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Abstract

Using Near Surface Mounted (NSM) technique for flexural strengthening of reinforced concrete
continuous beams became particularly attractive for researchers and applicators. Due to the
existence of carbon fiber reinforced polymer (CFRP)laminates as external strengthening it is
subjected to severe damage resulting from mechanical and environmental conditions. There is
limited experimental work investigating the behavior of reinforced concrete continuous beams
strengthened using NSM technique.This paper presents an experimental investigation of the
behavior of reinforced concrete continuous beams strengthened with near surface mounted
(NSM) technique in the hogging and sagging moment region. The main variable was changing
the lengths of the NSM strips within the negative and positive moment region. The effect of the
change in lengths of the NSM strips on the failure load, mid-span deflection, strain on
reinforcement, slippage of CFRP strips and crack widths were investigated. The study revealed
that the NSM technique can enhance crack and failure loads and controls crack widths.

Keywords: CFRP, NSM, continuous beams, sagging and hogging moments.

1. Introduction

Using NSM technique becomes particularly attractive for flexural strengthening in the negative
moment regions of continuous beams. In addition, the existing of CFRP strips as an external
strengthening could by subjected to severe damage due to mechanical and environmental conditions.
After search there is limited experimental work on the behavior of strengthened RC continuous
beams by NSM technique.

De Lorenzis and Nanni, 2001,[1] studied the behavior of R.C beam in shear strengthening with Near
Surface Mounted fiber Reinforced Polymers Rods. It was concluded that in absence of steel stirrups
capacity increased by 106%, in case of steel stirrups below ACI recommendations capacity increased
by 35% over the unstrengthened one. Hassan and Rizkalla, 2003,[2] perform Investigation of Bond
in concrete structures strengthened with Near Surface Mounted Carbon Fiber reinforced polymer
Strips. The main conclusion was that the use of near surface mounted CFRP strips is feasible and
effective for strengthening/repair of concrete structures. De Lorenzis, et al., 2000,[3] studied bond of
Near Surface Mounted FRP Rods in concrete masonry units. They concluded that the average bond
strength was found to decrease as the bonded length increased. Yost, et al., 2004,[4] studied the
behavior of Concrete Flexural Members strengthened with NSM CFRP Reinforcement. It was
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concluded that using deformed rods are more efficient than sandblasted rods in terms of bond beams
with two different surface condition. they concluded that the ultimate load increased with increasing
the bonded length of the rod but that effect may be versus in the sandblasted rods. De Lorenzis, et al.,
2002,[6] prepare a modified pull-out test for bond of near-surface mounted FRP rods in concrete.
performance. De Lorenzis and Nanni, 2002,[5] performed beam pull-out tests on simply supported
The main conclusion was that The ultimate load increases as the bonded length increases, and also
with the groove depth increasing. De Lorenzis and Nanni, 2001,[7] characterize FRP Rods as near -
surface mounted by making a Tensile test on FRP Rod, Bond test and shear test on a beam
strengthened with FPP Rods by near-surface mounted technique. They concluded from all that tests
that there is two bond failure modes were observed: splitting of the epoxy cover and cracking of the
concrete surrounding the grove, depending on the groove size. R.EI-Hache, et al., 2004,[8] studied
Effectiveness of Near Surface Mounted FRP Reinforcement for flexural strengthening of reinforced
concrete beams. The main Conclusion was the beams strengthened with NSM FRP Reinforcement
achieved higher ultimate load than beams strengthened with externally bonded FRP reinforcement.
De Lorenzis, et al., 2000,[9] discussed Strengthening of Reinforced Concrete Structures with near
surface mounted FRP Rods by two types of tests (Bond test and Flexural test). A conclusion from
that study is the strengthened ones showed an increase in capacity ranging from 25.7% to 44.3% over
the control beam. Alkhrdaji and Nanni, 2000,[10] presents a demonstration strengthening project
using FRP of a full-scale bridge for making a comparing between using external and near surface
mounted strengthened system. They concluded that NSM technique is more effective than externally
strengthened method using in decks and piers but in the last failure modes are closely related to the
superstructure/substructure interaction and the pier boundary conditions. Cruz and Barros, 2004,[11]
study a modeling of bond between near-surface mounted CFRP laminate strips and concrete. A
research was developed to calibrate the parameters that define a local bond stress-slip relationship.
Hassan and Rizkalla, 2002,[12] demonstrate many techniques for flexural strengthening of
prestressed bridge slabs using FRP and the cost effect of every technique. The main conclusion of
that search was that the use of Near Surface Mounted CFRP reinforcement is feasible and cost
effective for strengthening prestressed concrete girders and slabs. Hassan and Rizkalla, 2004,[13]
investigate the bond mechanism of Near-Surface-Mounted Fiber-Reinforced Polymer bars for
flexural strengthening of concrete structures. They concluded that the maximum measured tensile
stress in the CFRP bars at the onset of debonding was almost constant and ranged from 40 to 45% of
the tensile strength of the bar, the average coefficients of friction between CFRP bars and adhesive
of rough-and smooth-surface topographies were 0.66 and 0.33. Abdel-Hakim, A. K., 2004,[14]
studied Flexural and Ductility Performance of RC Slabs Strengthened with NSM Reinforcement.
The main conclusions were the use of NSM additional reinforcement led to normal ductile flexural
failure mode, reducing the spacing between additional reinforcement increasing the failure load,
slabs strengthened with NSM-CFRP reinforcement showed higher stiffness and generally less
deflection up to failure than hose strengthened with externally. Khalifa, et al,1999,[15] presents an
innovative anchoring system the external shear strength by embed a bent portion of the end (or near
the end) of the FRP reinforcement into the concrete or masonry. They concluded that the U-wrap
anchored to the flanges on both sides of the beam make the shear capacity in this specimen increased
and no FRP debonding was observed at ultimate.

2. RESEARCH SIGNIFICANCE

This paper presents a study of the behavior of reinforced concrete continuous beams strengthened
using Near Surface Mounted (NSM) technique. The main variable was changing the lengths of upper
and lower CFRP strips. Failure load, load deflection behavior, CFRP strain, slippage of CFRP strip
and crack widths were investigated in view of the effect of the change in the upper or lower CFRP
strips.
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3. TEST PROGRAM

The test program included the testing of six - two spans — continuous beams. The concrete cross
section of all beams was 120mm in width and 250mm in depth. The overall length of all beams was
4200mm divided into two equal loaded spans of 2000mm. Reinforcement of all beams were similar;
two 10mm diameter bars were extended to cover the whole span in the positive moment region. To
cover the negative moment, over the intermediate support, each beam was provided with two 12mm
diameter bars. Positive and negative reinforcement were made of 360/520 high tensile steel. For
shear reinforcement; 8mm diameter stirrups spaced at 200mm, made of 240/350 normal mild steel,
were used to resist shear. Details of the tested beams are shown in Figure 1.
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Figure 1. Details of reinforcement for different specimens
The tested beams were divided into two groups; the first group, G1, presents the strengthening of
continuous beams through bonding different lengths of CFRP strips in the sagging moment region

while the second one, G2, study the effect of changing of the length of the CFRP strips bonded on
the hogging moment region.

4. Strengthening Schemes and Test Setup

To achieve the objectives of this research; the behavior of continuous reinforced concrete beams,

strengthened in flexural using NSM technique by different lengths of upper and lower 1.2x20mm
CFRP strip were investigated.

Loadeell | .
N Stell distribution beam
.
‘ Bl =
1
2000 . 2000
0.6L
| B2 0.5L 0.5L |
_ _—
0.6L
| B3 0.7L 0.7L |
0.6L
| B4 0.9L 0.9L |
0.4L
| BS 0.7L 0.7L |
0.8L
| B6 0.7L 0.7L |

Figure 2. Schematic drawings of the tested beams .
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Figure 2 shows a schematic drawing of the tested beams. Beam Bl was tested without any
strengthening which considered as a control beam. Changes of the lengths of the lower CFRP strip
were investigated in beams B2, B3 and B4. The upper CFRP strip lengths were manifested in B3, B5
and B6. All beams have the same strip dimension and groove size. Full details and different
strengthening configuration of the beams are shown in table 1.

Table 1 : Details of strengthening configuration of all specimens

Strengthening scheme
Group No. Beam CFRP plate in the CFRP plate in the
Sagging moment zone Hogging moment zone
B1 N/A N/A
B2 hxtxL.=20x1.2x1000 hxtxL.=20x1.2x1000
Gl B3 hxtxL=20x1.2x1400 hxtxL=20x1.2x1200
B4 hxtxL=20x1.2x1800 hxtxL=20x1.2x1200
B1 N/A N/A
Bs hxtxL.=20x1.2x1400 hxtxL=20%1.2x800
G2 Bs hxtxL=20x1.2x1400 hxtx.=20x1.2x1200
Be hxtxL=20x1.2x1400 hxtxL=20x1.2x1600

5. INSTRUUMENTATIONS AND MEASUREMENTS

Many types of instrumentation were used in this investigation. The use of dial gauge was dominant
for deflection measurement by using one dial gauge at every mid span and used also for slippage
gauging via using one dial gauge for every lower strip, CFRP strain determined by using strain gauge
at the mid of upper & lower strip. Demec points were fixed down the depth of the beam at positive
and negative moment zones to help in the prediction of strain distribution along the depth. Figure 3
shows details of instrumentations fitted along the beam. The crack widths were measured at a level
of the center line of upper and lower reinforcement, at different locations within the constant moment
region using an illuminated microscope of 0.02 mm precision.

Load S.G on steel bar Load
CFRPplates  /5,G on CFRP plate \ 5.G on steel bar
| g 1000 ! 5.G on CERP plate ‘
| \ Z |
= ; == : ==
1000 1000
2000 ; 2000
Load Load
| 1000 " ‘
| . e |
2000 ‘ 2000

Figure 3. Details of Instrumentations
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6. Properties’ of concrete and strengthening materials.

The beams were cast from concrete with characteristic compressive strength of about 28 MPa. The
mechanical properties of the CFRP plates used as NSM strengthening and steel reinforcement
propreties are shown in table 2.

Table 2 : Mechanical properties of CFRP material and steel.

. Dimension, Tensile strength, Modulus of elasticity | EJongation at
Material .
mm MPa E, MPa break%
CFRP Plate| ht=20x1.2 2800 1.65* 10° 1.70
Steel @ =8,10,12 240 & 360 2.2* 10° 1.50

7. Test results, presentation and discussion.
7.1. Load deflection

Figure 4 shows deflection relations for the tested beams of groups G1 and G2. As shown in the
figure; all strengthened beams recorded deflection values less than the control beam at the same load
level. Group G1 showed that the increase in the length of the lower CFRP plate decreased the
deflection and increased failure load. For group G2 the strengthened beams exhibited nearly the
same first slope but with the increase in the bonded length of the upper NSM plate as in B6, the
deflection decreased at the same load level. It could be noticed that the increase in the bonded length
of either the lower or upper CFRP NSM strips would reduce the deflection values under the same
load.

200

——Bl —4-B2 o B3 —eB4 —-Bl1 -—+B3 —=BS B6

Load kN

0 5 10 15 20 25 3090 4 8 12 16 20 24
Deflection mm Deflection mm

Figure 4. Load deflection relationships for G1 and G2

7.2. Load strain relations of the lower CFRP plate

This paragraph presents the effect of changing bonded length of either the lower or upper CFRP
strips. For group G1, it may be seen that exceeding the bonded length of the CFRP plate from
1000mm for B2 to 1400mm for B3 increased the recorded CFRP strain by 57%. While using CFRP
strip length 1800mm as in B4 raised the recorded strain by 72% above B2. On the other hand, group
G2 did not show the same influence which appeared in G1. The maximum strain recorded on the
lower CFRP plate of B3 did not exceed that of B5 which mean that increasing upper CFPR strip
length by 33.3% did not show a noticeable effect on the strain of the lower CFRP strip. Quite the
contrary, B6 which its upper CFRP strip length is double that of B5, the strain recorded for the lower
CFRP strips exceeded that of B5 by about 14% which may reassure the conclusion that exceeding
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the length of the upper CFRP strip decreased the strain of lower CFRP strip. The load strain relations
for the lower CFRP NSM plates are shown in Figure 5.

200

160 A

120 A

// —e— B3

BS

Load kN

80 -+

4 —=— B6

2

1000 2000 3000 4000 500 o 1000 2000 3000 4000 5000
microstrain microstrain

Figure 5. Load strain relationships for lower CFRP

7.3. End slips response of NSM strengthening reinforcement

The effect of change in the bonded length of lower NSM-CFRP plates in G1 is shown in Figure 6.
From the figure it may be noted that increasing the bonded length of the lower CFRP strip from 50%
of the beam’ span length in B2 to 70% of the span length in specimen B3 delayed the beginning of
the slippage for the NSM-CFRP strip. When exceeding the bonded length to 90% of the span length
as in beam B4; no slippage was detected until failure.

200

160

[y
N
o

®
2 d

Load kN

(o]
o

——B2 =-B3 —+—B4

N
o

o
r

0 01 02 03 04 05 06 07 08 09 1 11
Slippage mm

Figure 6. Load end slip relationships for lower NSM-CFRP strips for G1

The same trend was attained when increasing the bonded length of the upper NSM-CFRP plates as
shown in figure 7.

200—|
160 -
Z 120
S 20t
s »
- 80& = B3 —+B5 B6
40
K
' 3
o " 7777771
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

Slippaae mm

Figure 7. Load end slip relation for upper NSM-CFRP strip forG1

Specimen B5 strengthened with NSM-CFRP upper strip with bonded length 0.4 the span length
exhibited early slippage than beam B3 with 0.6L NSM-CFRP upper bonded length. On the other
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hand, B6 which have 0.8L upper CFRP bonded length did not show any slippage until failure. It may
be concluded that exceeding the bonded length of lower CFRP strip delayed its slip start.

7.4 Ductility response

The modulus of toughness, area under the load deflection curve, was used as a criterion for
measuring ductility. The modulus of toughness represents the energy absorbed by the continuous
beam up to failure. The failure is defined here as the load at which the deflection increases while the
load is constant or decreasing. The calculated moduli of toughness for the different beams are listed
in table 3.

The main conclusion of the values showed in table 3 that the increasing of lower or upper bonded
length of the NSM-CFRP strips increased the ductility of the beams. For example beams B2 and B3,
showed 124% and 299% increase in ductility compared to control beam. The extra increase in
ductility was manifested in beams B5 and B6 in which the moduli of toughness recorded increases of
266.8% and 316.7% over the control beam respectively.

It may be also noted that the increase in the bonded length of the lower NSM-CFRP strips by 28.5%
increased the ductility by 60.8% while increasing the bonded length of the upper NSM-CFRP strips
by 33.33% raised the ductility by only 16% which may mean that increasing the bonded length of the
lower NSM strips may be considered as the main affecting factor on ductility

Table 3 : Modulus of toughness for tested beams

Group Beam Modulus of toughness

Bl 33.37
B2 41.52

Gl
B3 106.05
B4 75.83
B5 89.04

G2
B6 102.94

7.5 Failure modes

Reinforced concrete beams strengthened using NSM-CFRP plates technique at sagging and hogging
have been observed to fail in various modes, influenced by the bonded length. Flexural cracks
initiated in tension sides at all beams, cracks propagated upwards with the increase in load. Final
failures of the beams depended on the bonded length of upper or lower NSM-CFRP strips used

7.5.1. Flexural shear failure

Beams have this type of failure behaved in a ductile manner up to a level very close to failure,
however due to the relatively short bonded length of the lower CFRP strip in B2, with the shortest
sagging NSM-CFRP strip bonded length of 2000mm, the final failure was due to a major shear crack
appeared at the cut-off end of the NSM-CFRP propagated dramatically towards the line of loading
causing the final failure in shear. In specimen B5 that was strengthened at the hogging moment side
with 800mm bonded length of NSM-CFRP strips, it was noticed that flexural cracks started at
tension sides of the beam. Crack propagation ended with a major crack at the end of upper CFRP

115

Published by Arab Journals Platform, 2015



Journal of Engineering Research, Vol. 1 [2015], Iss. 1, Art. 10
The Journal of Engineering Research Volume 1 No.1 Faculty of Engineering-Tanta University
strip then extended towards above the intermediate support then a sudden failure occurred. This

sudden failure may be attributed to the concentration of stresses at the end of upper NSM-CFRP
plate. Crack pattern and failure mode of B2 and B5 is shown in Figure 8.

Figure 8. Flexural shear failure: Crack pattern at failure for B2 and B5

7.5.2 Epoxy split failure

In this type of failure, the specimens failed due to separation between epoxy adhesive and the CFRP
strips. The beams that exhibited this type of failure showed sever hogging and sagging flexural
cracks before failure. This type of failure was noted for beams B3 and B4 as shown in Figure 9.

Figure 9. Epoxy split failure: Crack pattern at failure for B3 and B4

7.5.3 Flexural failure

This type of failure was characterized by the ductile manner of the specimen until failure. The
flexural cracks propagated at both tension sides, sagging and hogging, and the final failure was due
to crushing of concrete at compression side at intermediate support. This was depicted in beam B6
shown in figure 10.

- (.

Figure 10. Flexural failure: Crack pattern at failure for B6

7.6 Cracks Widths

Cracks widths were measured for all specimens at 25 mm from upper and lower concrete faces. As
shown in Figures 11; all strengthened beams showed widths of the sagging cracks that were less than
those of the control beam at the same load level.

Sagging Crack
160

) ——B1
120 -

80 | /f’/ B3
| B4
40 4

0

Load kN

0 0.04 0.08 0.12 0.16
https://digitalcommons.aaru.edu.jo/erjeng/vol1/iss1/10 Crack Width mm
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Sagging Crack
160 gging

120 4 —e—B1 —~—B3
B5 —=—B6
Z i
2 80 A ps=—"mm
3 2
40 A
0 T T T T T T T T T
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

Crack Width mm

Figure 11. Crack width for G1 and G2 at mid span

It is clear that the widest crack width of the strengthened beams was recorded for B2, with the least
lower CFRP strip bonded length. It can be concluded that increasing of lower CFRP strip bond
length have a great effect at the crack width.

All strengthening beams at group G2 have the same lower CFRP strip length, so at the same load
level B3 and B5 have nearly the same crack width where B5 which its upper CFRP strip length was
less than B3 by 400mm showed maximum recorded crack width that was bigger than B3. On the
other hand; B6 lower crack width was less than B5 and B3 at the same load level. From those results
it could be said that increasing of upper CFRP strip bonded length by more than 60% of the span
length decreases the lower crack width.

Figure 12 shows the hogging crack widths over the intermediate support for group G1. All specimens
in group G1 had the same upper NSM-CFRP strip bonded length of 1200 mm while the change was
in the bonded length of the lower NSM-CFRP strips. Specimens B2 and B3 showed almost the same
behavior of hogging crack width increase although beam B2 had lower NSM-CFRP strip bonded
length of 1000 mm. Beam B2 showed the widest crack compared to beam B3 that had lower NSM-
CFRP strip bonded length of 1400 mm. Specimen B4 showed upper crack width bigger than all
strengthened beams and less than control beam B1 which may be related to the high length of NSM-
CFRP strip at sagging which resulted in reduction of cracks widths at sagging side as shown in
Figure 12 and formed an opposite additional tension at the upper cord which caused the widest

cracks. Hogging Crack
160
120 A ——Bl —=-B2 B3 B4
E B
3 80 A —
S 1 —
40 - =
B ./
0 T T T T T T
0 0.04 0.08 0.12 0.16

Crack Width mm

Figure 12. Hogging crack width for G1 over intermediate hinge
The hogging crack width of the group G2 is shown in Figure 13. the maximum crack width was
recorded for B5, strengthened in the hogging moment region with NSM-CFRP strip having bonded

length of 800mm, it may be also noticed that specimens B3 and B4 which they upper NSM-CFRP
strip bonded length longer than B2 by 150% and 200% respectively, recorded crack width at the
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same load level of the maximum crack width of B5 that was less than that of B5 by 58.3% and
52.5% respectively. It can be concluded that the increase of the bonded length of the NSM-CFRP
strip within the hogging moment region decreases the crack widths.

Figure 12. Hogging crack width for G2 over intermediate hinge

Load kN

Hogging Crack

160

120 4

80 -

S

—e—B1 —»—B3
B5 —=—B6

0 0.02 0.04 0.06

0.08 0.1

Crack Width mm

0.12 0.14

0.16

The following table shows the average sagging and hogging crack width and its number.

Table 4 : Number and crack width for all specimens

g— % Load Average sa.lgging Load (kN) Average hc.)gging "g g :*?g ‘E g%

O] a] (kN) crack width crack width Zgo |Z220
Bl 84.5 0.13 57.3 0.1325 10 7

. B2 | 107.22 0.12 84.56 0.08 15 9

° B3 88.2 0.0525 76.80 0.046 17 8
B4 67.4 0.0495 80.90 0.112 18 8

N B5 | 100.0 0.08 81.00 0.08 8 5

° B6 149.8 0.099 149.80 0.133 18 8

7.7 Failure loads

Figure 13 shows a comparison between crack and failure load of the strengthened beams for
each group to clarify the effect of using different bonded lengths of the NSM-CFRP strips in the
sagging and hogging moment regions for groups G1 and G2 respectively.

Load kN

200

160 A

120 A

Jo1j NJ |
Bl B2 B3 B4

https://digitalcommons.aaru.edu.jo/eyj
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Figure 13 Comparison between crack and failure load

It can be concluded that the increase of NSM-CFRP strip’ bonded length in either sagging or
hogging moment region exhibited great contribution at increasing both crack and failure loads.

8. Conclusions

e The increase in the bonded length of the NSM-CFRP strip at sagging seems to decrease the
deflection, in the same time leads to increasing strain at lower CFRP strip.

e The increase the bonded length of the Sagging NSM-CFRP strips lead to increase in crack
and failure load and also decreased the crack width and delayed the slippage initiation.

e The increase in the hogging bonded length of the NSM-CFRP strip showed a slight effect at
decreasing the deflection and also the crack load, in the same time lead to increasing strain at
lower CFRP strip but shown clearly just at longer upper NSM-CFRP strips.

e Increase of hogging NSM-CFRP strip bonded length increased the failure load, decreased the
crack width and delayed the slippage ignition.

e Using NSM-CFRP strip technique at hogging side, only, had a slight effect on failure load.
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