests were conducted on column–sill joints

with CFRP plates installed with bonds and screws. A total

of 12 specifications comprising different combinations of

CFRP plate surface finishes, thicknesses, and types of

bonds were evaluated. The results are summarized as

follows:

1. The failure of the column–sill joint specimens exhib-

ited the following three modes: screw tear out and

screw head pull-through in the CFRP plate, splitting of

the sill, and buckling of the CFRP plate, in addition to

peeling of the CFRP plate. The 0.50 mm thick CFRP

plate specimens exhibited all three failure modes. The

0.75 mm thick CFRP plate specimens showed failure in

the screw tear out and screw head pull-through in the

CFRP plate and split of the sill, but did not fail owing

to buckling of the CFRP plate.

2. The specimens that failed with screw tear out and

screw head pull-through or split of the sill showed no

difference in the shape of the load–displacement

curves. The specimens that failed owing to buckling

of the CFRP plate showed a rapid and significant

decrease in load.

3. The initial stiffness of the column–sill joint specimens

tended to increase with the bond shear strength.

Although the stiffnesses of the 50P and 75P CFRP

plate Epoxy-bonded specimens were lower than those

of the specimens bonded with Silicon B, the cause of

this is considered the evaluation method of the initial

stiffness; little difference in the secant stiffness values

was observed.

4. The maximum load of the column–sill joint specimens

increased with the shear strength of the bond, except

for the 50S specimens, in which sanding created

insufficient surface roughness. The 75P specimens

showed a larger maximum load than the 50P Silicon

A-bonded specimens and a similar maximum load to

the 50P Silicon B- and Epoxy-bonded specimens.

5. The maximum load of column–sill joint specimens

after peeling of the CFRP plate was similar to the

maximum load of the no-bond specimens.

6. The maximum load of the 75P CFRP plate Silicon B-

and Epoxy-bonded specimens improved, and the load

after peeling of the CFRP plate decreased faster.
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