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Abstract—Strengthening of structural members are 

now quite common in the construction industry due 

to a number of reasons. These include the increase in 

loading requirements, change in the type of usage and 

even due to deficiencies in either material properties 

or design of the structure. Flexural strengthening 

using near surface mounted (NSM) technique 

currently is getting more popular compared to the 

externally bonded reinforcement (EBR) technique. 

Most of the research works on NSM technique of 

strengthening reinforced concrete (RC) beams are 

focused on using carbon fiber reinforced polymer 

(CFRP) because of its good resistance to corrosion. 

This paper presents an experimental study on the 

flexural strengthening of RC beams with NSM steel 

or CFRP bars, and NSM steel together with the U-

wrap end anchorage using CFRP fabrics. Four point 

bending tests were carried out on six rectangular RC 

beams (125 mm width by 250 mm depth by 2300 mm 

length). The first cracking and ultimate load, 

displacement and failure modes were presented in the 

paper. The test results showed that the ultimate load 

increased up to 116%, CFRP-end anchorage 

eliminate the concrete cover separation failure and 

the ductility was found to be very good. 

Keywords-flexural strengthening; NSM, concrete cover 

separation; CFRP fabrics. 

I. INTRODUCTION 

Nowadays, there is an emerging demand for the 

upgrading of existing infrastructures all around the 

world. There are a number of methods for 

strengthening existing reinforced concrete 

structures. Externally bonded reinforcement (EBR) 

and the near surface mounted (NSM) technique are 

among the most popular strengthening methods [1-

5].  

The EBR technique comprises the external bonding 

of strengthening materials such as steel plates or 

fiber reinforced polymer (FRP) laminates. 

However, this technique suffers from the high 

possibility of premature failure such as debonding 

of longitudinal laminates, delamination and other 

types of premature failure. This prevents the 

strengthened members from achieving ultimate 

flexural capacity [6-8]. Moreover, the externally 

bonded steel or FRP plates are vulnerable to 

thermal, environmental and mechanical damage. 

Therefore, the NSM strengthening technique offers 

an effective substitute to the EBR technique. In the 

NSM method the surrounding concrete protects the 

NSM bars or strips from thermal, environmental 

and mechanical damage, as well as delaying or 

preventing premature failure. The first 

experimental research on the NSM technique using 

CFRP strips in grooves cut into the concrete 

specimens was conducted by [9]. A number of 

experimental studies have investigated the flexural 

behavior of RC beams strengthened with NSM bars 

or strips using FRP materials [10-14]. FRP 

reinforcement has various advantages such as high 

strength, light weight, resistance to corrosion and 

potentially high durability but is highly expensive. 

In addition, FRP reinforcements have little 

ductility. On the other hand, steel bars are readily 

available, less expensive, show adequate ductility, 

long-term durability and bond performance [15]. 

However, the NSM method has some limitations. 

The width of the beam to be strengthened may not 

be wide enough to provide necessary edge 

clearance and clear spacing between adjacent NSM 

grooves [16]. Moreover, the RC beams 

strengthened with NSM technique using FRP 

(CFRP and AFRP) bars failed by debonding 

between the FRP bars and the epoxy interface 

[17,18]. Furthermore, concrete cover separation 

failure modes occurs when beams strengthened 

NSM technique [19]. 

Therefore, in this study, the efficacy of U-wrap end 

anchorage using CFRP fabrics are proposed for 

preventing debonding such as concrete cover 

separation of flexurally strengthened with NSM-

steel RC beams. The cracking and ultimate loads, 

mid-span displacement and failure modes were 

analyzed.    
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II. EXPERIMENTAL PROGRAM 

A. Test Matrix 

A total of six full size RC rectangular beams have 

been considered as test specimens. The beams were 

divided into four groups as shown in Table I. The 

first group consisted of one beam as the control 

specimen (unstrengthened). The two specimens in 

the second group were strengthened by NSM steel 

bars. The one specimen in the third group were 

strengthened by NSM CFRP bars. Another, two 

specimens in the fourth group were strengthened by 

NSM steel bars and end anchorage with CFRP 

fabrics.  

B. Specimen Configuration 

The dimensions and reinforcement details of the 

prototype specimens are shown in Fig. 1. The 

beams were designed as under reinforced (ρ = 

As/bd = 0.0084) beams to initiate failure in flexure, 

in accordance with the ACI code [20]. The cross-

sectional dimensions of the beams were 125 mm x 

250 mm and the length of the beams was 2300 mm. 

The effective span and shear-span length of the 

beams are 2000 mm and 650 mm respectively. 

Three types of steel bars, 12 mm, 10 mm and 6 mm 

in diameter, were employed in constructing the 

beam specimens. The internal tension 

reinforcement of all beams consisted of two 

deformed steel bars, 12 mm in diameter, which 

were bent ninety degrees at both ends to fulfill the 

anchorage criteria. Furthermore, two deformed 

steel bars of 10 mm diameter were used as hanger 

bars in the shear span zone. The shear 

reinforcement consisted of plain steel bars, 6 mm in 

diameter, distributed along the length of the beams 

as shown in Fig. 1a. 

TABLE I. TEST MATRIX 

Beam ID 

NSM strengthening materials End 

anchorage 

with CFRP 

fabrics 
Type 

Diameter 

(mm) 

Number 

of bars 

CB unstrengthened 

NS10 Steel 

bars 

8 

2 

- 
NS12 10 

NC12 
CFRP 

bars 

12 

NS10U Steel 

bars 

10  3 layers 

NS12U 12 3 layers 
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Fig. 1: Beam specimens details 

C. Material properties 

All beam specimens were cast using ordinary 

portland cement. Crushed granite of maximum size 

20 mm was used as coarse aggregate. Local mining 

sand was considered as fine aggregate. Fresh tap 

water hydrated the concrete mix during the casting 

and curing of the beams, cubes, prisms and 

cylinders. The mix design of concrete had been 

carried out according to DOE method [21]. The 28 

days average compressive strength, flexural 

strength and modulus of elasticity of the concrete 

was 40 MPa, 4.5 MPa and 29875 MPa respectively 

based on tests of concrete three 100 mm x 100 mm 

x 100 mm cubes, 100 mm x 100 mm x 500 mm 

prism and 150 mm x 300 mm cylinders. The 

properties of reinforcing steel bars presented in 

Table II. The CFRP fabrics thickness, ultimate 

strength and modulus of elasticity were 0.17 mm, 

4900 MPa and 230 GPa respectively. Moreover, 

the CFRP bras tensile strength and modulus of 

elasticity were 1861 MPa and 127 GPa 

respectively. Sikadur® 30, an epoxy adhesive, was 

used to bond the strengthening bars to the concrete 

substrate. Furthermore, Sikadur® 330 was used to 

bond the CFRP fabrics to the concrete substrate. 

1900 mm B 

(b) NSM-steel without end anchors 

B 

Section B - B 

NSM Bar 

Epoxy 
1.5 db 

1.5 db 

1900 mm 

(c) NSM-steel with end-anchors 

50 mm 

100 mm width 

CFRP U-wrap 

 
(d) Detail of anchorage 
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TABLE II.  PROPERTIES OF REINFORCING BARS 

Diameter, 

(mm) 

Yield 

strength, 

(MPa) 

Ultimate 

strength, 

(MPa) 

Modulus of 

elasticity,  

(GPa) 

6 520 570 
200 

 
10 520 572 

12 550 640 

 

D. Strengthening Procedure 

(i) Application of NSM-steel bars 

In NSM-steel technique, strengthening bars are 

placed into grooves cut into the concrete cover of 

the RC beams and bonded using an epoxy adhesive 

groove filler. The installation of the strengthening 

steel bars began with the cutting of grooves 

maintaining the dimensions 1.5db x 1.5db (where db 

is the diameter of the tension reinforcement) into 

the concrete cover of the beam specimens at the 

tension face in the longitudinal direction. The 

grooves were made using a special concrete saw 

with a diamond blade. A hammer and a hand chisel 

were used to remove any remaining concrete lugs 

and to roughen the lower surface of the groove. 

The grooves were cleaned with a wire brush and a 

high pressure air jet. The strengthening steel bars 

were clean with acetone before introducing them 

into the grooves, in order to remove any possible 

dirt. The details of the grooves are shown in Fig 1c. 

The grooves were half filled with epoxy and then 

the steel bar was placed inside the groove and 

lightly pressed. This forced the epoxy to flow 

around the inserted steel bar. In addition, required 

epoxy was used to fill the groove and level the 

surface. The bonded length of the NSM steel bars 

were 1900 mm. To ensure the epoxy achieved full 

strength, the beam was kept for one week of curing 

time. 

(ii) Application of end anchorage 

After curing period of applied NSM-steel bars, the 

concrete surface was prepared based on epoxy 

adhesive (Sikadur
® 

330) specifications at the end of 

NSM-steel. The soffit and two sides of width 100 

mm of the specimens were prepared for end-

anchoring. Then, the surface was cleaned using 

brush and air jet. Finally, acetone was used to 

remove the dust and any other materials, which 

affect the bonding. A thin layer of adhesive was 

applied on the concrete surface to make sure that 

the adhesive fully covers the concrete surface. 

Later on, CFRP fabrics layers were placed on the 

beam as like as U (soffit and two sides) and 

covered with epoxy adhesive. To achieve full 

strength of the epoxy, the beam was kept for one 

week of curing time.  

E. Experimental Setup 

The beams instrumentation are shown in Fig. 2. To 

measure the deflection at mid span of the beam, 

one vertical linear variable differential transducers 

(LVDT) was used. The two 5 mm strain gauges 

were attached to the middle of the internal tension 

bars. A 30 mm strain gauge was placed on the top 

surface of the beam at mid span. The demec gauges 

were attached along the depth of the beam at mid 

span.  

All the beams were tested in four-point bending 

using an Instron Universal Testing Machine. Test 

was carried out two types of control. The first type 

was load control, which was close to the yield 

capacity of the beam and second was displacement 

control until the failure of the beam. All the data 

were recorded at every 10 second intervals. The 

rate of actuator was set to 5 kN/min during load 

control and 1.5 mm/min during displacement 

control. A dino-lite digital microscope was used to 

measure the crack width of beams during the test. 

 
Fig. 2: Experimental setup
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III. RESULTS AND DISCUSSIONS 

The leading aspects considered in this studies are 

cracking load, ultimate load, mid-span 

displacement and modes of failure. The results of 

the tested beams are given in Table III.

TABLE III. SUMMARY OF BEAM TEST RESULTS 

Beam ID First crack 

load (kN) 

Increased first 

crack load (%) 

Ultimate 

load (kN) 

Increased ultimate 

load (%) 

Displacement at 

failure (mm) 

Failure 

modes 

CB 15.75 - 74.37 - 33.61 FL 

NS10 21.00 33.33 117.75 58.33 15.62 CC 

NS12 26.60 68.89 136.75 83.88 11.95 CC 

NC12 25.00 58.73 146.03 96.35 12.93 CC 

NS10U 27.00 71.43 153.78 106.78 34.14 FL 

NS12U 31.50 100.00 160.76 116.16 30.67 FL 
*FL- flexural failure, CC- concrete cover separation. 

A. Load-Deflection Curve 

The load versus mid-span displacement curves for 

the control, and the beams strengthened with NSM 

steel and CFRP bars, and NSM steel bars together 

with end anchorage are shown in Fig. 3. 

The beams strengthened with NSM bars (steel and 

CFRP) shown bi-linear response described by 

cracking and ultimate stages. However, NSM steel 

bars with U wrapped end anchorage revealed tri-

linear response defined by pre-cracking, cracking 

and post cracking stages. All the strengthened 

beams shown the linear elastic behavior of 

displacement at the commencing followed by the 

first crack. In this stage, the NSM bars induced a 

significant influence on the stiffness of the load-

displacement curves. So the first cracking load 

increased by 33%, 69%, 59%, 71% and 100% for 

NS10, NS12, NC12, NS10U and NS12U 

respectively, compared the control beam. The 

second stage, the NSM bars strengthened beams 

reached the ultimate stage and failed by debonding 

such as concrete cover separation. Before failure, 

the ultimate load increased by 58%, 84% and 96% 

for NS10, NS12 and NC12 respectively, compared 

to the control beam. By contrast, the NSM steel 

bars with end anchors strengthened beams shown 

many flexural cracks and smaller displacements 

except NS12. At the failure stage, the beams 

strengthened with NSM steel bars and end-

anchored showed more displacement compared to 

the beams strengthened with NSM bars 

(steel/CFRP). The reason being that the specimens 

strengthened with NSM steel bars and end-

anchored eliminate concrete cover separation 

failure and enhanced the ultimate loads. Therefore, 

NSM-steel with end anchors increased ultimate 

load by 107% and 116% for NS10U and NS12U 

respectively, compared to the control beams. 

 

Fig. 3: Load vs. displacement at mid-span for all beams. 

B. Mode of Failure 

The failure modes of NSM steel and CFRP bars 

strengthened beams are revealed in Fig. 4b, 4c and 

4d, and NSM steel together with U-wrap end 

anchorage are shown in Fig. 4e and 4f.The results 

show that the strengthened beams without end 

anchors failed by separation of the concrete cover 

in a brittle mode. However, the strengthened beams 

with NSM steel bars and with end anchors failed in 

flexure in a ductile failure mode. Hence, the failure 

through separation of the concrete cover of all the 

strengthened beams without end anchoring owing 
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to the establishment of shear cracks at the 

curtailment of the NSM bars. Meanwhile, the U-

wrap end-anchored was attached at the end of the 

NSM bars, it reduced the risk of the formation of 

shear cracks at the end of the NSM bars. Therefore, 

concrete cover separation did not occur and the 

failure mode shows ductile features. 

 
(a) CB 

 
(b) NS10 

 
(c) NS12 

 
(d) NC12 

 
(e) NS10U 
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(f) NS12U 

Fig. 4: Failure modes of beam specimens 

 

 

IV. CONCLUSIONS 

The following conclusions can be derived from the 

experimental results: 

• The all strengthened beams enhance the 

first cracking and ultimate loads, and 

reduce the displacement at any load level 

compared to the control beam. 

• The NSM steel without end anchors 

strengthened beams increased the first 

cracking and ultimate loads up to 69% and 

84% respectively compared to the control 

beam. 

• The NSM CFRP without end anchors 

strengthened beams increased the first 

cracking and ultimate loads up to 59% and 

96% respectively compared to the control 

beam. 

• NSM CFRP improved greater ultimate 

capacity compared to NSM steel due to 

high tensile strength of CFRP bars. 

• The NSM steel with end anchors increased 

first cracking and ultimate load up to 

100% and 116% respectively, compared to 

the control due to used full capacity of 

strengthened materials. 

• The NSM without end anchorage 

strengthened beams failed by concrete 

cover separation and shows brittle 

behavior. 

• The NSM with end anchorage 

strengthened beams failed by flexure. So, 

the U-wrap end anchorage prevent the 

concrete cover separation failure. 
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