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1. INTRODUCTION

One method of repair or strengthening of existing reinforced concrete structures is retrofitting with continuous
fiber (CF) sheeting. A great deal of research has been carried out in this field, and design recommendations based
on state-of-the-art literature have been established in Japan[l][2][3]. To evaluate the deformation and failure
behavior of retrofitted structural members, it is necessary to develop an understanding of the bonding and
delaminating behavior of the CF sheet and concrete as pointed out by both Sato et al[4] and Wu et al.[5]. Based
on computational model for estimating the bonding and delaminating state of the CF sheet, the authors have
attempted to evaluate the shear capacity of retrofitted reinforced concrete members[6]. This method provides
sufficiently accurate predictions of ultimate shear capacity.

To predict the bonding and delaminating behavior of the CF sheet-concrete system, a constitutive model that takes
into account the bonding characteristics at the boundary between CF sheet and concrete is needed in the
computational analyses. The best-known model is the relationship between shear stress and shear displacement
with bilinear and cut-off implementations both being used. Most researchers, including the authors, adopt both
variations of the model in conducting computational analysis[4][6][7]. Neither model, however, would accurately
represent actual behavior.

This study will focus on explaining the actual bonding and delaminating behavior of the bond between CF sheet
and concrete, and a derivation of constitutive model is proposed. The models are derived from a strain distribution
obtained as a result of bond tests on the CF sheet-concrete system. The bond tests are also simulated by
computational methods based on the models, thus enabling. There are conducted as sensitively analysis of the
models. This study method is summarized in Fig. 1.

2. BONDING TESTS ON CONTINUOUSFIBER SHEET AFFIXED TO CONCRETE

2.1 Test method

The bond tests carried out by the authors were based on the method proposed by the Japan Concrete Institute's
Technical Committee on Continuous Fiber Reinforced Concrete (JCI-TC952)[2]. Details of 18 specimens and the
results of the tests are summarized in Table 1. The experimental parameters included type of CF sheet (carbon or
aramid fiber), bonded length and width of CF sheet, and the elastic modulus of the epoxy resin. The material
properties are summarized in Table 2.

Focus of this study

Bond test between CF sheet and concrete

V erification and

sensitivity analy sis of
x -5 m o del

Strain distrib ution o f O F sheet

JtRelationship between shear stress and
shear displacement

Computational analysis for retrofitted member

à"Evaluation of performance of RC member retrofitted in CF sheet]

Flexural behavior, shear capacity, and crack width

Fig. 1 Current and future works
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Table 1 Summary of experimental program

S p e c im e n C F  s h e e t E p o x y
B o n d e d

w id th  o f

B o n d ed

len g th  o f N u m b e r
C o m p re s siv e

s tre n g th  o f S u rfa c e
U ltim a te

lo a d
F a ilu re

res in C F  s h e et

(m m )

C F  s h ee t

(m m )

o f  la y e r c o n c re te
(N /m  m 2)

trea tm en t
(k N )

m o d e

S l -1 c E A 1 0 14 5 1 3 4 .9 S an d in g 6 .2 5 R u p tu re "
S l -2 c E A 1 0 2 5 0 1 3 6 .3 S an d in g 5 .7 8 R u p tu re
S l-3 c E A 2 0 14 5 1 3 6 .3 S a n d in g 9 .8 4 R u p tu re
S l -4 c E A 2 0 17 5 1 3 6 .3 S a n d in g 8 .7 8 D e lam in a tin g *  *
S l -5 c E A 3 0 10 0 1 3 4 .9 S a n d in g 12 .8 9 D e la m in a tin g
S l-6 c E A 3 0 17 5 1 3 4 .9 S a n d in g 14 .7 1 R u p tu re
S l -7 c E A 3 0 2 5 0 1 3 8 .8 S a n d in g 12 .8 3 D e lam in a tin g
S l-8 c E A 5 0 2 5 0 1 3 6 .3 S a n d in g 2 2 .5 2 R u p tu re
S l -9 c E A 7 0 17 5 1 4 1 .5 S a n d in g 2 9 .8 4 D e la m in a tin g
S l -1 0 c E A 9 0 1 7 5 1 4 1 .5 S a n d in g 2 9 .3 8 D e lam in a tin g
S 2 - 1 A E A 3 0 1 7 5 1 3 8 .8 S a n d in g 9 .9 3 D e lam in a tin g
S 2 -2 A E A 3 0 2 0 0 1 3 6 .5 S a n d in g 10 .0 1 D e lam in a tin g
S 3 -1 c E B 3 0 17 5 1 4 2 .4 S a n d in g 1 4 .2 5 R u p tu  re
S 3 -2 A E B 3 0 2 0 0 1 3 6 .5 S a n d in g 1 4 .7 D e lam in a tin g
S 4 -1 c E A 3 0 1 7 5 2 3 5 .1 S a n d in g 2 8 .9 1 D e lam in a tin g
S 5 -1 c E A 3 0 1 7 5 1 5 3 .4 S a n d in g 1 7 .4 5 R u  p tu  re
S 5 -2 c E A 3 0 1 7 5 1 7 5 .5 S a n d in g 9 .6 8 D e lam in a tin g
S 6 -1 c E A 3 0 1 7 5 1 4 2 .4 N o  s a n d in g 1 2 .1 6 D e lam in a tin g

*CF sheet ruptured in ultimate state, **CF sheet bonded testing length was delaminated over whole length

Displacement sensor Anchoring sheet

A

/à"

L,oaaea ena ug.; ~«l

�"̂ �"  x M

^ M   , 5 0 0 J

unit:mm
Fig. 2 Test specimen Fig. 3 Testing method

The method used for bonding the CF sheet to the concrete conformed to JCI-TC952. The surface of the prismatic
concrete was treated with a grinder to remove laitance, and then the corners were rounded off. Further, both
surfaces were primed with resin before bonding strips of CF sheet to the surfaces with epoxy resin.

The specimen dimensions are shown in Fig.2. All specimens were 100mm square in cross section and 500mm in
length. The tested length was a half span from the center. The remaining length was anchored by bonding with CF
sheet measuring 150mm in width so as to ensure no delaminating took place in this portion. Anunbonded region
measuring 50mm in width (i.e. 25mm from the center in each direction) was left at the center of the specimen to
allow wrapping with aluminum tape. To direct the major crack, grooves measuring 15mm in width and 7.5mm in
depth were formed along the center of the lateral surfaces.
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Table 2 Material properties
S y m b o l M a te ria l

T h ic k n es s
(m m )

T e n sile  stre n g th(N /m m 2) E la stic  m o d u lu s
(k N /m m 2)

c C a rb o n  fib e r  sh e e t 0 .1 1 1 3 5 0 0 2 7 0
A A ra m id  fib e r  s h e e t 0 .1 6 9 2 8 0 0 8 0

E A E p o x y  res in  A N /A 5 0 .3 1 .5
E B E p o x y  res in  B N /A 1 2 .5 0 .7

15

Iio
Beginnipg of delamination

/�

1.50 .5 1.0

Displacement at mid span (mm)
Fig. 4 Load - displacement curve (specimen Sl-3)

50 100 150

Displacement from loaded end (mm)

Fig. 5 Strain distribution of CF sheet at
every loading step (specimen Sl-3)

The testing machine was an actuator of 50kN capacity as shown in Fig.3. Loading was by stroke control at a rate
of 0.05mm/min. The tensile force was applied to the specimen by pulling on embedded steel bars.

Measurements included loads, opening displacement at mid span (i.e. crack width at the center position), and CF
sheet strain. The loads was measured with a load cell, which was integral to the actuator. The opening
displacement was acquired using displacement sensors placed on faces opposite the bonded CF sheets (two
sensors per face, for a total of four sensors per specimen). CF sheet strain was measured with strain gages affixed
to the surface of the CF sheet at a spacing of 20mm.

2.2 Test results

Examples of test results are shown in Figs. 4 and 5, the former giving the load-opening displacement at mid span
and the latter showing the strain distribution over the CF sheet at several loading steps. A full and comprehensive
consideration of these results is reported in Reference [8], and only an outline is given here. The load did not
increase very much after delamination began. However, the bonding stiffness decreased. This is possibly because
the shear stress is distributed over a limited length. This observation has been reported by Satoh et al.[4].]

The strain distribution corresponding to delamination was not uniform. The reason for this is that the CF sheet
delaminated at the bonded face along with a thin layer of concrete fragments, which remained attached to the
sheet. As a result, the stiffness of the CF sheet was greater where fragments adhered to it.

3. DERIVATION OF SHEAR STRESS VERSUS SHEAR DISPLACEMENT RELATIONSHIP

3.1 Formulation

The relationships between shear stress and shear displacement was obtained the acquired CF sheet strain using the
method given here. First, the loaded ends are defined as the two ends of the concrete block, the origin in the axial
direction, x=0, is defined as the loaded end at the left side (see Fig. 2).
a) Shear displacement
The shear displacement between CF sheet and concrete at point can be calculated using the following formula:

<5(*) -M*) ~"c(*) (1)
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Xl X2 X0-l XnXn+l

Locations of strain gages
Fig.6 Strain distribution for calculating -c-5 relationships

(From acquired data) Fig. 7 Equilibrium of stress in specimen

where ucf (x) and uc(x) are the displacements of the CF sheet and the concrete, respectively.

Considering the difference in stiffness between CF sheet and concrete (see Chapter 4), it is assumed that concrete
is a rigid body. The concrete strain and absolute displacement should therefore be equal to zero, soEq. (1) can be
rearranged as

6(x) = ucf (x) (2)

An example of a measured strain distribution is shown in Fig. 6. The displacement of the CF sheet, i.e. the shear
displacement, is calculated by integrating the measured strain distribution:

«c/ W =J/c/WrfX

Ax £cf0^ + 2^ Ecf(Xi) + ecf(xn)
(3)

where Ar is the spacingofstrain gages, and ecf(xQ), £cf (xt), and ecf(xn) are themeasured CFsheetstrains
at the measuring points.
b)Shearstress
The stress equilibrium is shown in Fig. 7. The equilibrium condition can be derived as

<*<M*)
d x

V.-^-r(x).0

where ft/ is the CF sheet thickness and ocf(x) is the tensile stress ofa unit width ofCF sheet.

On the assumption that the CF sheet is an elastic body, its constitutive relationship is

<V(*) -£</ - £cf (x)

(4)

(5)

where 0cf (x) and Ecf (x) are the CF sheet stress and strain, respectively, and Ecf is the elastic modulus of the
CFsheet.

By means ofEq. (5) and the acquired data, Eq. (4) can be rearranged as
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0.2 0.4 0.6

Shear displacement (mm)
(a) Specimen Sl-1

0.2 0.4

Shear displacement (mm)
(b) Specimen Sl-3

0.2 0.4

Shear displacement (mm)
(c) Specimen Sl-6

0.2 0.4

Shear displacement (mm)
(d) Specimen S5-1

Fig. 8 Examples of shear displacement and shear stress relationships

T(x) = Ecf -tcf -
d£cf (x)

dx
r, , (Ecf(Xn>0-£cf(Xn-0\

à"VV £ j
(6)

The shear stress obtained by Eq. (6) might be affected by the strain gage spacing. According to Reference 2, the
distributed length of shear stress, as well-known effective bond length, would be distributed around 20 to 100mm.
If the gage spacing ware less than 20mm, the obtained stress would not be affected.

The shear stress and shear displacement at each loading step and measuring point can be obtained usingEq. (3)
and Eq. (6), respectively. The following are two alternatives for developing the relationship:
Alternative 1: Calculating the relationship at each strain gage location
Alternative 2: Calculating the relationship at each loading step
A derivation using only Alternative 2 will be given in this study (see section 3.3), since the authors have
previously reported that Alternative 1 is not suitable.

3.2 Calculation results

Examples of calculation results are shown in Fig. 8. After delamination is initiated, the curves considered of
softening and elastic zones, and those converged on the same points. The softening zone appears in some curves
prior to delamination. This is because a strain gradient is formed as a result of theunbonded length at the center of
the specimen. It does not affect the delamination behavior of the CF sheet.
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Shear stress Shear stress

Shear displacement
(a) Grouping of max. and min. point

Shear displacement
(b) Identification of delamination point

Fig. 9 Modeling of shear stress and shear displacement relationships

Fig. 3 Material parameters of whole specimen

S p e c im e n C F s h e et
E p o x y

B o n d e d

w id th o f

B o n d e d

le n g th o f N u m b e r S u rfac e

C o m p re ss iv e

stre n g th o f
M a te ria l p ara m ete r o f m o d e l

re sin C F sh e et

(m m )

C F sh ee t

(m m )

o f lay ers trea tm e n t c o n c re t e

(N /m m 2)
6 (m m ) T v (N /m m 2) 6 u (m m )

S l -1 C F E A 10 1 4 5 1 S a n d in g 3 4 .9 0 .0 4 3 4 .7 6 0 .4 0

S l -2 C F E A 1 0 2 5 0 1 S a n d in g 3 6 .3 0 .0 5 3 5 .5 6 0 .4 9

S l -3 C F E A 2 0 1 4 5 1 S a n d in g 3 6 .3 0 .0 3 5 4 .17 0 .4 3

S l -4 C F E A 2 0 1 7 5 1 S a n d in g 3 6 .3 0 .0 4 0 3 .17 0 .5 4

S l -5 C F E A 3 0 1 0 0 1 S a n d in g 3 4 .9 0 .0 3 0 4 .19 0 .3 2

S I -6 C F E A 3 0 1 7 5 1 S a n d ing 3 4 .9 0 .0 4 4 4 .6 9 0 .4 0

S l -7 C F E A 3 0 2 5 0 1 S a n d in g 3 8 .8 0 .0 3 9 3 .19 0 .4 0

S l -8 C F E A 5 0 2 5 0 1 S a n d in g 3 6 .3 0 .0 5 3 4 .3 0 0 .3 4

S l -9 C F E A 7 0 1 7 5 1 S a n d in g 4 1 .5 0 .0 5 2 3 .l l 0 .3 7

S l -10 C F E A 9 0 1 7 5 1 S a n d in g 4 1 .5 0 .0 2 8 2 .9 3 0 .2 8

S 2 -1 A F E A 3 0 1 7 5 1 S a n d in g 3 8 .8 0 .0 5 2 4 .5 6 0 .5 8

S 2 -2 A F E A 3 0 2 0 0 1 S a n d in g 3 6 .5 0 .0 5 7 3 .2 1 0 .5 5

S 3 -1 C F E B 3 0 1 7 5 1 S an d in g 4 2 .4 0 .3 1 0 4 .4 7 *

S 3 -2 A F E B 3 0 2 0 0 1 S a n d in g 3 6 .5 0 .0 6 1 2 .9 6 0 .5 6

S 4 - 1 C F E A 3 0 1 7 5 2 S a n d in g 3 5 .1 0 .0 4 2 3 .7 4 0 .4 0

S 5 -1 C F E A 3 0 1 7 5 1 S a n d in g 5 3 .4 0 .0 3 1 3 .2 7 0 .3 1

S 5 -2 C F E A 3 0 1 7 5 1 S an d in g 7 5 .5 0 .0 4 3 4 .2 0 0 .3 6

S 6 -1 C F E A 3 0 1 7 5 1 N o sa n d in g 4 2 .4 0 .0 3 2 3 .5 0 0 .2 7

*Softening part did not appear because CF sheet ruptured prior to delamination.

3.3 Elastic-softening-delamination model (bilinear model)

The curves obtained from the above procedure are modeled using a bilinear function. This function consists of
elastic and softening parts. The derivation is as follows.
1st step: The delamination initiation point is identified from the load-opening displacement curve (see Fig. 4).
2nd step: The points corresponding to maximumand minimum shear stress are grouped on the curve (see Fig. 9).
3rd step: The averaged points, (dy,Ty) , and (<5Z,T2) are calculated from the acquired data as grouped in the
second step. The shear displacement corresponding to the start ofdelamination is then identified by extrapolation
(see Fig. 9(b)).
4th step: A series ofcalculations is carried out for the data on both sides. The averages of, 6y, ry, and 6U , are
calculated from the results for both sides.

The identified parameters, ry, 6y and 6U , for all specimen are summarized in Table 3. The factors influencing
the bilinear model are discussed below[8].
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Shear stress

2r%

0'

Delamination

Elastic-delamination model
(Cut-off model)

Fracture energy

El astic-softening-
delamination model

/ (Bilinear model)
\

\

X

\

X

1^
0.5<5 ,, (5,, Shear

displacem ent

Fig. 10 Identification for elastic-delamination model

a) Compressive strength of concrete
Even with increasing concrete strength, the identified parameters did not change excessively. The bonding
characteristics of CF sheet are related closely to its resistance todelamination (see Section 2.2).
b) Surface treatment
The stress, ry, and displacement, 6U, were lower in cases where no surface sanding was carried out. Where no
such treatment was carried out, the aggregate was not fully exposed completely at the surface, and as a result
bonding between CF sheet and concrete was inadequate.
c) Bond width of CF sheet
As long as the bonding width was greater than 10mm, all identified parameters remained almost constant.
However,the stress, 0y, increased when the width was less than 10mm. From the experimental investigation, it
was determined that the failure zone of the mortar layer was greater than the bonding width. The stress might be
affected by this phenomenon.
d) Bond length of CF sheet
The identified parameters do not change significantly when the bond length is 100mm to 250mm, because the
effective bond length is less than 100mm (see Section 3.1).
e) Number of bond layers of CF sheet
Comparing the identified parameter for two bonded layers of CF sheet with the parameter for a single layer, no
significant change is noted. There is adequate bonding between the first layer and second layers, so laminated CF
sheets is showed similardelamination behavior to the single layer.
f)Elastic modulus of epoxy resin
When CF sheet was bonded with the epoxy resin of lower elastic modulus, the sheet ruptured at mid span prior to
delamination, and ultimately it was impossible to obtain the identified parameter. This observation implies that
displacement, 6U, which is the delaminating criterion, is higher in the case of this resin. The identified parameter,
however, does not depend on the epoxy resin's elastic modulus in the case of specimens, S2-1, S2-2, and S2-3
with bonded aramid fiber sheet. These results cannot yet be explained rationally because more investigations of
the epoxy resins are required.

3.4 Elastic-delamination model (Cut-off model)

The bilinear model is a rigorous procedure that is capable of predicting delamination behavior. However this
rigorous approach requires a complicated analysis. To compare the accuracy of a simplified method of analysis
against this rigorous method, a cut-off model is also discussed. The cut-off model is derived very simply: the
fracture energy, which is the area of the triangular section in the case of the bilinear model, should be made the
same as in the bilinear model. A schematic of this is shown in Fig. 10. In the cut-off model will provide almost the
same results as the rigorous procedure.
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Loaded end Boundary between elastic £
and sottening parts

Table 4 Boundary conditions
S tate B o u n d a ry c o n d itio n s

B ilin e a r m o d e l

I x = 0 : o cf = 0 , x = L : 6 = 6 ( fo r E q . (l l)

II, III
x = 0 : 0 ^ = 0 ,* = ^

x = ｣e : b = b ,x = L : b = ?)t fo r E q . (1 2 )

C u t-o ff m o d e l N /A x = 0 : o c/ = 0 ,x = L : 6 = 6 , fo r E q . (1 3 )

RnnHf>H ccx-tinn T

Delaminated
sprtinn /

' p

Fig. ll One-dimensional CF sheet-concrete system

4. COMPUTATIONAL SIMULATION OF BOND TEST

4.1 Formulation

The stress-strain relationship for the CF sheet is

M*) s
ducf (x)

dx
(7)

Constitutive relationships are required to determine the shear stress from the shear displacement. For the bilinear
model, these relationships are

i-a
0,

For cut-off model, the relationship is

<5.. -<5,

0=^-6 (0*(5 s0.5<5,,)

<5u

(0=sc5s6 )

(«.-«) (5ys5s<5«)

(8)

(9)

(10)

The fundamental equations for the bonding and delaminating behavior of the CF sheet-concrete system are
derived from Eqs. (3), (4), (5), and (7) through (10). For the rigorous procedure are

VV^T^M*)=o (0s<5s<5^

Ecf tcf
0ucf(x) ry

J..2

The equation for the simplified analysis is

(Su-urf(X))-0 (6y*6*6u)

(ll)

(12)

d2u..r(x) 4rv
£<rV -jT-^-r^M*)-0 (o*6 *o.5du)

dx* ou
(13)

The displacement and strain of the CF sheet are obtained by solvingEqs. (ll), (12), and (13) with the boundary
conditions summarized in Table 4.
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Calculation procedure Magnitude of displacement, 6,

Set up bonded section
(Delaminating section=0 at the beginning)I

Calculation of elastic part
( length of softening part=0) (Eq.(ll)j

1

Calculation of into softening part
(Eg. (ll), (12))

C a lc u la tio n  f o r j u s t  d e la m in a tin g  p a r t( E q .  ( l l ) ,  ( 1 2 ) )

S e t  u p  b o n d e d  a n d
d e l a m i n a tio n  le n g t h  a g a in

0

Is  it  p o s s ib l e  to  c a lc u la te  s o ft e n in g  p a r t
Y e s w ith in  re s id u a l  b o n d in g  le n g t h ?

N o

0s6,*6y

*

<5y<8, <6U

y

à"à" *t =Su

(Satisfied the delaminating condition )

Fig. 12 Calculation flow for rigorous procedure

Transition of bonded and delaminated length

Ill Delaminated section
Bonded section

Displacement at mid span dmid

Fig. 13 Outline of simulation

4.2 Bond test calculation method

n

E stim a te  len g th  o f  so fte n in g  p a rt
I

*j  c alc u la te  stra in  o f C F s h e et

E stim ate  le n g th  o f

so fte n in g  p a rt  ag a in

;

Is  s tra in  o f  e la stic  sid e  e q u a l  to
  N

1

s o fte n in g  o n e  a t  th e  b o u n d a ry ?

Y e s

 O K  ~c alculate lo ad an d displacem en t,then go to next ste pF

Fig . 14 Calcula t ion f low for i te ra t ion

a) Rigorous procedure
The computat ional model of the one dimensional CF sheet-concrete system is shown in Fig. l l . the model
consists of a half layer as determined by the test ing length of the specimen because of its symmetry. The
prescribed displacement was incremental ly applied to the tip of the bonded section in Fig. 12 and Fig. 13,
respectively. Considering the magnitude of the prescribed displacement in correspondence with the bil inear model ,
the procedure wasdivided into three phases as fol lows.
Phase 1: Displacement, 6t , is non-zerobut less than d. The whole bonded section corresponds to the elast ic
part of the bil inear model .
Phase 2: Displacement, <5, , is greater than dy but less than 8U. A softening zone is present in the tip of the
bonded section.
Phase 3: Displacement, 6t , is equal to 6U. The delamination cri ter ion is sat isf ied.
I terat ive computat ions using the Newton-RaphsonMethod or similar are required to locate the correct result in
Phases 2, and 3. The convergencecondit ion is that the CF sheet strain at the tip of the elast ic zone is equal to the
strain at the and of the softening zone. If this condit ion is not sat isf ied, the approximated length of the softening
zone is adjusted and the calculat ion repeated. Detai ls of this procedure are given in Fig. 14. In the rigorous
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procedure, the strain and displacement of the CF sheet, the bonding stress, the applied load, and the displacement,
6mitl , are determined as follows.

P=ecf(L)-Ecrtcrbcf x2
p

0id = -x£_+<5..

2'£:c/ 'V 'bcf

(14)

(15)

where ecf(L) is the CF sheet strain at the tip of bonded section, L is the length of the bonded section, bcf is the
bonding width of the CF sheet, and ip is the length of the delaminated section.

To represent the propagation of delamination, the delaminated and bonded sections are updated once the
delamination criterion is satisfied in Phase 3. The procedure is then repeated. Computation terminates when it is
impossible to obtain the softening zone because the bonded section is too short.
b) Simplified analysis
The simplified analysis does not require iterative computation, so it is not divided into several Phases. Equation
(13) is simply solved by using the procedure adopted for Phase 3.

4.3 Calculation results

a) Verification of constitutive models
The theoretical and experimental load-deflection curves at mid span for several specimens are compared in Fig.
15. The experimental curves were obtained are as follows.
Load: Data acquired from the load cell
Deflection at mid span: Obtained by integrating the strain distribution of the CF sheet from the loaded end to the
specimen mid span. The integration was conducted for both faces bonded with CF sheet, and the results averaged
(see Appendix).

Rupture of CF sheet

Beginning of delamination

Experiment
Bilinear model

1 Cut-off model

0.5 1.0 1.5 2.0 2.5

Displacement at mid span (mm)

(a) Specimen Sl-2

15

£, 10

*o
ca

,3 ,

Beginning of delamination
.O&J

-%

Experim ent
Bilinear model

' Cut-off model

15

£,10
"O

c«
3 ,

\ Beginning of delamination

Experiment
Bilinear model

! Cut-off model
0.2 0.4 0.6

Displacement at mid span (mm)
(b) Specimen Sl-5

12

0 y
^
^3 f.

«j o
3

3

Beginning of delamination
>_gg-^ °0&

Experiment
Bilinear model

' Cut-off model

0.3 0.6 0.9 1.2

Displacement at mid span (mm)
(c) Specimen Sl-9

Fig. 15 Results of

U 0.5 1.0 1.5 2.0

Displacement at mid span (mm)

(d) Specimen S3-2

bond tests simulation
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10

z
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Fig. 5 Material properties and boundary conditions
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In general, it can be seen that theoretical curves, based on the rigorous procedure, agree well with the
experimental results, especially prior to delamination. Specimen Sl-2 failed as a result of CF sheet rupture close
to the anchored section of the specimen. Calculations, even using the rigorous procedure, are unable to predict
such rupturing of the CF sheet. Further, the theoretical curves overestimate the ultimate displacement. The
following experimental observation explain this: delamination propagated suddenly as the specimen failed, and
the CF sheets bonded to different lateral faces of the specimen. Calculations, even using the rigorous procedure,
are unable to predict such rupturing of the CF sheet. Further, the theoretical curves overestimated the ultimate
displacement. The following experimental observation explains this: delamination propergated suddenly as the
specimen failed, and the CF sheets bonded to different lateral faces of the specimen delaminated at different rates.
The experimental curves reflect the fact that the loads may increase as a result of this behavior oncedelamination
is initiated.

The theoretical and experimental curves agree well once delamination begins, even when the simplified method of
analysis is used for the calculations. The theoretical and experimental strain distribution of the CF sheet are shown
in Fig. 16. These distributions correspond to the magnitude of displacement at mid span. The rigorous procedure
is able to accurately predict the actual strain properties, while. The simplified analysis gives very similar results.
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Consequently, simplified analysis can be used to predict the actual bonding anddelamination behavior of CF sheet
with sufficient accuracy.
b) Corroboration of assumed concrete properties
To corroborate the assumption that concrete can be treated as a rigid body, simplified analysis was carried out for
concrete as an elastic body by solving simultaneous equations (13) and (16).

E0 'tc-^0£+^uc(X)=Q (0^*0^.) (16)

dx 6U

where Ec is the elastic modulus of concrete, tc is the half depth of the specimen, and U0 is the concrete
displacement. The material property of the concrete and boundary conditions for this analysis are shown in Table
5. The elastic modulus of concrete was estimated using an empirical formula[ll].

The calculation results for concrete as a rigid and elastic body respectively, are shown in Fig. 17. The results
obtained when it is assumed that concrete is a rigid body approximate to the elastic curve. This is expected, as
concrete is a hundred times stiffer than CF sheet. (Where stiffness means the product of elastic modulus and
material thickness) As a result the concrete block does not deform as much as the CF sheet when subjected to
tensile force. It is clear that the assumption is appropriate in these computations.

5. CONCLUSION

In this study two derivations are proposed by which to obtain a bonding anddelamination constitutive model for
CF sheet bonded to concrete. The numerical calculations for simulating delaminating behavior were implemented
as a sensitivity analysis on the constitutive models. The following conclusions can be drawn from this study:
(1) The shear stress and shear displacement relationships, which were derived from the strain distribution of the
CF sheet obtained in the bond test, comprise elastic and softening zones.
(2) The identified parameters of the model formed the basis for the discussion of the factors influencing banding
and delamination behavior. As a result, it was found that the model may be affected by the elastic modulus of the
epoxy resin. The reason for this cannot be explained rationally within the scope of this study. Hopefully, future
workwill clarify this point.
(3) Two computational methods were used to numerically simulate the bond tests, and a rigorous procedure based
on bilinear model was shown to be capable of accurately predicting the behavior of the CF sheet. A simplified
analysis based on cut-off model gave similar results to the rigorous procedure.
(4) The analysis was based on the assumption that concrete is a rigid body, and this assumption was verified by
carrying out simplified analysis for concrete as both a rigid and elastic body. The two sets of results were similar,
indicating that concrete can be treated as a rigid body.

It is believed that proposed model is suitable for predicting the bonding and delamination behavior of CF sheet
bonded on concrete.

Acknowled gements

The CF sheet was provided by Mitsubishi Chemical Co., Ltd. and Teijin Co., Ltd. The low elastic modulus epoxy
resin was form Toho Earthtech Inc. The authors would like to express their gratitude to all three companies for
their support.

Appendix

The crack width - namely, the displacement at mid span - wasmeasured in the bond tests by deflection sensors.
However,the integrated strain distributions from loaded end to mid span was adopted as the experimental value of
displacement at mid span.

Load-displacement curves at mid span are shown in Fig. Al. This figure included a curve for an anchored
specimen (Specimen Sl-10) and a non-anchored specimen, respectively. Both curves are plotted with the
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measured displacement, and the integrated values are also are plotted. The measured and integrated displacement
values do not agree in the case of the anchored specimen. The integrated value will agree with the measured
displacement because concrete can be treated as a rigid body in this study (see Chapter 4). This is because the CF
sheet deformation at anchored side affected to the deflection of testing length. As a result the measured
displacement was greater than the actual deformation, namely, integrated value. In fact, both curves agree well in
the case of non-anchored specimen.

The displacement at mid span obtained by solvingEq. (15) should be independent of deformation on the anchored
side, and the integrated data is a suitable way to eliminate the effect of the anchored side in verifying the analyses.
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Fig. 1A Comparison of anchored and non-anchored specimen displacement at mid span
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