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Abstract

Carbon fiber reinforced polymer (CFRP), plates bonding repair method is one of the simple repair methods for cracked steel
structures. In this study, the influence of width of CFRP plates on bending fatigue life of out-of-plane gusset joint strength-
ened with CFRP plates was investigated from the experimental and numerical point of view. In the bending fatigue test of
cracked out-of-plane gusset joint strengthened with CFRP plates, the effect of width of CFRP plates on crack growth life
was clarified experimentally. Namely, it was revealed that the crack growth life becomes larger with increasing the width
of CFRP plates. In the numerical approach, the stress intensity factor (SIF) at the surface point of a semi-elliptical surface
crack was estimated based on the linear fracture mechanics. Furthermore, the extended fatigue life of cracked out-of-plane
gusset joint strengthened with CFRP plates was evaluated by using the estimated SIF at the surface point and the empirical
formula of the aspect ratio of semi-elliptical crack. As the results of numerical analysis, the estimated fatigue life of the
specimen strengthened with CFRP plates showed the good agreement with the test results.

Keywords CFRP plate - Out-of-plane gusset joint - Bending moment - Stress intensity factor - Linear fracture mechanics

1 Introduction

Carbon fiber reinforced plastic, CFRP, plates bonding repair
method has been studied as the repair method for corroded
steel structures or cracked steel structures, and employed as
the repair method for the existing corroded steel structures
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(e.g. National Research Council 2007; Chacon et al. 2004;
Phares et al. 2003; Roach et al. 2008). The CFRP plate has
excellent material properties with lower weight, and appli-
cability to rapid repairs. In order to spread the bonding tech-
nique of CFRP plates as crack repair method for the existing
steel bridge, it is important to predict the crack growth life of
steel member strengthened with CFRP plates quantitatively.

Since the crack growth rate depends on the stress inten-
sity factor (SIF), the previous studies have been focused on
the reduction of SIF to predict the extended fatigue life of a
cracked steel plate strengthened with CFRP plates quanti-
tatively. In particular, some of them predicted the extended
fatigue life of cracked steel plate repaired by bonding CFRP
plate focused on SIFs under axial loading condition. For
instance, Ye et al. (2010) investigated the fatigue life perfor-
mance on tension steel plates strengthened with pre-stressed
CFRP laminates. Wang et al. (2013) revealed the effect of
FRP configurations on the extended fatigue life. Colombi
et al. (2015) investigated the fatigue crack growth in CFRP-
strengthened steel plates with edge crack. However, they
were evaluated the crack growth life of a steel plate strength-
ened with CFRP plates from single aspect, i.e. experimental
results or FE analysis, Some researchers have been proposed
the equation of the SIF of cracked plate reinforced with
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CFRP plates considering the dimensions of CFRP plates,
the stiffness of CFRP plates and bonding position, and the
extended fatigue life of cracked steel plate strengthened
with CFRP plates was satisfactorily predicted by using the
proposed equation of SIFs (Colomb 2005; Liu et al. 2009;
Matsumoto et al. 2013). As above mentioned, it seems that
the crack growth life of tensile steel member strengthened
with CFRP plates have been investigated sufficiently.

On the other hand, edbending fatigue performance of
welded joint strengthened with CFRP plates have begun
to be investigated. In the previous paper (Matsumoto et al.
2016), the authors investigated the bending fatigue perfor-
mance of cracked welded joint strengthened with CFRP
plates by bending fatigue tests, however, in this research,
the effects of width of CFRP plates on bending fatigue per-
formance have not been discussed sufficiently. Therefore, in
this research, the effect of the width of CFRP plates on bend-
ing fatigue performance is revealed by bending fatigue tests.

Meanwhile, to predict the extended life under bending
moment of the cracked welded joint strengthened with CFRP
plates, Matsumoto et al. (2017) calculated the STF based on
linear fracture mechanics considering various parameters i.e.
the widths of CFRP plates, the stiffness of CFRP plates and
bonding position. Furthermore, it was shown that the crack
growth life of the cracked welded joint strengthened with
CFRP plates can be predicted by using calculated SIF. How-
ever, in the numerical method (Matsumoto el al 2017), the
SIF was calculated at the surface and depth points of semi-
elliptical crack, and surface crack length and crack depth
were calculated individually. In this method, the procedure

unit : mm

Fig.1 Test specimen

of the crack propagation analysis becomes complicated.
Therefore, in this study, procedure of the crack propagation
analysis of cracked welded joint reinforced with CFRP plates
is simplified. Specifically, in the simplified analysis, crack
propagation analysis is conducted by using SIF at the sur-
face point and surface crack length is calculated, while crack
depth is estimated by using the surface crack length and
the aspect ratio of semi-elliptical crack. Finally, the validity
of the simplified analysis of crack propagation is clarified,
and the effect of width of CFRP plates on bending fatigue
performance is predicted.

2 Specimen and Fatigue Test

In the fatigue tests, out-of-plane gusset welded joints fab-
ricated by using JIS-SM490YA, which has guaranteed the
yield stress of 355 N/mm? and tensile strength of 490 N/
mm?, were prepared (Fig. 1). The specimen was composed
of the 12 mm thick gusset plate and the 12 mm thick base
plate. The mechanical properties and chemical composition
of steel plate are listed in Table 1.

The fatigue test was carried out by using the fatigue test-
ing machine generating a plate bending type of loading, as
shown in Fig. 2. A cantilever-type specimen was set on a
frame bed and a vibrator was installed on the free end of the
base plate. Stress ranges were controlled by the vibration fre-
quency and defined as multiplication of elastic modulus and
the initial average strain ranges of gages B1 and B2 (Fig. 1).
Stress ratio, R, was controlled by the spring installed at the
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w / CFRP plate

L Strain gages

50 Clk}
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Table 1 Mechanical prop erties oy (N/mm?) oy (N/mm?) Elongation (%) Chemical composition (%)

and chemical composition of

the steel plate (SM490Y) C Si Mn S
447 552 21 0.15 0.18 1.41 0.003
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Fig.2 Test set up

free end of the specimen. In this study, stress ratio, R, at the
weld toe was controlled as 0 to ignore phenomena of fatigue
cack closure.

First, the as-welded specimen was subjected to the cyclic
loading until fatigue crack propagated to 10 mm away from
the weld toe (IV,), as illustrated in Fig. 2. Then, CFRP plates
were bonded on the fatigue crack with acrylic resin under
unloading condition (Fig. 1), after the bonding surface of
the base plate was finished by disk grinder with a rough-
ness number of #100. The longitudinal elastic modus of
the CFRP plate is 450 kN/mm? and the elastic modulus of
acrylic resin is 1.35 kN/mm?. The CFRP plates used in this
study are 2.1 mm in thickness, 100 mm in length and 10 or
25 mm in width. The location of strain gages is shown in
Fig. 1. AW specimen indicates the specimen of as-welded
condition and N,y + CFRP-w10 and N, + CFRP-w25 speci-
mens indicate the specimens repaired by CFRP plates of 10
and 25 mm in width, respectively.

3 Fatigue Test Results
3.1 Variation of Strain Range During Fatigue Test

Variation of the strain ranges during the fatigue tests under
stress range of 80 N/mm? are shown in Figs. 3 and 4.

Figure 3 is the test results of as-welded specimen (AW ;)
in the previous study (Matsumoto et al. 2017), and Fig. 4c
is the test results of the specimen reinforced with 50 mm
width CFRP plates (N;,+ CFRP-w50,.) in the previous
study (Matsumoto et al. 2016). In these figures, the fatigue
lives of Ny, and N, are plotted as the break lines.

In the AW specimen as shown in Fig. 3, the strain range
at gage A located in front of the weld toe decreased and the
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Fig.3 Variation of strain ranges in the AW, specimen

strain ranges at gages B1 and B2 located at the crack tip
increased, as the fatigue crack initiated at the weld toe and
propagated to the base plate.

In the specimen reinforced with 10 mm width CFRP
plates in Fig. 4a, the strain range at gage A decreased and
the strain ranges at gages B1 and B2 increased with crack
re-propagation as same as the AW, specimen. Additionally,
the strain ranges at gages C1 and C2 located on the CFRP
plates increased with fatigue crack re-propagating.

The strain range at the gage C2 sharply dropped at 95,000
cycles, thus it can be assumed that the CFRP plate located
at the left side of the gusset was delaminated. After the
delamination of the left side CFRP plate, strain ranges at the
gages B1 and B2 located at the crack tip increased slightly
and the strain range at the gage C1 located at the right side
CFRP plate increased greatly. The right side CFRP plate
was delaminated at the 0.2 million cycles as the decrease
of the strain range of gage C2, and finally fatigue crack was
initiated at the back surface of the specimen. The same ten-
dency of the variation of strain ranges in the N,,+ CFRP-
w10 specimen can be seen in the N, + CFRP-w25 specimen
and N, + CFRP-w50,; specimen.

Compared with Figs. 4a—c, the strain ranges at gages C1
and C2 located on the CFRP plates increased with decreas-
ing the CFRP width, thus delamination life of CFRP plates
decreased with the decreasing the CFRP width.

3.2 S-N Curve

The measured fatigue lives of the tested specimens are
summarized in Table 2. Crack growth life from N, to
N, is defined as the number of cycles after fatigue crack
propagated 10 mm away from the gusset (N;,) until
fatigue crack was initiated at the opposite side of the base
plate (&,). The S—N diagram of the fatigue test results is
shown in Fig. 5. In Table 2 and Fig. 5, the test results of
previous papers (Matsumoto et al. 2016, 2017) are also
listed and plotted as AW, and N,,+ CFRP-w50,.. The

ref*
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Fig.4 Variation of strain ranges in the specimen reinforced with CFRP plates. a N;;+ CFRP-w10 specimen, b N,;,+CFRP-w25 specimen, ¢

N,o+ CFRP-w50,; specimen

N,y + CFRP-w50, specimen indicates the crack repaired
by CFRP plates of 50 mm in width.

In Fig. 5, the delamination lives of CFRP plates, which
are defined as the number of cycles when the strain ranges
at the gages C1 and C2 began to decrease, are also plotted
as white symbols. As can be seen in Fig. 5, in all speci-
mens, fatigue crack appeared at the back surface of the
specimen after the CFRP plates began to be delaminated.

The delamination life of CFRP plates decreased with
decreasing the width of CFRP plates, thus the fatigue life
N, becomes shorter with decreasing the width of CFRP
plates. Especially, the fatigue lives N, in the N, + CFRP-
w10 and N,y+ CFRP-w25 specimens are almost same
as those in the AW, specimens, while the N,,+ CFRP-
w50, specimens showed the significant extended crack
growth lives compared with that in the AW specimens.

3.3 Observation of the Fracture Surface After
Fatigue Test

Figure 6 shows the fracture surfaces after fatigue tests. In
all specimens, the N, crack was dye-marked.

As shown in Fig. 6a, in the AW, specimen, N, crack
was propagated in the vertical direction against the gus-
set plate. In the N,;+ CFRP-w10 and N,,+ CFRP-w25
specimens, whose fatigue lives NV, are almost same as the
AW, specimen, the tendency of crack propagation also
same as that in the AW, specimen. On the other hand,
in the N, + CFRP-w50,. specimen, whose fatigue life
N, is longer than that in the AW, specimen, N, crack
propagates in the vertical direction and diagonal direction
against the gusset plate.
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Table 2 Fatigue test results

(stress ratio, R=0) Specimen State Strezss range (N/ Fatigue life \
, mm-~) Njg—N(x10%)
AW-1 As-welded 80.9 105
AW-2 101.4 15.4
AW-3 60.8 198
AW-4 80.4 589
AW-5 ¢ 99.9 16.0
AW-6_ ¢ 124.8 3.96
N,,+CFRP-w10 N,ocrack + CFRP-w10 80.3 71.0
N,,+ CFRP-w25-1 N,ocrack + CFRP-w25 78.0 109
N,,+ CFRP-w25-2 99.4 335
N,y+CFRP-w50,1 N,ocrack + CFRP-w50 57.5 1850
N+ CFRP-w50,2 57.8 2590
N,y+CFRP-w50,.3 80.2 377
N+ CFRP-w50,4 79.9 411
N,y+ CFRP-w50,+5 80.7 341
N+ CFRP-w50,+6 101.8 56.8
N+ CFRP-w50,7 101.5 67.6
N+ CFRP-w50,.-8 99.8 123
N+ CFRP-w50,.+9 130.0 35.7
N+ CFRP-w50,.-10 122.1 26.8
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A N,+CFRP-(-10) S H@0) |
20 Lol Lol Ll L1
10° 10° 10’

Number of cycles from N, to N,

Fig.5 S—N curve (stress ratio, R=0)

The reason for this difference of the crack propaga-
tions between specimens is caused by the difference of
the delamination life of CFRP plates. When the delamina-
tion life of CFRP plates is longer, the crack propagation
in the vertical direction of the fiber direction of CFRP
plates can be delayed significantly, and a crack propagates
in the diagonal direction of the fiber direction where the
reinforced effect is small.

@ Springer

3.4 Relationship Between Crack Length
and Number of Cycles

The test results of crack propagation are shown in Figs. 7
and 8. A part of crack depth data is plotted in Figs. 7 and
8, since it is difficult to measure all the data of crack depth.
As shown in Fig. 7a, the delay effect in crack propagation
for the surface direction becomes higher with the increas-
ing of the CFRP width until delamination of CFRP plates. In
the N,,+ CFRP-w10 and N,,+ CFRP-w25 specimens, crack
growth rate accelerated after delamination of CFRP plates.
The same tendency of surface crack propagation can be seen
in the specimen tested under stress range of 100 N/mm?, as
shown in Fig. 8a.

In case of the stress range of 80 N/mm?2, while the crack
propagations for the depth direction in the N,,+ CFRP-w10
and N+ CFRP-w25 specimens are both same as that in the
AW, specimen, the N, + CFRP-w50,; specimen showed the
delay effect in fatigue crack propagation for the depth direc-
tion, as shown in Fig. 7b. In case of stress range of 100 N/
mm?, the delay effect in surface crack propagation becomes
higher with increasing width of CFRP plate, as shown in
Fig. 8b.
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Fig.7 Test results of crack propagation (stress range Ac =80 N/mm?). a Surface direction, b depth direction
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4 Fatigue Crack Propagation Analysis
4.1 Stress Intensity Factor for the Surface Direction

4.1.1 Introduction of Stress Intensity Factor Strengthened
with CFRP Plates

In this study, to evaluate the extended fatigue life strengthened
with CFRP plates, the SIF of semi-elliptical crack strength-
ened with CFRP plates is estimated by using the proposed
equation in the previous study (Matsumoto et al. 2017). In
this study, crack shape is assumed as the semi-elliptical crack
as shown in Fig. 9.

A schematic view of SIF reduction factor by bonding CFRP
plates is shown in Fig. 10. When the composite steel and CFRP
member is subjected to bending moment M,,, bending moment
of M,, and axial load of N, are applied to the steel plate,
since the CFRP bonded section can be regarded as the com-
posite section (State 1 in Fig. 10). On the other hand, since the
CFRP plates right on the crack carry the additional axial force,
which cannot be transmitted by the crack, the crack opening
displacement covered with CFRP plate is reduced compared
with unreinforcement state. It can be assumed that the addi-
tional axial force distributed to the CFRP plate on the crack,
N,,, 1s applied to the crack surface to close the crack (State 1
in Fig. 10). Furthermore, the condition of State 1 can divide
into the conditions of States 2 and 3 based on the superposi-
tion principle. Thereby, the SIF of a crack repaired by bonding
CFRP plates, K, can be estimated by using the SIF of State
2, K, and the SIF of State 3, K.

KO ~ g = g@ _ g0 M
K? = (O-tFthweld—t + O-thFngd_h) @
K® = (Gbr—tFth—t + o'br—beFg—b) Vb &)

where b is the crack length (b=c for the surface direction
and b =a for the depth direction), ¢, and o), are the nominal

CFRP plate
l 1 | M,
l LA 9" Ny "2
ip ce/ntroid h
4 b D] M

ap, .

tp Ny
Steel plate
(a)

stresses generated by axial force N, and bending moment
M,,, respectively, o,,_, is the bridging stress generated by
additional axial force N,,. N,, is applied to the centroid of
the CFRP plate, thus bending moment M,, is applied to the
steel plate. o,,.,, is the bridging stress generated by additional
bending moment M,,. F, and F, are the correction factors
of semi-elliptical surface crack subjected to axial load and
bending moment, respectively (correction factors given by
Raju-Newman formula). F,,,;,_, and F,,,_, are the correc-
tion factors considering the stress concentration generated
at the weld toe subjected to axial load and bending moment,
respectively. F,_, and F,_, are the correction factors consid-
ering the bridging stress applying to the crack surface under
the CFRP plates.

4.1.2 Nominal Stress and Bridging Stress

As shown in Fig. 11, when the steel and CFRP composite
member is subjected to bending moment M), axial force N,
and bending moment M, of the steel plate at the intact sec-
tion can be given by the following equation.

Aa E
p~hp—p
Ny = =N, = — o, 0 “4)
b*hv
EyI,
{My + Ny, (ay, +ay)} )

W= 7 L
E,I,+E,,

where A, and A, are the cross-sectional areas of intact
steel plate and CFRP plate, respectively; [, and I, are the
moments of inertia of steel plate in the intact part and CFRP
plates, respectively; E;, and E, are the elastic modulus of
steel plate and CFRP plate, respectively; a;, and a, are the
distances from the centroid of the composite member to the
center of the steel plate and CFRP plate at the sound part,
respectively; E,l,,, is the bending stiffness of the composite
member in the intact part, and N, is the axial force of CFRP
plate in the intact part. The nominal stresses o, and o, can

CFRP plate MO
l |
l | }’ Nap

a

o centroid
[ — .

Steel plate a

(b)

Fig. 11 Distribution of axial load and bending moment. a The sound section, b The cracked section
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Fig. 12 Division model of surface crack

be calculated by o, = th/Ahb, o, = Mhb/lhp . tb/Z, where
t, is the thickness of the intact steel plate.

The additional axial load N, can be expressed by the dif-
ference between the axial loads of the CFRP plate in the intact
part N,,,, and that of the CFRP plate in the cracked part N,
The axial load of the CFRP plate in the cracked part can be cal-
culated by using composite theory, thus N, can be expressed
in the following equation.

Nbr=th_Ndp (6)
N, = ApadpEp %
@ Ebldv 0

where a,, and E}J,, are the distance from the centroid of
the composite member to the center of CFRP plate in the
cracked part, and the bending stiffness of the composite
member in the cracked part, respectively.

Since the additional axial load N, is applied to the centroid
of the CFRP plate, bending moment M, expressed by the fol-
lowing equation is applied to the steel plate at the cracked part,
where £ is adhesive thickness.

My, =Ny (L +ns
br — *Vbr 2 2 (8)
The bridging stresses o,,_, and o,,_;, can be calculated
by Opr—yt = thtb/Apt]J’ Opr_p = Mbrthb/ Zlhpr, where
W, and W, are the widths of the steel plate and CFRP plate,
respectively.
4.1.3 Correction Factor
a. Correction factor of Fy,,14
The correction factor of F,,,,, considering stress concentration
generated at the weld toe can be calculated by the following

equation (Albert and Yamada 1977), assuming the crack is
divided into N sections as shown in Fig. 12.

@ Springer

Determination of the initial
crack size a and ¢

l(i

Calculation of SIF for the
surface direction by eq.(3)

Determination of the initial
crack size a and ¢

Calculation of SIFs for the
surface direction and the
depth direction by eq.(3)

Determination of crack

propagation ratio da
by Paris law,
and renewal of crack size
a=a+da
Determination of crack
propagation ratio da and dc ¢
by Paris law, Determination of crack
and renewal of crack size depth ¢ by using the |
a=a+da empirical formula of aspect
c=ctdc ratio of semi-elliptical crack
(a) (b)

Fig. 13 Calculation flow of crack propagation analysis. a Analysis 1.
(Matsumoto et al. (2017), b Analysis 1T

N
Fouta = = 3 (SCF, £,0) ©
i=1

T+ A = A
Jfo(x;) = arcsin <¥> — arcsin <x, 5 x> (10

where SCF; is the stress concentration factor (SCF) at the

section 7, Ax is the length of each section. F,,,_, and

F 4\ e1a—p can be calculated by substituting SCF's under each

loading type into Eq. (10).

b.  Correction factor of F,_ and F,_,

The correction factors of F,_, and F,_,, are the factors consid-
ering the bridging stress applying to a part of crack surface.
Thus, F,_, and F,,_,, at the surface point can be calculate by the
following equation, when the SCFs under each loading type is
substituted into Eq. (11).

Fo=2 Y, (SCF,f,x) (N

i=n,

where n; and n, is the first and last section where CFRP
plates are bonded, as shown in Fig. 12.

In the previous study (Matsumoto et al. 2017), F,_, and
F,_, at the depth point can be calculate by the following equa-
tion, assumed that the ratio of the SIF's subjected to the non-
uniform stress and uniform stress for the depth direction is
equal to the ratio of the crack center displacements subjected
to the non-uniform stress and uniform stress ," and dg'.

5/
Fo=—= (12)
8 5]’3
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5, = ) {SCF; - g(x;,x)) (13)
J=m
N

8y = ) {SCF, - g(x;,x)} (14)
j=1

g(xi,xj) = g’(—xi,xj) + g'(x,-,xj) (15)

2 [ %= byx;
'(x;,x;,) = — [(b, — x;) cosh™! (—’)
g( i j) ﬂ'Eb [( 2 [) C|b2 _xi|

[ =bx
— (b, — x;) cosh PE—

c|b; — x|

/e _xg{sm-' <%> - sin” <%> }]

.1 .1
y sin~" B, —sin” " B, (16)
sin™ (by/c) —sin™" (b /)

By = sin (zb,/ W,) /sin (zc/ W,,) a7
bl = xj —_ Ax (18)
by = x, + Ax (19)

4.2 Crack Propagation Analysis

To evaluate the crack growth life of cracked welded joint
strengthened with CFRP plates under bending moment, two
types of crack propagation analyses were conducted. The cal-
culation procedures of crack propagation analysis are shown
in Fig. 13.

In the Analysis I proposed in the previous paper (Matsu-
moto et al. 2017), after determination of the initial crack sizes
a and c, the SIFs are calculated at the surface and depth points
of the semi-elliptical crack. The crack propagation da and dc
are calculated individually by using the calculated SI/F and
Paris law:

db N
oy = C(aK" — AK}) (20)

where C and m are material properties, N is the number of
cycles, and AKy, is the threshold stress intensity factor range.
In this study, AK,, is assumed as 0, and material properties
of C and m are determined by the applying the least square
method to the relationship between db/dN and AK given by
the AW, specimen. The determined material properties are
C=2.865x107'% and m =2.854. The SIF in the AW speci-
men is calculated by multiplying Raju-Newman formula by
F,. ..a €xpressed by Eq. (9), and the SIF strengthened with

g
CFRP plates is calculated by using Eq. (3).

In the Analysis II, after determination of initial crack sizes
a and c, the SIF is calculated only at the surface point, and
the crack propagation ratio da is calculated by using Paris
law. After the renewal of the crack length a, crack depth ¢
is calculated by using the empirical formula of aspect ratio
of semi-elliptical crack in the following equation (MORI and
MIKI 1995).

a 1
2% ranTr 21

2 242 /1,

The calculation procedure in the Analysis II is more simple
than that in the Analysis I, since the Equation of the SIF for
the depth direction [Eq. (12)] is complicated.

4.3 Estimated Results of Crack Growth Life
of Cracked Welded Joint Strengthened
with CFRP Plates Under Bending Moment

Figures 14, 15, 16 and 17 show the estimated results of
crack growth life of cracked welded joint strengthened
with CFRP plate under bending moment by the Analyses
I and II. As shown in Fig. 14, the delay effect in fatigue
crack propagation for the surface direction can be evalu-
ated accurately in the all specimens until delamination of
CFRP plates. Furthermore, the estimate results by Analy-
sis IT are almost same as those by Analysis I. The same
tendency can be seen in the specimen tested under stress
range of Ac =100 N/mm?, as shown in Fig. 16.

In the depth direction, the estimated crack growth rate
by Analysis II tend to be smaller than that by Analysis I,
as shown in Fig. 15. The reason of this is assumed that
the estimated SIF by Eq. (3) tends to be larger than the
calculated SIF by the finite element analysis (Matsumoto
et al. 2017). The effect of the width of the CFRP plate on
crack growth rate can be simulated in both analysis pro-
cedures. However, the accuracy of the estimated results
cannot be discussed, since the tested data are not suf-
ficient. This tendency also can be seen in the specimen
tested under stress range of Ao =100 N/mm?, as shown
in Fig. 17.

Therefore, it can be concluded that the Analyses I and
II can evaluate accurately the surface crack growth giving
strong influence on extended fatigue life of semi-ellipti-
cal crack strengthened with CFRP plates under bending
moment, thus the analysis by using the SIF for the surface
direction and the empirical formula of the aspect ratio
of semi-elliptical crack is effective for the prediction of
crack growth life of cracked welded joint strengthened
with CFRP plates under bending moment.
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Fig. 14 Estimated results of crack propagation for the surface direction (s
N+ CFRP-w25 specimen, ¢ N,,+ CFRP-w50,.; specimen

5 Conclusions

In this study, the effect of the width of CFRP plates on
crack growth life under bending moment was clarified by
bending fatigue tests, and extended fatigue life is evalu-
ated by using the empirical formula of the aspect ratio
of semi-elliptical crack and the SIF for the surface direc-
tion estimated based on the linear fracture mechanics. The
main conclusions are as follows:

The specimen strengthened with 50 mm width of CFRP
plates showed the significant fatigue life extension com-
pared with that in the as-welded specimen. However, the
specimen strengthened with 10 or 25 mm width of CFRP
plates showed almost same crack growth life of the as-
welded specimen, since the delamination life of CFRP

@ Springer

tress range Ac=80 N/mm?). a N,,4+CFRP-wl0 specimen, b

plates is shorter than that in the specimen strengthened
with 50 mm width of CFRP plates.

The delay effect in fagtigue crack propagation for the
surface direction becomes higher with increasing width
of CFRP plates until the delamination of CFRP plates,
and crack growth rate accelerated after delamination of
CFRP plates.

In the specimen reinforced with 50 mm width of CFRP
plates, the fatigue crack re-propagated in the diagonal
direction and vertical direction against the gusset plate,
while the fatigue crack re-propagated in the vertical
direction of the gusset plate in the specimen strength-
ened with 10 or 25 mm width of CFRP plates. This dif-
ference is caused by the difference of the delamination
life of CFRP plates.

The crack growth life can be evaluated accurately by
the analysis using the empirical formula of the aspect
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Fig. 16 Estimated results of crack propagation for the surface direction (stress range Ac=100 N/mm?). a N;y+CFRP-w25 specimen, b

N,y+ CFRP-w50,.¢ specimen
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Fig. 17 Estimated results of crack propagation for the depth direction (stress range Ac=100 N/mm?). a N,,+CFRP-w25 specimen, b

N,y+ CFRP-w50,.; specimen

ratio of semi-elliptical crack and the SIF for the surface
direction estimated based on the linear fracture mechan-
ics, when the CFRP plates are effectively working. Fur-
thermore, the estimated result of the simple procedure
is almost same as the estimated results of the previous
method in which analysis is conducted by using the SIF
at the surface and depth points individually. Therefore,
it is clarified that the simple analysis procedure proposed
in this paper is effective for the evaluation of the crack
growth life of cracked welded joint strengthened with
CFRP plates under bending moment.
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