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1.Fiber Reinforced Polymer
2.Externally Bonded Reinforcement
3.Near Surface Mounted
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f¢ (MPa)  Label Tension  Compression  Stirrup
Bar Bar

33.5 B1-Control 3D20 2D12 -

32 B2-Control  3D20 2D12 6-190 mm

31.5 B3-NSM 3D20 2D12 -

31 B4-NSM 3D20 2D12 6-190 mm

1. Linear Variable Differential Transformer
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Label Peak Load (kN) Maximum Failure
Deflection (mm)

B1-Control 125 4.8 Shear Failure

B2-Control 187 5.8 Shear Failure

B3-NSM 212 8.3 Rupture of CFRP

B4-NSM 260 7.8 Rupture of CFRP
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Total Load (kN)
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0 1
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Mid-Span Deflection (mm)

10 11

B3 e gl SU osmme (155 A IS

E.E1l1

SME®G, (fraction = -1.0)

(Aug: TS9%)
+1.102e-02
+1.007e-02
+9.126e-02
+2.181e-02
+7.235e-02
+5,290e-032
+5.344e-02
+4,39%-02
+3.454e-02
+2,508e-02
+1.563e-03
+5,175e-04
-2.27%e-04

B4 6 sas gl SU (gosmme 55 N S

E.E11

SMEG, (fraction = -1.0)

[Avg: T5%)
+1.103e-02
+1.000e-02
+2.975e-02
+7.946e-02
+6.917e-02
+5.88%-02
+4.860e-03
+2.831e-02
+2,802e-03

+1.774e-03
+7.449e-04
-2.83%e-04
-1.313e-03
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Material's property E;(MPa)* E,(MPa) v, 0,,(MPa)

CFRP Strip 26000 4500 0.3 305

2 Laminate thickness= lmm

B3 s o 50 S S8 N K

PE, Mat, Principal

(Aug: 75%)
+6,446e-02
+5,80%-02
+3.372e-02
+4,834e-02
+4,297-02
+3,760e-02
+3.223e-02
+2,686e-02
+2,149-02
+1611e-02
+1.074e-02
+5,372¢-03
+0,000e+00

B4 s oy 1500 SomenS S8 VK2

PE, Max, Principal

(Avg: 75%)
+7.93%-02
+7.278e-02
+6616e-02
+3.954e-02
+3.293e-02
+4.631e-02
+3.970e-02
+3.308e-02
+2646e-02
+1,985e-02
+1.323e-02
+6616e-03
+0,000e+00
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Bond Stress (MPa)
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Length along CFRP laminate (mm)
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Axial Strain in Laminate
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Analytical and experimental investigation of the RC beams
shear-strengthened with NSM Method along with Case studies
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Abstract

This paper examines the structural behavior of the reinforced concrete beams strengthened in shear
experimentally and simulates using finite element analysis. Then, the effect of employing concrete with
different compressive strengths and different ratios of transverse reinforcements is studied using the case
analyses. In the experimental part, four reinforced concrete beams are divided into two series of with and
without internal steel reinforcements and the effect of carbon-fiber-reinforced polymer (CFRP) laminates is
investigated by near-surface mounted (NSM) technique as the shear strengthening method. For this purpose,
rectangular beams with the dimensions 2000x300%200 mm are designed and monolithically tested in four
point loading test up to failure and the load-displacement curves of the mid-span as well as their failure modes
are compared with each other. All the beams were reinforced with 3 steel tension bars of 20 mm at the bottom
and 2 steel compression bars of 12 mm at the top with end hooks. If stirrups are applicable, 6 mm diameter
steel closed hoops spaced at designated distances, are applied. For strengthening using the NSM method, thin
slots with 8 mm width and 10 mm depth are made on lateral faces of concrete cover. In order to install
composite laminates, the CFRP strips after impregnating with strong epoxy resin are folded and embedded in
these grooves. After curing the specimens, all the beams are subjected to a 2000 kN capacity hydraulic jack
with the loading rate of 2.5 kN/Min. The ready-mix commercially concrete was delivered to the structural
laboratory for casting the specimens with 28-day concrete strength of 30 MPa. The ACI code formulations
were used for calculating the shear capacity of the beams before their casting and a suitable span to depth ratio
was selected to inhibit deep beam failure. The experimental results indicate that using NSM technique
enhances the shear capacity up to 41% and 69% in the beams with and without stirrups, respectively. Test
results show that the NSM shear strengthened specimens failed by CFRP laminate rupture. Moreover,
simulation of the test specimens by modeling the probability of FRP de-bonding using interface element and
orthotropic behavior of laminates shows that the results of the proposed model are consistent with experimental
results. In the numerical part, two case studies are carried out; in the first case analysis, three concrete
compressive strengths of 20, 30 and 50 MPa are selected and in the second one, three steel stirrup spacing of
65, 130 and 190 mm are applied. Numerical case analyses show that as the compressive strength of concrete
decreases, the failure mode the probability of de-bonding increases and as the stirrup percentage increases, the
axial strain of CFRP laminates decreases. Numerical case analysis clarifies that by decreasing the distance of
internal shear reinforcements from 195 mm to 65 mm, the maximum axial strain of CFRP laminate decreases
about 45%. Load-deflection curves in the case analysis also show that by increasing the transverse steel ratio,
ultimate displacement enhances and deformability capacity improves.

Keywords: NSM shear strengthening, CFRP, Finite element method, Concrete strength, Stirrup
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