max G

)
1

where u is the coefficient of friction between FRP bars and bonding adhesives; f.; is the tensile
strength of concrete and G; is a coefficient determined using the proposed design chart given in
Fig. 11 for specified groove dimensions. Using an average coefficient of friction between CFRP
bars and the adhesive of 0.5, tensile strength of concrete of 4.3 MPa and G; of 0.65 for the bond
specimens reported in this investigation, the bond strength was calculated and is equal to 3.3
MPa, which is 10 percent higher than the measured value, reported in Table 1. Eq. (9) was
adopted in the finite element analysis as a criterion for debonding failure at the concrete-epoxy
interface. The numerical simulations were conducted using a typical steel reinforcement ratio of

flexural members of 1.0 percent.

Typical interfacial shear stress distribution, at failure, is shown in Fig. 14. In general, terminating
bottom steel reinforcement at the maximum moment region creates zones of high bond stresses
and therefore, accelerates debonding failure. Equilibrium and compatibility provisions require
full transmission of the tensile stresses in the terminated steel bars to neighbouring steel and FRP
bars. These tensile forces are distributed to the neighbouring bars according to their axial
stiffnesses and create additional bond stresses in the steel and FRP bars. Such a phenomenon
becomes more severe after yielding of the main steel reinforcement. At this stage, NSM CFRP
bars receive the full tensile stresses and extremely high bond stresses are developed resulting in
splitting-type failures. Therefore, doubling the area of the main steel reinforcing bars has no
effect on the maximum tensile stresses in NSM CFRP bars at the onset of debonding. This
behavior was confirmed through a set of numerical simulations using a steel reinforcement ratio

of 2.0 percent at the mid-span section.
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The analysis indicated that terminating 10 percent of the main bottom steel reinforcement
allowed the CFRP bars to utilize 60 percent of its tensile strength prior to debonding. It should be
noted that terminating 50 percent or more of the main bottom steel reinforcement induce high
bond stresses and limit the tensile stresses at the onset of debonding of NSM CFRP bars to 40
percent of the tensile strength of the bars. The results of the analysis coincided with the measured

values in the experimental program.

Based on the reported experimental and analytical investigations, typical procedures to evaluate
the development length of any configuration of NSM FRP bars can be summarized as follows:

a) Determine the material characteristics of FRP bars, concrete and adhesive.

b) Determine the coefficient of friction between the FRP bar and the bonding adhesive
according to the ASTM G115-98*° or based on information provided by the
manufacturer.

c) Select groove dimensions, thickness of the clear epoxy cover and use the proposed design
chart, given in Fig. 11 to determine the coefficients G; and the greater of coefficients G
and/or G%.

d) Determine the maximum allowable tensile stress in NSM CFRP bars prior to debonding
using either non-linear finite element analysis or laboratory testing. A conservative value
of 40% of the tensile strength of the CFRP bars can be used alternatively.

e) Calculate the development length using the greater of Eq. (5) and Eq. (6)

f) Reselect groove dimensions if necessary and repeat steps (c) to (e).
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CONCLUSIONS

Based on the findings of this investigation, the following conclusions can be drawn:

1.

The use of NSM CFRP bars is feasible and effective for strengthening/repair of concrete
structures. The technique can be used to increase both stiffness and flexural strength of
concrete beams.

The development length of NSM FRP reinforcement is highly dependent on the dimensions
of the bars, concrete and adhesive properties, reinforcement configuration, and groove width.
Consequently, complete evaluation of the existing structures is compulsory prior to any
strengthening application.

Rupture of NSM CFRP bars is not likely to occur regardless of the embedment length used.
The efficiency of using CFRP bars as NSM reinforcement is controlled primarily by the bond
characteristics of the bars as well as by the bond between the adhesive material and the
concrete.

The development length of NSM CFRP bars tested in this investigation should not be less
than 80 times the diameter of the bars.

The maximum measured tensile strain in the CFRP bars at failure is in the range of 40 to 45
percent of the rupture strain of bars, regardless of the embedment length used. Such a
limiting value is highly dependent on the configuration of the bottom steel reinforcement
inside the beam as well as on the stress level at the concrete-epoxy interface.

The proposed design chart is adequate to determine the development length of NSM FRP
bars accurately. The chart is easy to use and provides excellent correlation to experimental

results.
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7.

10.

Two different types of debonding failures can occur for NSM FRP bars. The first mode of
failure is due to splitting of the epoxy cover as a result of high tensile stresses at the FRP-
epoxy interface, and is termed “epoxy split failure”. The second mode of failure is due to
cracking of the concrete surrounding the epoxy adhesive and is termed ‘“concrete split
failure”.

Increasing the groove width and/or using high strength concrete, increases the resistance to
concrete split failure. Using high strength adhesives and/or increasing the epoxy cover layer
delays epoxy split failure for NSM FRP bars.

The proposed minimum clear spacing between the grooves of NSM FRP bars is twice the
diameter of the bars regardless of the groove width. A minimum edge distance of four times
the diameter of the bars is recommended to diminish edge effect for NSM FRP bars.
Termination or damage of the internal steel reinforcement creates zones of high bond stresses
and accelerates debonding failure. Increasing the reinforcement ratio of the terminated and/or
damaged steel reinforcement results in a proportional increase in the bond stress and a

corresponding decrease in debonding loads.
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NOTATION
C = adhesive cover
d = diameter of NSM FRP bar
e = edge distance for NSM FRP bars
E, = modulus of elasticity of the adhesive
E. = modulus of elasticity of concrete
Set = tensile strength of concrete
fa = tensile strength of adhesive
frrp = maximum tensile stress in NSM FRP bars at the onset of debonding
fu = tensile strength of CFRP bars
Gy = coefficients for NSM FRP bars
Ly = development length of NSM CFRP bars
n = modular ratio
P, = failure load
s = clear spacing between grooves
w = groove width
p = angle of inclination of bond stresses to the bar axis
o = slip at free end
Ay = deflection at mid-span section at failure
&4 = maximum tensile strain of the CFRP reinforcement at debonding failure
7, = coefficient of friction between NSM FRP bars and adhesives
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Ocon-epoxy = tensile stress at the concrete-epoxy interface

OFRrP-cpoxy =  tensile stress at the FRP-epoxy interface
Oradial = radial stress on a NSM FRP bar
T = average bond stress

(72 = average bond stress at failure
Tnae = bond strength
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Table 1 Summary of test results

Beam

L

Epoxy used

P,

Failure mode

A, &1 (%) JErp Jere ! fu (%0) 7
No. (mm) (kN) | (mm) (MPa) (MPa)
A0 N.A N.A 56 64 - - - - c’
Al 150 56 78 0.11 122 6.4 1.93 D’
A2 550 | Duralith-gel | 67 15.3 0.63 699 36.4 3.0 D
A3 800 73 21.2 0.73 810 42.2 2.40 D
A4 1200 79 242 0.78 866 45 1.72 D
AS 550 59 12 0.60 666 34.7 29 D
A6 800 | Kemko 040 | 70 16.5 0.68 755 39.3 23 D
A7 1200 76 25.8 0.73 810 42.2 1.61 D
" C refers to crushing of concrete and steel yielding
" D refers to debonding of CFRP bars. §EEJ ,,,,,,,,,,,,,,, -
- 2500 -

-+

where L is the bond length; P, is the ultimate failure load; 4, is the deflection at failure; g, is the maximum tensile

strain in CFRP bars at debonding failure; fzzp is the maximum tensile stress in CFRP bars at debonding failure; f, is

the tensile strength of CFRP bars (1918 MPa); and 7 is the average bond stress at failure.
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ii-filling the groove with epoxy
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