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Behavior of interfacial stresses between RC beams and GFRP sheets
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Abstract: Seven reinforced concrete (RC) beams with epoxy-bonded glass fiber reinforced plastic ( GFRP)

sheets and two control RC beams were experimentally tested to investigate the bond behavior of the interfaces

between RC beams and GFRP sheets. The variable parameters considered in test beams are the layers of GFRP

sheets, the bond lengths and the reinforcement ratios. The results indicate that the flexural strength of the

repaired beams is increased, but the ultimate load of beams with GFRP sheets debonding failure is reduced

relatively. The bond length is the main factor that results in bonding failure of the strengthened beams. An

experimental method of interfacial shear stress is proposed to analyze the distribution of shear stress according to

experimental results. The analytical method of shear and normal stresses and a simple equation are proposed to

predict the peeling loads. The proposed model is applied to experimental beams. The analytical results show a

good agreement with the experimental results.
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stress

In recent years, repair and retrofit of existing
structures have been among the most important challen-
ges in China. Different techniques have been developed
to retrofit the concrete structures. For RC beams, a
common repair and retrofit technique is to bond fiber
reinforced plastic (FRP) sheets/plates to the bottom of
RC beams. Comprehensive experimental investigations
conducted in past years have shown that this strengthe-
ning method has several advantages, such as lighter
weight, higher strength, no corrosion, and easy applica-
tion procedures at the construction site'' "

Previous laboratory studies have demonstrated the
effectiveness of externally bonded FRP sheets in
enhancing both the flexural capacity and shear capacity
of concrete beams in China'"”'. However, RC beams
strengthened with FRP sheets may exhibit FRP sheets
debonding failure at the ends of FRP sheets due to high
interfacial stresses. This failure, which is usually named
shear-tension failure!®, results from a combination of
shear and normal stresses in the concrete in the plane
of longitudinal steel bars. This failure mechanism can
initiate at the end of an FRP sheet, resulting in the
propagation of horizontal cracking, and can cause sepa-
ration of the concrete cover. This paper describes the
experimental results and the analytical study concerning
the shear-tension failure.
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1 Experimental Program

A total of 9 beams were tested. All beams have
identical rectangular cross-sections and the same size:
150 mm %250 mm x 2 700 mm (see Fig. 1). There are
two types of shear span length (1 000 mm and 800
mm) to provide two regions of constant moment: 400
mm and 800 mm. Two beams were used as control
specimens and the others were strengthened in flexure
using one and two layers of externally bonded GFRP
sheets, respectively. Different GFRP lengths with dif-
ferent bond lengths were applied in different beams, re-
spectively (see Tab. 1). Two grades of cube compres-
sive strength of concrete, which are named C20 and
C30, were used. The flexural tension reinforcement
consisting of 12 mm and 14 mm deformed bars were
used. Shear reinforcement consisted of 6 mm-diameter
round steel stirrups spaced at 100 mm center-center
(see Fig.1). The GFRP material consisted of 150 mm
wide and 0. 7 mm thick glass sheets externally bonded
to the tension face of the concrete beams using a two-
part epoxy mixed at a 2.5: 1 ratio and cured at room
temperature. A summary of all the material properties is

given in Tab. 2.
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Fig.1 Details of test beams
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Tab.1 Test specimens and test results
Beam Grade of concrete Length of Bond length Flexural tension rein- Load/kN .
designation compressive strength GERP GFRP/mm @/mm L,/mm  forcement ratio p,/ % Atyield At ultimate Failure mode
CL20 C20 0.70(2¢12) 30 37 Concrete crushing
CL30 C30 1.43(3¢14) 85 102 Concrete crushing
BL20-1 C20 1 layer 2300 50 950 0.70(2¢12) 35 57 GFRP rupture
BL20-2 C20 2 layers 2 300 50 750 1.43(3¢14) 100 120 Concrete crushing
BL30-1 C30 1 layer 2100 150 850 0.70(2¢12) 35 58 GFRP rupture
BLAO-1 C40 1 layer 1900 250 750 0.70(2¢12) 40 60 GFRP rupture
PPL20 C20 1 layer 400 1 000 0 0.70(2¢12) 33 45 GFRP debonding
PPL30 C30 1 layer 600 900 100 0.70(2¢412) 30 46 GFRP debonding
PPLAO C40 1 layer 800 800 200 0.70(2¢12) 34 46 GFRP debonding
Tab.2 Material properties
Material fy/MPa &,/ % f./MPa e,/ % E/GPa G/MPa
8 mm bar 352.1 1. 68 523.9 210
Steel 12 mm bar 381.7 1.91 579.1 200
14 mm bar 365.9 1.83 535.9 200
Concrete C20 32.6 30.7
C30 40.3 32.7
GFRP 542 2.46 22
Resin 52.5 32.4 10.6

A total of three linear voltage displacement trans-
ducers (LVDTs) were used to measure midspan, and
supporting point deflections. All specimens were tested
in four-point bending over a 2.4 m simple span in a
5000 kN test frame. All beams were statically tested to
failure at a load rate of approximately 12 N/s.

2 Test Results and Discussion

2.1 Failure modes

The beams strengthened with GFRP sheets, as
shown in Fig.2 and Tab. 1, exhibited three basic failure
modes. The load-midspan displacements of test beams
are shown in Fig. 3. The test results are summarized in
Tab. 1.

(b)

Fig.2 Failure modes. (a) Rupture of GFRP sheet; (b) Debond-
ing of concrete cover at the end of GFRP

For beams BL20-1, BL30-1, and BLA40-1, one
layer of GFRP sheet was externally bonded to the ten-
sion face of the test beams. The crack load was about
26% to 30% of the ultimate load of the control beam
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Fig.3 Load-displacement curves for all test beams

CL20. As the additional loads were applied, flexural
cracks were initiated from the bottom of the beams in
the region of maximum moment. The main steels yiel-
ded at loads of 35 or 40 kN and the old cracks were
widened and extended upward and new cracks were
initiated. As the applied load was further increased,
cracks propagated toward the upper areas of the beams
and failure of tensile of GFRP sheets occurred, as
shown in Fig.2(a).

Beam BL20-2, with moderate flexural tension re-
inforcement ratios, was externally bonded to the ten-
sion face of the test beam by two layers of GFRP
sheets. Failure occurred by the crushing of the con-
crete in the compression zone.

For beams PPL20, PPL30, and PPL40, one layer
of GFRP sheet was also externally bonded to the ten-
sion face of the test beams. The bond length was O,
100 and 200 mm, respectively. After strengthening, as
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the additional load was applied, flexural cracks were
initiated from the bottom of the beams in the region of
maximum moment. As the applied load was further in-
creased, vertical cracks were initiated at the end of the
GFRP sheets and main cracks were formed quickly.
The concrete covers at the end of the GFRP sheets
started to peel due to the stress concentration and
propagated from there to the mid-span of the beams.
As the applied load was further increased, the main
cracks widened and extended upward continuously
and failure of crushing of concrete in the compression
zone occurred, as shown in Fig. 2(b). It is shown that
the bond lengths of sheet have a direct effect on the
debonding failure. It is proposed that bond length
should be enough for the strengthening beam external-
ly bonded with GFRP sheets to avoid debonding fail-
ure.
2.2 Measuring the interfacial shear stress distri-

bution

To measure the interfacial shear stress distribu-
tion at the end of the GFRP sheet, the GFRP sheet
was instrumented with five electrical strain gauges dis-
tributed along the end of the GFRP sheet, as shown in
Tab. 3. Using strain reading from the GFRP sheet, the
shear stress distribution can be obtained by curve fit-
ting the strain versus distance-from-cut-off-point and
relating the shear stress to the rate of change of strain
according to the following equation:

7(x) =tpEpd‘Z% (1)
where E is the elastic modulus of GFRP sheet, 7, is
the thickness of the GRRP sheet, and &£ (x) is the
GFRP sheet strain.

Tab.3 Location of strain gauges on the end of GFRP sheet

Gauge number 1 2 3 4 5

Dist. fi b
islance oM beam 15 29 50 100 150
support/mm

The shear stress 7(x) can be also obtained from
the following equation'”™ :
7(x) =Cie “ +C,e“ +D,x+D, (2)
where C,, C,, D, and D, are constants; x is the longi-
tudinal distance from the cut-off-point.

Integrating Eq. (2), we obtain
2

i D
e(x) = —Be ™™ + Ee” +71x+D2x +D;  (3)

where B=C,/(t,E,C) and E =C,/(1,E,C).
At the end of the GFRP sheet, Eq. (3) can be ex-
pressed as
e(x) =A-Be™ ™ 4)
where A =E + D;.
Substituting Eq. (4) into Eq. (1), Eq. (1) can be

expressed as
7(x) =t,E,BCe ™ (5)
and the maximum shear stress at the end of the GFRP
sheet is calculated as
Tomax = 1,E,BC (6)

The constants A, B, C can be obtained by regress-
ing Eq. (4) according to the GFRP strain and the
maximum shear stress at the end of the GFRP sheet
can be calculated according to Eq. (6) . The maximum
shear stresses of all test beams were calculated under
40 kN load by Eq. (4) to Eq. (6).

For beam BL30-1, the strain at the end of the
GFRP sheet was reading from the acquisition system
and we can obtain the regression equation of GFRP
strain:

X

£(x) =0.000 5 —0. 000 53exp( _70.1T52) (7)
where A =0.000 5, B =0.000 53, C=0.014 25.

Fig. 4 illustrates the strain distribution at the end
of the GFRP sheet and the regression curve of the

GFRP strain for beam BL30-1.
6m —

®  Test values

500 R -
Regression curve

400

300

200

GERP strain/10 ¢

100

0 -

1 1 1 1 1
0 30 60 90 120 150
Distance from cut-off-point/mm

-100

Fig.4 Strain distribution at the end of GFRP sheet and
regression curve for beam BL30-1

3 Analytical Models

In this section, analytical models are developed
for predicting the shear and normal stresses at the con-
crete/FRP interface. Some assumptions made to sim-
plify the problem are as follows: (1) Plane cross sec-
tions remain plane during loadings; (2 FRP, concrete
and steel are all linear elastic and of isotropic behav-
ior; @ There is no slip between FRP and RC beams.
3.1 Shear stress

A RC beam strengthened with an FRP sheet has a
rectangular cross-section b x h. The thickness of the
FRP sheet and the epoxy layer is 7, and 7,, respective-
ly, as shown in Fig. 5. The shear stress can be defined
by considering the equilibrium of an infinitesimal part
of the FRP sheet:
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do,(x)
dx
where o, (x) is the tensile stress in FRP sheet.

(8)

T(x) =t,

AZ T« V.(x) M. (x)+dM (%)
o RC
& =< (T beam
/is M. (%) V(%) +dV,.(x)
=" ()

A
bp o(x) > Adhesive layer
S i

(%)
Vo) (%) Vo(x) + dV,(x)

op(x) +— o, (x) +

dx ’T(x)dup(x)
GFRP sheet
Fig.5 Cross section and isolated elements

Differentiating Eq. (8) with respect to x, results
in
i _, o ©
dx Podx
The relationship of shear stress and shear strain y
in the epoxy layer can be written as

G, _G.
r(x) =y =" u(x.y) (10)

in which
u(x,y) =uy(x) —u;(x) (11)

where G, is the shear modulus of elasticity of the ad-
hesive layer, u#, (x) is the horizontal displacement of
the bottom fiber of RC beam, and u, (x) is the hori-
zontal displacement of the FRP sheet.

Substituting Eq. (11) into Eq. (10), Eq. (10)
can be expressed as

Ga
7(x) =~ ~lun(x) —u, ()] (12)

Differentiating Eq. (12) with respect to x, results in
dr(x) :@[duz(ﬁo _dul(X)] _

dx t, dx dx
Gﬂ
‘ [e,(x) —&,(X)] (13)

where g,(x) is the tensile strain of the top fiber of the
adhesive layer, and £, (x) is the tensile strain of the
bottom fiber of the adhesive layer.

The tensile strain of the bottom fiber of the adhe-
sive layer £,(x) can be written as
o,(x)

EP

Actually, the tensile strain of the top fiber of the
adhesive layer £,(x) is the tensile strain of the bottom
fiber of the RC beam. For RC beams, the beams are
made of two different materials, and one of them, the
concrete, does not have a linear stress-strain relation-

&,(x) = (14)

ship. Besides, the member under service load is usual-

ly cracked transversely and diagonally. So the calcula-
tion of tensile strain at the bottom face of the RC
beams is cumbersome. The calculation of tensile strain
at the bottom face of the RC beams presented in this
paper is a simple method.

For a strengthened beam, the depth of neutral ax-
is x, can be calculated as

;—bxé +(apA, +af Al +agA,) X, — apAh, -

agAl a’ —agAh, =0 (15)

where ay = E/E, and ay = E,/E,; E, is the elastic
modulus of steel bar; E_ is the elastic modulus of con-
crete. The moment of inertia of a strengthened beam
can be expressed as

I, :;—bxg +opA(hy —x)) +(ag —DA(x, —a')” +

agA, (h, —xy)° (16)
The tensile strain of the top fiber of the adhesive layer
£,(x) can be written as

£,(%) :M(X)E(jo %) (17)
where M(x) is the bending moment.

Substituting Eq. (14) and Eq. (17) into Eq.
(13), Eq. (13) can be expressed as

dr(x) zg[apu) M(x) (h —x0>]
dx L E, E I,

Substituting Eq. (18) into Eq. (9), the governing
differential equation for tensile stress in the FRP sheet
can be expressed as

do,(x) G, M(x)G,(h -x,)

o BT R

The solution of Eq. (19) is given by

(18)

=0 (19)

m
o, (x) =Cie™ +Cpe ™™ + a—;M(x) (20)

a G,(h-x,)

and m, =
1.1.E, t.1,EI,

where « = ; Cyand C,

are constants.
Substituting Eq. (20) into Eq. (8), the shear
stress can be expressed as

r(x) =Dye™ +Dye " 41, 23V(x)  (21)
o

where D, =af,C; and D, = - ot,C,.
The maximum shear stress at the end of FRP can
be expressed as

7-max

=D, +D, +1, V(0) (22)
o

where V(0) is the shear force at x =0. The constants
D; and D, in Eq. (22) can be obtained according to
the different boundary conditions, as shown in
Tab. 4. It is shown from Tab. 4 that the expression of
the maximum shear stress can be written uniformly as
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Tab.4 Solution of stresses at the end of FRP

Load case ]3;’:(;‘1(3?;: Solution of stresses at the end of FRP Maximum stress
(T,L(o) =0 7(x) =t, TEM(0) e 4, %L %) P =ty EM(0) 41, "(0)
o3
Uniformly 7(7"“):0 __E, [ V() Ve(x) +BM(x) ) _E, (V,(0) V.(0) +8M(0)
distributed v L—u)—() o(x) 72,3111 kI, E.I cospir + T e 72]3]1,‘(,( EI - E.I )
load 2 - £l (x)E, I,
V,(x) =V,(0) ‘ e
7(0) =0 Em MO L my
L _N-o « © Tt Vw) Osaslo-a
TWO T( 2 a) T(x) = m m I T max :tl ml W(O) +tl’ mizll/(o)
point o, (Ly-a) =0, (L, —a) 1, —M(0)e ™ +1, ——5V(0) e e ™ L, —a<y<——-a @ &
g o B a 2a 2 __E, V,(0) V.(0) +BM(0)
loads 7, (Lo —a) =7, (Ly ~a) E, (Vo) Vu(x) +M(x) _%Tf( fown )
M,(x) =0 (x) 213;5 [ ( : 7 z IA - )(osﬁx +wslﬂﬂr ! r o
V,(x) =V,(0) : v o
M(O) : V(O) G, sponding values in Eq. (28) gives the governing dif-
=1, — +1, 5 V(0) =— 0 . .
T max at E. ferential equation of normal stress:
G, d'o(x) E.b,
—_ 23 — Y+, o(x X 29
BT (23) PR N A ey L)
where M(0) is the bending moment at x =0, o, = The solution of this fourth-order linear differenti-
M(0)(h -x,) and 7. = t,b,(h - x,) V(0) al equation is given below:
I, 0 b1, ’ o(x) =e P (E, cospx + E,sinBx) +

3.2 Normal stress
In Fig. 5, the fourth-order differential equation

for the strengthened beam can be expressed as'”
4

d'v,
EcIc dx 4 q(x) _bpa-(x)

d4v (24)
~El, i =b,o(x)

where o (x) is the normal stress; v, and v, are the ver-
tical deflections of the FRP sheet and concrete beam,
respectively.

I, =;*bxi + oA (hy = x)" +(ap ~ DA (x, —a')’

(25)
fb r

P 2 pp (26)
where x, is the depth of the neutral axis of the RC
beam, /. is the moment of inertia of the RC beam, and
I, is the moment of inertia of the FRP sheet.

For an RC beam, the depth of neutral axis x, can
be calculated as

bei + (oA, +ap Al)x,

2 _aEAshO

—agAla =0
(27)
The normal stress g(x) can also be written as
-v)
Differentiating Eq. (28) four times and solving

4 4

d'v, d'v

e 2 and substituting the corre-
x

o(x) =7&( 12 (28)

a

Eq. (24) fo

q(0)E I,

e’ (E,sinBx + E,cospx) + bE.L

= (30)

E.b,
4t E I

a—pTp
tegration; and g(x) is the uniformly distributed load.

The constants E, to E, in Eq. (30) can be obtained ac-
cording to different boundary conditions, as shown in

4
where 38 = ( ) ; E, to E, are the constants of in-

Tab. 4. The shear force V,(x) at a small element
shown in Fig.5 is determined by
V,(x) =b,t,7(x) (31a)
as shown in Tab. 4, can be written as
V,(0) =b,1,7 (31b)

The terms V (0) +BM(0) and E [, are relatively

and V,(0),

small compared to E_I, and have been neglected in the
solution of normal stress, as shown in Tab. 4. So the
normal stress can be expressed as
_ btE, _y

O-max ZB tq , p max Tmax

b,tE,
2B°t,E,1,
3.3 Peeling load

The principle stresses using the stress transforma-

(32)

where i =

. 8
tion are as follows'™

2
T max + T max + T _
2 - 2 max

Vit +4)

(33)

max(lp

012 =

where o, and o, are principle stresses.
For the tension-compression state of stress, fail-
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. . . . 9
ure criterion of concrete is given by'”
(%

; )ﬁ (34)

Realizing that the ratio of ¢,/f, is very small, an ap-

01:(1—().8

proximation of Eq. (34) is given by
o, =0.95f, (35)
Substituting Eq. (33) into Eq. (35), Eq. (35) can be
expressed as
o) =N+ VYT +4) =0.95F,
Substituting Eq. (23) into Eq. (36), Eq. (36) can be
expressed as

(36)

_ 1. 9a7f,
" m (aa + 1)+ T +4)

where P, is the peeling load, and a is the distance

P

(37)

between the support point and the cut-off point of the
FRP sheet.

To ascertain the accuracy of the proposed meth-
od, Egs. (23), (32) and (37) were used to predict the
maximum shear and normal stresses and peeling loads
for GFRP-strengthened beams were tested in four-
point bending under a 40 kN load and compared with

[10]

Roberts’ expression' ", as shown in Tab. 5.

Tab.5 Calculation values of stress and peel load at the end of FRP

Load =40 kN

Peeling load/kN

Beam Maximum shear stress/MPa Maximum normal stress/MPa
designation Regression Roberts’ Calculation Roberts’ Calculation Experimental Calculation
value expression value expression value value value
BL20-1 0.012 0.113 0. 087 0.091 0.129 540. 44
BL20-2 0. 020 0. 104 0.075 0.092 0. 129 567.76
BL30-1 0. 166 0.276 0. 186 0. 206 0.275 292.27
BLAO-1 0.184 0. 441 0.283 0.329 0.417 218.45
PPL20 0.819 1.326 1. 028 0.703 1.512 45 39.05
PPL30 0.833 1.271 0.925 0.672 1.361 46 43.42
PPLA40 0.742 0.943 0.823 0.634 1.212 46 48.77

4 Conclusions

1) GFRP external reinforcement obviously in-
creased beam ultimate flexural capacities, but the ulti-
mate load of beams with GFRP sheets debonding fail-
ure was relatively reduced.

2) The experimental method was proposed to
analyze the shear distribution at the end of the FRP
sheet according to reading tested values of FRP strain.

3) The peeling load gradually increased along
with increasing bond length and concrete strength and
decreasing thickness of the FRP sheet.

4) A simple approach was presented to predict the
maximum shear and normal stresses and peeling load
for strengthened beams. Excellent correlation of the
predicted results with experimental results was noted.
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