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The carbon fiber-reinforced polymer (CFRP) has high strength, low weight and corro-
sion resistance. In addition, CFRP can improve the fatigue properties of steel products. In
this work, we study the mechanical and fatigue properties of a steel plate hardened with
carbon fiber. Tensile studies with pressure control were carried out on a plate of steel
reinforced with carbon fiber using an electro-hydraulic servo-amplifier machine for testing
materials MTS810. Tests for fatigue strength of cracked steel plate and CFRP alloy were
carried out at different stress amplitudes. When checking the fatigue characteristics, an
increase in the amplitude of the bending force resulted in a decrease in the fatigue life of the
specimens. It has been found that the mechanical properties of a steel plate hardened with
carbon fiber at equal loads are better than that of a steel plate, and the fatigue life is greater.

Keywords: carbon fibre reinforced plastics plate, steel structure, mechanical property,
fatigue property.

ApmvupoBanusiii yriaepogubsiM BosokHOM mosumep (CFRP) obGnamaer BBICOKON IIPOYHOC-
TbIO, MAJOW MAacColli M KOPPO3UMOHHOU cTOoiiKocThO. Kpome rToro, CFRP moixer yayuimuTh
YCTAJOCTHBIE XaPaKTEePUCTUKY U3AEJUN U3 craau. B pabore mpoBedeHbl NCCAEIOBAHNA MeXa-
HUUYECKUX M YCTAJOCTHBIX CBOMCTB CTAJbHOM IJIACTHHBI, VIPOUYHEHHOI yriemaacTurkom. Hec-
CJeLOBAHUS HA PACTSKEHHe C KOHTPOJEM [ABJEHHS IPOBOLHUJIHN HA ILJIACTHHE W3 CTAJH,
APMUPOBAHHON YIiIEIIACTUKOM, HCIOJb3YA 9JIEKTPOTHUIPABINYECCKYIO CEPBOYCUINUTEILHYIO
MAaIIMHY AJA ucublTaHuii marepuano MTS810. McenplTaHua HA YCTAJOCTHYIO IIPOYHOCTH
KPeKUPOBAHHOI cTrajbHOU mauTel u ud cmiasa CFRP mpoeoguiancs npu pasinudHBIX aMILIUA-
Tygax HanpsiKenuil. [Ipy mpoBepKe YCTAJMOCTHBIX XaPAKTEPUCTUK YBEJIWUYEHNE AMILINTYIbI
HAOpAMKeHNA uU3rubarlneil Cuibl IIPHUBEJO K YMEHBIIEHHIO YCTAJOCTHOIO CPOKAa CJIyKObI
o0pasnoB. OGHAPYMKEHO, UTO MEeXaHMUYECKMEe CBOMCTBA CTAJbHON ILIACTUHBLI, YIPOUHEHHON
YTJIAEMIACTUKOM, IPH OJUHAKOBBIX HATPY3KAX Jy4YIllle, UeM Yy CTAJbHOM ILJINTBI, & YCTAJOCT-
Has IOJIOBEUHOCTH GOJIBIIIE.

Mexaniuni i BromHi BiaacTuBoCTi ¢TpyKTypHOro intepdeiicy 3i craii, 3minmueHoi Byr.Je-
naactakom. Hua Zhu.

Apwmosanuii Byriaemneeum BoJorHOM mogimep (CFRP) mae Bucorky minmicTs, manmy macy i
KopoaiiiHy criiikicte. Kpim Toro, CFRP moke moaimmuTy BTOMHI XapaKTepUCTHUKU BUPOOiB
3i crami. ¥V poboTi mpoBemeHo mOCHigKeHHS MeXaHIUHMX i BTOMHMX BJIACTUBOCTEeIl cTasieBoi
IJIACTUHU, 3MiIlHEHOI ByrJemjaacTUKOM. HOCHifKeHHA HA POSTATHEHHSA 3 KOHTPOJEM TUCKY
HPOBOAMJIM HA ILIACTHUHI 31 cTasmi, apMoBaHOl BYIJEILIACTHKOM, BHKOPHCTOBYIOUH €JIEKT-
porizpasiiuHy CepBONiACUIIOIOUY MAIIMHY IJd BunpoGysanb marepianis MTS810. Bunpoby-
BaHHS Ha MinHicTh Bij yToMu Kpekipopamoi cranepoi mautu 3i cnimasy CFRP nposomuamcsa
npu pisHmx aminritygax Hampyr. Ilpum mepeBipii BTOMHMX XapaKTePUCTUK 30LJIbIIIEHHSA
AMILIITYAM HAOPYrY 3TMHAKUOI CHUJIM HPU3BEJIO 10 3MEHIIeHHS BTOMHOI'O TEPMiHY Cay:KOu
spaskiB. Buasieno, 1110 MexaHiuHi BJACTUBOCTI cTa/IeBOl IIJIACTUHU, 3MIIIHEHOI BYIJIEIJIACTU-
KOM, P4 OJHAKOBMX HABAHTAMKEHHAX Kpalli, HiK y crTajeBol HJUTH, a BTOMHA [JO-
BrosiuHicTs 6inbiie.
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1. Introduction

The steel structure has been widely used
in engineering structures due to its good
physical structure. However, the design
failure or substandard component may lead
to the failure of steel structure under the
effects of external load, corrosion of the
surrounding environment and some acciden-
tal factors in the process of use. To solve
these problems, some reinforcement meth-
ods are often used for repairing or
strengthening steel structure. The tradi-
tional reinforcement means [1] include
bolted connection, rivet connection and
welding, but they have shortcomings such
as large consumption of time and energy,
increase of self weight and easy corrosion of
the reinforcement part. Therefore carbon
fibre reinforced plastics (CFRP) plate is in-
troduced for reinforcing steel structure.
Fiber Reinforce Plastic (FRP) is composed
of continuous fibers and resin matrix. Com-
pared to the traditional metal reinforce-
ment, CFRP plate can avoid the above
shortcomings [2].

There are many studies concerning CFRP
plate reinforcement. Fuller et al. in [3]
studied a spread tow thin ply carbon-epoxy
prepreg material with a cured ply thickness
of 0.0302 mm and found that the applica-
tion of angle-ply laminates could achieve
highly non-linear stress-strain behaviour
and suppress the damage mechanisms.
Wang in [4] explored the mechanical per-
formance of CFRP-confined square concrete
columns under monotonic axial compression
and found that the size of specimen had no
significant influence on the axial stress-
strain behavior of FRP-confined medium-
and small-sized columns and the axial
stress-strain response suggested difference
with the increase of specimen size. Res-
sarchers in [5] fabricated CFRP by a
prepreg-based hot press method and found
it excellent in electrical conductivity in the
thickness direction. In this study, pressure-
controlled tensile loading was performed on
CFRP plate reinforced steel plate using
MTS810 electro-hydraulic servo universal
material testing machine, and the fatigue
performance of cracked steel plate and
CFRP plate reinforced cracked steel plate
was tested under different stress ampli-
tudes.
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Fig. 1. The bonding separation model

2. Mechanical and fatigue
performance of CFRP plate
reinforced steel

The same material can produce different
cracks under different loads in a fix ambi-
ent, and the cracks can be generally divided
into opening mode, sliding mode crack and
tearing mode crack. This paper only ex-
plained the opening node crack because of
the limit of length. As shown in Fig. 1, it is
the bond separation model of opening mode
crack.

In Fig. 1, the vertical coordinate is the
traction cohesion of crack surface, and the
horizontal coordinate is the opening dis-
placement of crack surface. It was noted
from Fig. 1 that the glue line began to
separate when the normal stress of the di-
rection of thickness of glue line was f,,,,,
and the traction gradually decreased to O
with the increase of opening displacement.
Its expression is:

E
Fax X < xq 1

a ’
1 -a) x<x< xf
0 x>xf

where x is the opening displacement of
cracks, E, is the elasticity modulus of glue
line, d is the thickness of glue line, and a is
damage factor.

The fatigue life of a structure generally
includes crack forming life and crack
growth life. Generally speaking, the theory
of fracture mechanics is used for calculat-
ing crack growth life. The amplitude of
stress intensity factor is closely related to
crack growth life. Fig. 2 shows the logarith-
mic function curve of crack growth rate and
the amplitude of stress intensity factor.
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Table 1. Data of the materials

Item Length, mm Width, mm Thickness, mm Tensile Extension
strength, MPa | modulus, GPa
Q235 steel plate 260 60 12 455 209
CFRP plate 180 60 1.3 3000 170
Adhesive / / / 55 4

It is noted from Fig. 2 that the curve is
divided into three areas. Area I is non-
growth area; when the amplitude of stress
intensity factor is smaller than AK,, cracks

nearly has no growth. Area 2 is stable
growth area; when the amplitude of stress
intensity factor is between AK, and AK,,

cracks grow stably, and the growth rate is
in a linear logarithmic relationship with the
amplitude of stress intensity factor

dy _ (2)
Taf = ALKp,

where AK, = K,(1 - R), K}, is the fracture
toughness of material, R is stress ratio, A
and n are constants of material, AK is the
amplitude of stress intensity factor, y is the
length of crack, and M is the times of cy-
cling. Area 3 is rapid growth area; at that
time, cracks grow rapidly, and the material
tends to fracture; its proportion in the fa-
tigue life can be ignored.

When the amplitude of stress intensity
factor and load remain unchanged, the fa-
tigue life of a component can be speculated
according to

_ 1% _dy (3)
Ay (AKY

where y; is the length of initial crack, y, is
the length of crack after growth, and M is
the times of cycling.

3. Experimental

For test of mechanical performance ma-
terial test was carried out on Q235 steel
plate according to China National Standard
GBT228-2002 [6]. CFRP plate used was pro-
duced by Stesalit AG company, and epoxy
resin was used as adhesive [7]. The data of
the materials are shown in Table 2.

The test specimen is shown in Fig. 3.
Two steel plates were connected, and the
joint was fixed using CFRP plate. The steel
plate and fibre plate were connected using
epoxy resin; before connection, the surface
of the steel plate was processed [8]. As the
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Fig. 2. The logarithmic curve of fatigue
crack growth.

adhesive might not be coated evenly and
there might be a loss in surface processing,
the test specimen was measured before
static stretching [9].

For test of fatigue performance Q235
steel plate was used. The CFRP plate used
was the same with that used in the me-
chanical performance test. The parameters
of the test specimens are shown in Table 2.

As shown in Fig. 4, test specimen X is a
cracked steel plate, and a 10 mm long crack
was made in the middle of the test specimen
using wire; text specimen was pasted with a
CFRP plate which was 1.8 mm thick, 80
mm long and 40 mm wide on the upper and
lower surfaces of the crack. Surface proc-
essing was made before bonding.

Pressure-controlled tensile loading was
performed using MTS810 electro-hydraulic
servo universal material testing machine.
The loading speed was 0.3 kN/s, 5 kN for
one grade, and each grade was kept for 3 s.
Firstly it was pre-loaded to 10 kN at a
speed of 0.4 kN/s and then unloaded. The
procedures of the subsequent test were as
follows. The computer was turned on, and
the testing system was logged on. Then the
oil pump and regulating valve were opened
[11] to make upper beam rise. The experi-
mental scheme was edited in the system.
The test specimens were installed using
proper fixture. Test specimen A was pasted
with a force transmission steel plate which
was 60 mm wide on the left side. Test speci-
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Table 2. Data of the materials.

Item Length, mm Width, mm Thickness, mm Tensile Extension
strength, MPa | modulus, GPa
Q235 steel plate 170 40 3 455 209
CFRP plate 80 40 1.3 3000 170
Adhesive / / / 55 4
12mm
60m
g g | L
260mm 260mm
Fig. 3. Design of test specimen component
80 mm
40 mm
> 170mm 170mm

(X) Cracked steel plate

Fig. 4. Design of test specimen component

men B was pasted with force transmission
steel plate which was 30 mm wide on both
sides. Test specimen C was pasted with
force transmission steel plate which was 60
mm on the both sides. Moreover the meas-
ure points of strain meter which were used
for measuring stress should be distributed
at the joint or two ends of the steel plates
if possible. Then the testing machine
worked until the test specimen was dam-

aged. Finally the fixture was removed.
3.2.2 Test of fatigue performance

Bending fold test [10] was carried out on
test specimen X and Y under stress ampli-
tudes using a MTS810 electro-hydraulic
servo universal material testing machine;
the stress amplitude was 150 MPa and 250
MPa, and the stress ratio was 0.1. To pre-
vent degumming of the ends of CFRP plate,
the two ends were clamped using bolt clip.
Each test specimen was tested thrice under
each stress amplitude.
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(Y) CFRP plate reinforced cracked steel plate

4. Results and discussion

As shown in Table 3, the actual thickness
of the three steel plate specimens was dif-
ferent with the theoretical thickness due to
the surface processing of the steel plates
and uneven glue line.

Overall, the test phenomenon of the
three test specimens was similar. Taking
test specimen C in Fig. 5 as an example, the
strain of test specimen C gradually in-
creased with the increase of load in the in-
itial stage of loading, but only the interface
of the steel plate had obvious changes.
When the load reached 65% of the ultimate
load, CFRP plate began to crack and fizz,
and the stress area of the test specimen
began to move to the two ends of the plate.
With the continuous increase of the load,
the strain value also increased; but the sur-
face of the component had no change. When
the load reached the limit, a loud sound was
heard, the CFRP plate was separated from
the steel plate, and the load rapidly de-
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Table 8. The measured thickness of the
test specimen

No. of Thickness Thickness Thickness
test of steel of test of glue
specimen | plate/mm |specimen/mm line/mm
A 11.52 16.82 1.45
B 11.57 17.23 1.63
C 11.63 16.65 1.31

creased to 0. The test specimen was directly
damaged, and the load stopped.

There are three kinds of failure types in
components [12], as shown in Table 4.

According to Table 4, the failure type of
test specimen B was stripping failure of
CFRP plate/glue line, and the failure type
of test specimen A and C was delamination
failure of CFRP plate. The test results dem-
onstrated that the failure of the test speci-
men was shear-bond failure, and stripping
of CFRP plate started when the shear stress
reached the limited at the interface.

Analysis on the bearing capacity of
CFRP plate reinforced steel plate Figs. 6, 7
and 8 shows the strain-load curves of test
specimen A, B and C.

(1) Test specimen A

In the early stage of loading, i.e., before
40 kN, the strain changes around the end
and interface of the CFRP plate were linear.
After 50 kN, the strain around the end of
the CFRP plate basically had no changes,
and the strain around the interface grew
rapidly. The strain increased 75% when the
load increased from 50 kN to the ultimate,
suggesting the shear stress around the in-
terface grew rapidly in that stage; but the
shear stress around the end of the CFRP
plate remained unchanged. The zone of ac-
tion moved from the end of the CFRP plate
to the area around the interface. The shear
stress around the interface reached the ulti-
mate shear stress, and shear failure hap-
pened to test specimen A.

(2) Test specimen B

In the early stage of loading, i.e., before
30 kN, strain changes around the end and
interface of CFRP plate were linear. After
33 kN, the strain around the end of the
CFRP plate had little change, but the strain
around the interface grew rapidly. The
strain increased 106% when the load in-
creased from 33 kN to 40 kN; after 40 kN,
the increase was almost linear. The strain
increased 250% when the load increased
from 33 kN to the ultimate. Besides the
stress of the end of the CFRP plate linearly
increased when the load approached the ul-
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Table 4. The failure types of components

Failure types Failure forms

Glue line completely
pasted on steel plate

Stripping failure of
CFRP plate/glue line

Stripping failure of
steel plate/glue line

Steel plate and glue line
completely separate.

It is universal and
usually occurs inside
CFRP plate. Some fibers
stay at glue line after
failure of test specimen.

Delamination failure
of CFRP plate

80
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Fig. 5. The load-displacement curve of test
specimen C.

timate, suggesting that the shear stress
around the end and interface of the CFRP
plate increased rapidly at the moment. Test
specimen B was damaged when it reached
the ultimate shear stress.

(3) Test specimen C

In the early stage of loading, the strain
changes around the end and interface of the
CFRP plate was linear. The strain around
the end of the CFRP plate had little change
when the load was larger than 30 kN, and
the strain around the interface transiently
had little change when the load was between
30 and 40 kN. But the strain around the
interface had a rapid linear increase when
the load was higher than 40 kN. The strain
increased 185% when the load increased
from 40 kN to 60 kN. After 60 kN, the
strain increased linearly, but the increase
amplitude was smaller. The strain increased
280% when the load increased from 40 kN
to the ultimate, indicating that the shear
stress around test specimen C grew rapidly
and was the first to reach the ultimate;
shear failure happened to test specimen C.

The test results of specimen X were simi-
lar when the stress amplitude was 150 MPa
and 250 MPa. The fatigue source located at
the two ends of the original crack. In the
process of bending fold, the crack grew, and
the steel plate around the crack tip had
obvious plastic deformation. The test re-
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Table 5. The fatigue life of the test specimens

Test Stress amplitude The first The second The third Average/ten
specimen of bending test/ten test/ten test/ten thousand times
fold/MPa thousand times | thousand times | thousand times
X 150 5.9 5.4 5.5 5.6
250 0.5 0.6 0.4 0.5
Y 150 157 155 156 156
250 10.4 10 10.1 10.2
2500
2000 Around the end I
- Around the end 2000F = e
1600 T of CFRP plate o of CFRP plate
w - . . =3 1500+ — Around the interface
= 1200} ~— Around the interface _%
c oy
= + & 1000 -
£ so0f @ ‘
L 500 _
400 — —
L 0 — ) . . .
0 0 10 20 30 40 50 60 70 80

0 10 20 30 40 50 60 70
Load, kN

Fig. 6. The strain-load curves of test speci-
men A before failure.

sults of test specimen Y were also similar
when the stress amplitude was 150 MPa and
250 MPa. After complete fracture of the
steel plate, the CFRP plate still could carry
bending fold. After the CFRP plate was dis-
sembled, the metal fatigue source was found
at the two ends of the original crack; the
crack grew from the two ends, but the open-
ing of the crack surface was smaller com-
pared to test specimen X. Moreover test
specimen Y constantly fizzed in the late
stage of bending fold, which was because
that the CFRP plate began to fracture
slightly.

Table 5 exhibits that no matter CFRP
plate was used for reinforcement or not, the
fatigue life of the test specimens reduced
greatly with the increase of the stress am-
plitude of bending fold; when the stress am-
plitude was 150 MPa, the average life of
test specimen X, i.e. the cracked steel plate,
was 56,000 times, and the average life of
test specimen Y, i.e. CFRP plate reinforced
cracked steel plate was 1.56 million times,
improved 26.86 times. When the stress am-
plitude was 250 MPa, the average life of
test specimen X and Y was 5,000 times and
102,000 times, improved 19.4 times. When
the stress amplitudes of bending fold were
the same, the fatigue life of the CFRP plate
reinforced cracked steel plate was longer
than that of the cracked steel plate, indicat-
ing CFRP plate reinforcement could effec-
tively improve the fatigue life of cracked
steel plates.
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Fig. 7. The strain-load curves of test speci-
men B before failure.
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Fig. 8. The strain-load curves of test speci-
men C before damage.

5. Conclusions

Pressure-controlled tensile loading was
performed on CFRP plate reinforced steel
plate using a MTS810 electro-hydraulic
servo universal material testing machine.
The fatigue performance of cracked steel
plate and CFRP plate reinforced cracked
steel plate was tested under different stress
amplitudes. The conclusions are as follows.

The test results of the three components
were similar in the tensile test. When the
load was 65% that of the ultimate load, the
CFRP plate began to fracture and fizz.
When the load increased to the limit, a loud
sound was heard, and the CFRP plate was
separated from the steel plate. The failure
of test specimen A and C was delamination
failure of CFRP plate, and the failure of
test specimen B was stripping failure of
steel plate/glue line.
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In the tensile test, test specimen A only
had force transmission steel plate which
was 60 mm wide on one end. Test specimen
B and C had force transmission plate on two
ends; and the width was 30 mm and 60 mm
respectively. In the initial stage of loading,
the strain and load of the three test speci-
mens was in a linear relationship. But in
the middle stage of loading, the shear stress
around the interface of the steel plate rap-
idly increased, but the shear stress around
the plate end remained unchanged; the
shear stress around the interface reached
the limit firstly, and shear failure happened
to the test specimen. When the load of test
specimen B was close to the limit, the
stress on the end of the CFRP plate in-
creased linearly, and the shear stress
around the end and interface of test speci-
men B sharply increased; the test speci-
men failed when the shear stress reached
the limit.

In the test of fatigue performance, the
increase of stress amplitude of bending fold
greatly shortened the fatigue life of the test
specimens. The average fatigue life of the
CFRP plate reinforced cracked steel plate
improved 26.86 times under the stress am-
plitude of 150 MPa and 19.4 times under
the stress amplitude of 250 MPa. It indi-
cated that the fatigue resistance perform-
ance of the CFRP plate reinforced cracked

Functional materials, 25, 4, 2018

steel plate was higher and CFRP plate could
extend the fatigue life of steel plates.
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