Bond Behavior between Concrete and CFRP Plate undétatigue Loading
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ABSTRACT: The experiment by the fatigue loading test forltletface bond specimens is carried out. Accordinthé experiment results
to investigate the influence of bond behavior wdifferent concrete strength, types of CFRP plate \aaihbles of upper limit fatigue

loading, the fatigue failure of bonding surfacevwrn CFRP plates and concrete is finally charactéitizethe S—N diagram representing
the relationship between the upper bond stresshendumber of cycles at debonding. The differeftodeling modes that indicate fracture

interface are also observed.

1. INTRODUCTION

Rehabilitation or strengthening of existing concrateictures using
external attached CFRP (Carbon Fiber-Reinforced B)gstite has
been developed to extend their life. In these #ires, it is
frequently necessary not only to augment the streafjbeams and
slabs that have suffered material deteriorationnatge, or an
increase of service load, but also to provide sigffit durability to
prevent failure from fatigue. Repeated loading camse the failure
by fatigue even if the loading ranges are conshigrdass than their
ultimate capacity. In recently, many studies hag@orted a variety
of CFRP debonding problems. Although the bondingdetzbnding
mechanisms of CFRP sheet under static loading haee kuite
extensively studied, until now, the study of CFRPtelédond
behavior under fatigue loading has rarely beeniezhrout. For
strengthening structures, the evaluation of fatipegformances is
considered to be a very important one.
considerations, this paper aims at investigatireprty the bond
behavior of CFRP plates bonded to concrete undgutatoading.

2. EXPERIMENTAL PROGRAM
21

The prism specimens which size is 150mm x150mm &3@mm

Specimens

long are used in this experiment. Total 16 spec@rar tested. The

two steel bars have no connection at the centrthefspecimen.
Crack is introduced at the notch after attaching CipRiRe. These
mean that the two prisms are connected only thrahghCFRP
plates. CFRP plates are bonded at two opposite siflethe
specimen. The putty type epoxy adhesive is usetdading CFRP
plate. One of the sides of the specimen was raiatbrwith
confinement CFRP sheet allowing the occurrence laidieating of
the CFRP plate only on the opposite side. The CFRE’plbond
length used for this research was set to 400mm. RRP plate
width chosen for this research was 50mm for allcBpens. The
detail of the prism specimen is shown in Fig.1.
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Fig.1. Details of the prism
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2.2 CFRP Plate and Concrete

CFRP plate’s properties are shown in Table 1. Tpgties of the
CFRP plates are values obtained from the manufacBeeause the
main objective of this research is about bond bienavetween

concrete and CFRP plates under fatigue loadingriergé, and high
strength and high stiffness CFRP plates were usedvefify the

influence of bonding behavior, the concrete stiengrs varied. The
actual strength of the concrete is shown in Table 2

Table 1 CFRP plate properties

. Young's Tensile

Thickness
CFRP plate type Name modulus strength
(mm) (GPa) (MPa)
High strength GM510 1.0 156 2400
High stiffness HM520 2.0 450 1200

Table 2 Concrete properties

Concrete Type Cc;:r;g;egsﬂs}we lrf’ogﬁﬁj asnt Splitting strength
(MPa) (GPa) (MPa)
Target 13.5MPa 21.2 214 1.96
Target 21MPa 25.0 22.3 2.40
Target 36MPa 39.5 24.9 3.01

2.3 Testing Method

In this experiment, a 100t actuator is used fdgieg loading .Total
displacement and crack width at the center weresured using
linear variable displacement transducers (LVDTs, shown in
Fig.2. The strain distribution was obtained frorstin gages set on
the CFRP plates on one face (the gage face) avatseof 50mm,
and one gauge on the opposite sides (the no-gagg & the center
of the specimen and the two pi gauges set on thiehndhe
repetition frequency of cyclic loading is 1 Hz. $Hrequency was
selected because conventional civil engineeringicgires are
typically loaded at frequencies varying betweem b tHz. And the
sinusoidal loading is used to force the specimdres Variables of
upper limit fatigue loadings are set as 50%, 6008/6,7/75%, 80%
and 90% of bond strength under static loadm®g,, which is
identified as the value among the load carrying acéjes
investigated by the static test, and the lowertliiaiigue loading is
set as 10% o, in all experiments. All of the fatigue loading will
up to 1 million cycles if it is not debonding. Tal® is shown all of
the specimens’ details.

Full cycles’ data recording were taken at the foltgy cycles: at the
1st cycle and every 20th cycle up to 200 cyclesyaty 200th cycle
up to 1,000 cycles, at the every 1,000th is up@0d0 cycles, at the



every 10,000th cycle up to 100,000 cycles andaetetrery 80,000th
cycle up to 1,000,000 cycles. The M-series specémamd post
fatigue F-series (no-failure by fatigue loading)ravéested statically
up to failure.

Because the specimen C36HE-F75 failed by concreitirgpland
pulling out of the steel bar at the early loadiygle (see Table 4), a
concrete confinement jig shown in Fig.3 is setdpecimen C21HE-
F75-C to prevent splitting failure. Specimen C13HE=Mis
conducted to investigate the influence of the awnfient jig under
static loading with specimen C13HE-M. As a resuite thond
strength of C13HE-M-C was 10% higher than specimerHELB!.
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Fig.2. Data acquisition sketch

Table 3 Specimens details

Concrete strength Fatigue loading

Specimens CFRP plate
(MPa) Upper limit ~ Lower limit
C13HS-M Static loading
- 0, 0,
C13HS-F70 High strength 70% 10%
C13HS-F80 GMS510 80% 10%
135
C13HS-F90 90% 10%
C13HE-M High stiffness
Static loading
C13HE-M-C HM520
C21HS-M Static loading
- 0, 0,
C21HS-F60 High strength 60% 10%
C21HS-F70 GMS510 70% 10%
21
C21HS-F80 80% 10%
C21HE-M High stiffness Static loading
C21HE-F75-C HM520 75% 10%
C36HS-M Static loading
- 0, 0,
C36HS-F50 High strength 50% 10%
C36HS-F60 GMS510 60% 10%
36
C36HS-F70 70% 10%
C36HE-M High stiffness Static loading
C36HE-F75 HM520 75% 10%
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Fig.3. Confinement jig to prevent concrete splgtin

Section of confinement jig

3. EXPERIMENTAL RESULT

3.1 Results under Static Loading

All the seven specimens were submitted to tensiteef until total
failure of the bond system took place. Under thatistloading
specimens, some pieces of concrete on the CFRP qdald be
found and a layer of concrete was still bondedhen@FRP plate in
the specimens after failure. Typical failure in gpgens C13HS-M
and C13HE-M are shown in Fig.4. The layer of theriigice of HE
specimens was thicker than HS specimens. All ofeursthatic load
specimens’ failure faces are in concrete face.

Fig.4 Typical failure under static loading

3.1 .1 Load — displacement relationships

The examples of load-crack width at the notch cuwf/€36HS-M
and C36HE-M specimens are shown in Fig.5. The onadth is the
average of data from two pi gauges. The crack wiothHS
specimen at the maximum load is about 0.2mm bitgar the HE
specimen. However, the maximum load at failure iscinlower
than the HE specimen.
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3.1.2 Strain distribution

The data obtained from the strain gauges on the CpiRf@ was

used to create strain versus the distance of thim gfauges from the
centre to load end of specimen. Fig.6 shows exanpfestrain

distribution of the specimen C36HS-M and C36HE-MeTcertain

portion of strain distribution has larger slope, end the active
bonding stress exists. It is observed that thellst@in of HS

specimen is higher than HE specimen; however, timel Istrength is
lower than HE specimen. Moreover, at the load ehd,strain is
nearly zero.
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Fig.6 Strain distribution

3.2  Results under Fatigue Loading

Eleven specimens were tested under the differeperufimit load
with fatigue test. The failure progress was thatroydebonding of
CFRP plate initiated from the notch and propagatedtigally to
form macro-debonding. The debonding little by ditthropagated
toward the load end. As the fatigue cycles incr@asmally a

complete CFRP plate debonding occurred when debonding

propagation reached a critical value. The specin®@a$HS-F60,
C21HE-F75-C and C36HS-F50 were subjected to statitirigato
failure after 1 million cycles of fatigue loadintn specially, the
specimen C36HE-F75 failed at 134 cycles under fatifpading
because of the steel bar pulling out due to coacsetitting. The
load versus crack width, the strain distribution thie typical



specimen C21HS-F70 is shown in Fig.7 and Fig.8,eesgely. The
post-fatigue static response is almost identical the static
response .The typical C21HS-F60 and C21HS-M speahied,,

curves are shown in Fig.9.

4O——F—— 17— 40 I A |
[ After 200 cycles | [ After 1000 cycles T
30 B 30 -
= | {1 = |
<20 N ;v‘ 20F i
a 4 b
10+ - 10+ -
1 1 1 1 1 1
0 0.1 0.2 0.3 04 0 0.1 0.2 0.3 04
J ¢ (MM) I ¢r (MM)
O——F—— 17— 40 R
[ After 10000 cycles]| r After 25000 cycles
301 - 30
€ 20} 1 220
o b 4 a
101 - 104
1 1 1 n 1 1 1
0 0.1 0.2 03 0.4 0 0.1 0.2 0.3 0.4
J ¢ (MM) J ¢ (Mmm)
Fig.7 Load-crack width curve of C21HS-F70
0.4 LI B — 04 LI S —
After 200 cycles| After 1000 cycles

£ cr (%)

O X Y Q O
300 0 100 200 300
Distance from the notch to the load end(mm)
T T T T T
After 25000 cycles

QO
200
Distance from the notch to the load end(mm)
.4 T T T T T

After 10000 cycles |

¢ cr (%)
£ cr (%)

O
300
Distance from the notch to the load end(mm)

—) o
0 100 200 300
Distance from the notch to the load end(mm)

Fig.8 Strain distribution of C21HS-F70

The SN curves are shown in Fig.10. The arrows in therégu
indicate no failure specimens by 1 million cycl&he fatigue limit

to 2 million cycles of specimen C13HS, C21HS and C36H

expected as 70%, 60% and 50% of bond strength usidic

loading, respectively. Moreover, with the same typERP plate,

concrete strength has influence for fatigue life.adncrete strength
increased, the fatigue life is prolonged.
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3.4  Fatigue Failure Mechanism

In this experiment, types of debonding modes dugifferent upper
limit of fatigue loading, types of CFRP plate and a@te strength
are observed. All of the fatigue specimens’ experital results are
summarized in Table 4 and typical photos are shiowFig.11. The
calculated bond length in Table 4 is calculated fbifowing
equations (3) [1].

Where, |, = effective bond length); = bond length indexA = t;- E;
ITymax), Se = Slippage in effective bond length (= 0.234mik) =
bond stress ratio in effective bond length (= 0)428;mx =
maximum local bond stresg = 2.505>%, by = width of CFRP

T T ] plate, t; = thickness of CFRP plat&; = elastic modulus of CFRP
C21HSFo0 | plate, o = concrete compressive strength (in MPa).
: Table 4 Fatigue result summarise
Post fatigue ] ) Ulpper . prer Calculated ) Qpper .
| | | | ] Specimen limit load limit load bond limit bond Failure
0 02 04 06 08 1 0 02 04 06 08 1 P Pup Piow length L. stresstyp cycles
0.9 dﬁm(mm;( it b . ﬂm;ﬂm{ di (kN) (kN) (mm) (MPa)
Fig.9 Load-crack width curve by static after faggoading C13HS.F70 2653 397 184 0.663 127,445
It is observed that as the fatigue cycles increatesl crack width C13Hs-Fgo 30.32 3.97 184 0.758 256,819
be_came blgger_and bigger as shov_ved in Fig.7. Frig8Fas the — . o 3411 3.97 184 0.853 164,012
fatigue cycles increased, the maximum local bomdsst moved
from the notch to load end. Moreover, the maximrais of CFRP  C21HS-F60 25.78 4.30 180 0.645  No failure*
plate moved to the 50mm from notch. That is becatighe 50mm < /o 30.08 230 180 0.752 28.101
from notch where CFRP plate debonding from conceetéace,
there was a thicker concrete layer remained on CplRfe. From C21HS-F80 34.38 4.30 180 0.860 1,779
Fig.9, post-fatigue static bond strength is alnsasbe to the strength C21HE: 68.94 9.19 433 1724 No failure*
under static loading.
C36HS-F50 24.92 4.98 170 0.623  No failure*
3.3  Fatigue Life Prediction C36HS-F60  29.90 4.98 170 0.748 205,175
'I_'h(_e obtained results suggest a linear relation é&@twthe upper cssHs-Fro 34.89 4.98 170 0.872 4,145
limit bond stress,, and the logarithm of the number of load cycles
i ; : : C36HE-F75  78.35 10.45 408 1959 ~ Concrete
to failureN according to the following equation (1) and (2): : . : splitting

P P — NG

Tup = mUOog(N) +n

Where,b; andly, are CFRP plate width and bond lengthandn are
fitting coefficients of experimental data.

* Up to 1 million cycles

It is observed that the specimen C13HS-F90 failaoe fis divided
into 2 parts. First, debonding occurred from thichat the concrete
surface and propagated to the load end. Seconfhitigee cycles
increased, failure face changed to the adhesive datil to CFRP
plate completely debonding. The specimen C21HS-EBOré face



is all at the concrete surface. The specimens C3eHBfailure face
mechanism is nearly same to the specimen C13HSj&E&0failure

face at the concrete surface is less than C13HSTH89.specimen
C36HS-F50 was nothing to happen up to 1 million eycAnd then
took static loading to failure. When up to the lion cycles, the
debonding was almost from the adhesive face. Angd adter

completely debonding, two parts failure face wersevved.

Fatigue cycles are 614,012 Fatiguates are 1,779

8 C36HS-F50

Y = >
Fatigue cycles are 4,145 Post-Fatigue failures

Fig.11 Fatigue failure surface

3.5 Local Bond Stress - Slip Relationship

3.5.1 Calculating of local bond stress and slif2]

The difference of tensile force of CFRP plate is wie@ from the
strain of section and section-1. The bond stress of sectigny, ; is
calculated dividing the difference of tensile folmethe surface area
of the CFRP plate, as shown in Equation (4).

(1 ¢ i) *By .
Th.i :A—Ib (i=2-9)
Where,¢;;: strain of CFRP plate of sectiont;: thickness of CFRP
plate (HS specimen=1mm, HE specimen=2n1ga)glastic modulus
of CFRP plate (as shown in Table 1)j,: interval between gauges
(50mm).

The slip of sectiori, s, is the sum of the difference between the4'

elongation of CFRP plate and the elongation of theiwalent
section compounded of concrete, adhesive layersteed bar, from
the free end of the CFRP plate (= load end of theismmn) to the
sectioni. It is assumed that the relative displacement éetw
concrete and CFRP plate at the free end of the CH&®P ig zero.

The slip is calculated using the equations (5)a@pelow.

CIEE R CLI D I — E(i=2-9 5=0)
s

6” :TXAIb+£fi_1XAIb ......... (6)
Sm,i-l"gm,i

Jm,i i ><AIb + Emii % Alb....(7)
Prn,i-12XTp j ¥bxAly

i T T AR e 8

An*Em

(fm,l =Pt/ Am ¥ Emy Fn1= P ioad )

Where,d;,i: elongation of CFRP plate in sectigmy,,: elongation of
equivalent sectiom, ey strain of equivalent section Pp,;: tensile

force acting on equivalent sectigrbi:width of CFRP plate (50mm);
Poad: tensile force obtained by loading machiAg:E,, stiffness of

equivalent section.

After calculating all the data, local bond stresssus slip { vs. S)
graphs for 50-100mm and 100-150mm gauge intervalC1HS-
F70 specimen were plotted as shown in Fig. 12.

3.5.2 Local bond stress - slip relationship

Fig. 12 indicates that local bond stress — sli@ti@hship under
fatigue loading shows almost elastic manner. Howesteffness of
curves becomes smaller as the fatigue loading €yctzease. In the
case of 50-100mm portion, maximum bond stressd#soeases.

The curves are compared with proposed local boresst— slip
relationship obtained by static loading. The foranid the Popovics
model as shown below. [2]

s n

b
= X——
Thmax  Smax (n—1)+(s/s.,nax)n

Where, 7, ms: Mmaximum local bond stress.: slip at tomax ;

n:constant (=3)

Fig.13 shows graphically results of specimen C21HS-Rvith

Popovics model. It may be said that local bondsstre slip
relationship under fatigue loading corresponds ¢er&ain portion of
hysterisis curve of bond stress — slip relationship
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Fig.12 Locak-s curve of C21HS-F70 specimen
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CONCLUSIONS

(1) The fatigue limit to 2 million cycles of bond fait between
CFRP plate and concrete is expected as 50%-70% af bon
strength under static loading. Moreover, with tlzene type
CFRP plate, concrete strength has influence foruatige. As
concrete strength increased, fatigue life is prgézh

Under fatigue loading specimens’ failure face idel2 types:
1.Concrete face; 2.First from notch at concrete fawtthen at
epoxy adhesive face.

Local bond stress — slip relationship under fatigoading
shows almost elastic manner. It may be said thedllbond
stress — slip relationship under fatigue loadingesponds to a
certain portion of hysteresis curve of bond stressslip
relationship.
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