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Abstract

This paper reports the experimental and analytical investigations for evaluating the flexural strength of a RC slab
strengthened with carbon fiber sheet (CFS). The evaluation of the ultimate flexural strength of a slab is tried under
the assumption that the failure occurs when the shear stress mobilized at the interface between the concrete bottom
and the glued CFS reaches its bond strength. The shear stress is evaluated theoretically and the bond strength is
obtained by a laboratory test. The ultimate flexural strength is obtained by flexural static test of the slab specimen,
which corresponds to the part of a real slab. From the results, the new approach based on the bond strength
between concrete and CFS looks feasible to evaluate the flexural strength of the CFS and RC composite slab.
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1. Introduction

In recent years, Fiber Reinforced Plastic (FRP) materials
have been used to rehabilitate many types of structures
including bridges, parking decks, smoke stacks, and
buildings with its superior characteristics such as high
strength and stiffness per unit weight, easier handling due to
their lightweight, and corrosion resistance. Numerous
technical papers'™ have revealed that FRP composite
systems bonded to various structural members can
significantly increase their stiffness and load carrying
capacity beyond what can be achieved through conven-
tional methods.

However, many experimental results show that flexural
failures of RC members glued by FRP at the bottom are apt
to occur by sudden delamination of FRP from the concrete
surface. This phenomenon indicates that the bond strength
between concrete and FRP is considered as one of the
important factors to determine the actual strength of RC
members retrofitted with FRP materials. Because of this
reason, extensive analytical researches™ of the RC
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members and studies of interfacial bond behavior
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between concrete and FRP materials have been performed,
and also further investigation is necessary to provide a
better understanding of failure mechanisms of FRP and RC
composite members.

This paper reports the experimental and analytical
investigations for evaluating the flexural strength of RC
slabs strengthened with Carbon Fiber Sheet (CFS).

2. Experiment
2.1 Flexural static test

Flexural static test was performed with slab specimens.
Each test slab was almost identical to the real slab of a
highway viaduct in terms of the amount of reinforcement,
quality of concrete and the thickness of the slab. This test
slab represented a part of the real slab with the same
flexural moment capacity. Each test slab had a rectangular
cross-section of 370mm width, 180mm depth, and overall
length of 2000mm.

To ensure a good bond between concrete and CFS, the
surface of the test slabs were cleaned and sanded to obtain a
rough surface, and then primer was applied in the bonding
surface of the slab with roller brush. After the primer cured,
a coat of epoxy resin was applied onto the concrete surface.

The CFS, previously cut to the required dimensions, was



positioned on the prepared concrete surface, and an epoxy
resin was applied. A similar procedure was repeated while
applying additional layers. The CFS was glued at the
bottom of the test slab. After the CFS was bonded, 7-day
resin curing was performed at the ambient conditions.

Fig. 1 shows the loading set up. Flexural static test with
6.1 shear-span ratio (a/d) was conducted under four-point
flexural load. All test slabs were simply supported and
subjected to two concentrated loads symmetrically placed
about the mid-span. Table 1 shows properties of the
materials used in this experiment. Normal type of CFS with
300g/m” in weight (T300) or 400g/m” (T400) were used for
the strengthening. Unidirectional CFS was applied to the
total length of slab specimen.

2.2 Bond test

Interfacial bond behavior between concrete surface and
CFS (actually epoxy layer) was investigated by laboratory
test. Each rectangular concrete prism specimen had 100mm
width x 100mm depth x 200mm length. The two bonding
faces of each prism specimen were prepared by grinding
and cleaned, and then primer was applied to the concrete
surface. Unidirectional CFS (100mm length x 37mm width)
was glued with epoxy resin to bonding surfaces as shown in
Fig. 2. The material properties of used in bond test were almost
same as the static test. Two different types of CFS were
considered as main variables. Fig. 3 shows the loading set
up in bond test. All specimens were statically loaded and
strains of CFS were recorded. The strains were measured by
strain gages mounted on CFS at spacing of every 20mm.
Only two specimens were tested for each case.

3. Resuits of the test & discussion

3.1 Flexural static test results

Table 2 shows the flexural static test results. Fig. 4 shows
the typical failure pattern. From the static test, the following
information was obtained.

(1) All test slabs retrofitted with CFS showed significant

Table 1 Properties of material used

Material | Properties

Concrete | Compressive strength : 39.2 N/mm?®
steel Yield strength : 341 N/mm? (D16)
epoxy | Tensile strength : 55.3 N/mm’

Weight | Thickness Tensile Elastic
CFES (@/m?) (mm) strength modulus
8 (N/mm?) (N/mm?)
T 300 300 0.167 S
T400 | 400 0.222 3430 2.33 %10

increases in ultimate flexural strength as compared to
the control slab. Retrofit of the test slab with 2 layers of
T400 CFS improved the flexural strength over 2 times.
(2) Failure of the test slab occurred immediately after
delamination of CFS from concrete and crushing of

concrete in the compression zone followed at the same
time. At this time, the strain level developed in CFS
was much lower than its rupture strain. Therefore,

Fig.1 Flexural static test
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Fig. 3 Bond test loading set-up
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improvement of bond strength between concrete and CFS
is expected further improvement of the flexural strength of
the slab.

3.2 Bond test results

Table 3 is the summary of the bond test results. The
failure of test specimens mainly occurred by sudden
delamination of CFS from the concrete surface before
reaching its rupture strain. It is also found that the
maximum pull load increases as the thickness of bonded
CFS increases. Fig. 6 shows measured strain distributions
developed in the CFS just before the slipping. It can be seen
that strain distributions between concrete and CFS is not
uniform along the bonded length.

3.2.1 Evaluation of bond strength

Executing tensile test of the bond specimen as shown in
Fig. 2, the bond strength f is evaluated by the following
two methods.

*Method 1
The average bond strength is defined as;

Jo = Pua/2A (1)
Where, P,,, : Maximum pull load, A : Attached area of
CFS (= b L), b : Bonded width (=37mm), L : Bonded
length (=100mm)

In this method, if the bonded length increases, the
ultimate load increases. However, the average bond strength
decreases as the bonded length increases, because the
ultimate load is not increased in proportion to the bonded
length.

Table 2 Static test resuits

P Strength Strain of CFS
F i
Testslab | CFS (kN) improvement | at failure ()
Control | No CFS 91.7 1.0
S-1 T300 157.8 1.72 6000 (40.1)
S-2 2layers 165.6 1.81 7310 (49.1)
T400 Not
- 198.0 2.16
53 2layers 98 available

* ():The ratio of CFS strain at failure to its rupture strain in %.
* The value of control slab is the average of 2 test slabs.

Table 3 Bond test results

Tgst CES Bond Section7 Ultimate
specimen length(mm) | area(mm®) load(kN)
B-1 T300 12.36 9.1
B-2 2layers 100 12.5
B-3 T400 16.48 14.0
B-4 2layers 16.0
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*Method 2

Fig. 7 shows measured strain distributions between
concrete surface and CFS just before the slipping. From
the measured strains of the CFS at the surface, bond
stresses can be evaluated as follows. Also, the bond
strength is defined by the average of the bond stresses
just before slipping.

fa(x) is bond stress occurring at x and Tcfs is the
tensile force occurring in the CFS at x.

!

Fig. 4 Typical debonding failure
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Fig. 6 Measured strain distribution at each load level
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4, Estimation of the ultimate flexural strength

A new analytical investigation for evaluating ultimate
flexural strength of a RC slab laminated by CFS is
introduced. The estimation of the ultimate flexural strength
of a slab was tried under the assumption that the failure
occurs when the shear stress between the concrete bottom
and the glued CFS reaches the bond strength. The shear
stress was evaluated theoretically and the bond strength was

Fig. 7 Measured strain distributions just before slipping

obtained by a laboratory test as shown in Fig. 3. The
ultimate flexural strength of the slabs was obtained by the

— flexural static test as shown in Fig. 1.
T(fs - E(‘fx ) E(j: : b ' tcfs g
AT 1dx=E,, -(de/dx)-b-t, (2) 4.1 Derivation of shear stress and failure load
dT = f,(x)-b-dx Debonding of CFS from concrete is actually
delamination of epoxy layer from the concrete surface. The
fo(x)=(dT /dx)/b section of the test slab is divided into RC slab, epoxy resin
and CFS as shown in Fig. 8.
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Where, A; is the section area of each material (A, and A, are the section area of the compressive and tensile steel),
[, is the moment of inertia of each material, xyis the centroid position of the composite section measured from the top
of the slab, n; is the elastic modulus ratio of each material to the concrete, d, is the cover of the re-bar in the
compression side.

Fig. 8 Analysis of composite slab
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The moment of inertia of the composite section I is;

I, _Zn I+, -dY Ay +[n (I, +0,-d YA [n,

=l

{,+x,-d YA}
(5)

The shear stress 71 and 7 : mobilized between
concrete and epoxy layer and between epoxy layer and CFS
can be derived by considering the equilibrium conditions of
an infinitesimal part dx. First, the tensile stress in the CFS is;

G, = n, (NIA+ MA-y) (6)

If axial force N = 0, the incremental stress of CFS in the
distance dx is;

do.rfs = n3 (ldM) (7)

do  hix = ny (L2 = &y ®
dx 1

do, =n, (%y) dx ©

Therefore, the incremental tension force dT in the CFS is;

dT =0, -dA = n, J\"; (%y-dxydA (10)

On the other hand, from the equilibrium of horizontal force;
dT =1,-b-dx an

n, fz (%y)dx.dA =7, -b-dx (12)

Therefore, the shear stress 7 2 between epoxy layer and
CEFS can be defined as follows

- G in e =F e = Lot

(13)
and, the shear stress T 1 between concrete and epoxy layer is

7, = Q [n, ,[12 yd,4+njﬁ3 ydA] "
i (

712Q [)’2 -V ] +7

== [nzf ydy+n [ ydy) =

Where, Q is the shear force acting to the section, n;and
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n; are the elastic modulus ratio of epoxy resin and CFS to
the concrete, respectively.

Assuming that failure of the slab occurs when 71 = fz
(=bond strength between concrete and CFS obtained by a
laboratory test), the flexural strength of the slab in the
above equation becomes

=2f1/k (15)
Where, k =n; {y:°-y/} +ny {y5 -y}

Neglecting t,,,, and .4, comparing to (7. - xp),

05 =) =0, + 30, —3) = (21, —2x, F2,,0) b = 2 = Xp) 1,

(y32 - y22) = (2tr —'2.X0 +tt‘px +t(_'fs)-trf.s = Z(t( —XO).tl‘fs

(16)

and also neglecting E,,, f.,, comparingto Ey t;

2(t, — xy) E,
k = TO_ {Eepx 'tep.r + Etfs 'tffv} = 2(t(‘ —x()) E ’ trfv
(17)
Then
Q =2f,EI/(t -x )E(fs o (18)
Therefore, flexural failure load is
P=2Q =4 f,E1/(. -x)E, 1, a9

Here,

1
I= gbx()z. + nstAst (d - 'XO)2 + nchxc(xO - d(')z

1 1 2
+ nerpX (t, —xg +— 5 ) + n3A(fY(t —Xg 1t Et‘ﬁ)

ep X

(20)

Neglecting t,,, and t.; comparing to (f. - xy) as before

1 3 2 2 2
I =§b’€{ +n A (d—x%) +rA (G —d) +(A,, 1A ). —X)
D

Where, n,. and n, are the elastic modulus ratio of
compression steel and tension steel to concrete, d, is the
cover of the steel in the compression side, A,,, and A are
the section area of the epoxy layer and CFS.

4.2 Evaluation of the elastic modulus of concrete
by back analysis

I and x; are calculated on the assumption that the
concrete in tension zone and yielded re-bar do not
contribute to the gross section. It is however difficult to



choose the approximate value for the elastic modulus of the
concrete since the elastic modulus is dependent on the
strain level which varies with load level and also varies
from the place to place in the concrete slab.

The over-all elastic modulus of concrete at the near
failure of the test slab is evaluated by comparing the
flexural rigidity at the initial state E,/, and at the final state
E.I both evaluated from the deflection at the span center.
Where, E,, is the initial tangent of the concrete and I, is the
moment of inertia of the composite slab based on the gross
section. E. is called as the over-all elastic modulus of
concrete in this research. Under the above assumptions, E,
does not differ from E,, so much as shown in Table 4.
Therefore, the elastic modulus may be taken as a constant
value in this analysis.

4.3 Comparison of theoretical and experimental
results

Bond strength f; between concrete and CFS (actually
epoxy layer) was conducted by a laboratory test and
evaluated by two methods as shown in Table 5. Only two
specimens were tested for each case and the gap of these
two data was large. The theoretically obtained ultimate
flexural strength was compared with the test result. Table 6
shows the comparison of the calculated strength with the
corresponding experimental result. The corresponding
average bond strength was used in the evaluation of the
flexural strength. From the results, it is found that this new

Table 4 Experimental test results of slab specimens

method gives a relatively good estimate of the ultimate
flexural strength of the composite slab. The gap between
the calculated value P, and the corresponding
experimental value P,,, is considered to arise mainly from

the unsatisfactory evaluation of the bond strength f5
5. Conclusions

A proposed analytical method based on bond strength
between concrete and CFS to evaluate the flexural strength
of RC slab strengthened with CFS was discussed. The
following conclusions can be drawn;

(1) The proposed method to evaluate the flexural strength
of a RC member strengthened by CFS is expected to
give a good estimate of the ultimate strength. It is
found in this study, however that the evaluation of the
bond strength between concrete and CFS is the key
and that the evaluation of the moment of inertia of the
composite section in which concrete being cracked
and the re-bar being yielded is also the key. The
accuracy of the thickness and the elastic modulus of
CFS are also influential.

(2) Further research concerning the new failure modes
such as delamination of CFS, evaluation of bond
strength and retrofit design methodologies must be
studied to clarify the mechanical behavior of

laminated composite member and to assure safe

practical application in construction site.

CFS Test slab feo Ee Ip(em® I (cm’ Py (kN
2 layers (N/mmz) x 10 (N/mmz) x 10* o(em?) (em?) %o (cm) ewp (kN)
T300 S-1 2.90 2.78 20920 2950 3.44 157.8

S-2 295 2.53 20860 3230 3.57 165.6
T400 S-3 3.30 3.08 20790 3940 3.80 198.0
Table 5 Bond strength fz (\/mn’)

CFS J& by the Method 1 J» by the Method 2

2 layers Specimen No.! | Specimen No.2 Average bond Specimen No. Specimen No.2 Average bond

strength strength

T300 1.69 1.23 1.46 1.62 1.38
T400 2.16 1.89 2.03 1.63 1.51

Table 6 Comparison of the calculated and experimental results on flexural strength

CFS Test Py / Peyy (fis by the Method 1) Py / Peyy (fp by the Method 2)
2 layers slab fz-No.1 Jfz—No.2 fp -ave Jfz -No.1 Jz—No.2 Sz -ave
-1 1. . . . .
T300 S 46 1.06 1.26 1.40 1.18
S-2 1.38 1.0 1.20 1.32 1.13
T400 S-3 1.41 1.24 1.32 1.07 0.99
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