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ABSTRACT

This paper is an experimental study to investigate the behavior of the RC continuous T-beams
strengthened with NSM CFRP or steel bars under static loads. The experimental program
consists of five RC continuous T-beams with overall dimensions equal to (200*300*4300) mm
and with constant load (120kN) at the central loaded column. The first one was unstrengthened
control beam designed to fail in flexure. Two beams were strengthened at the hogging region
by using CFRP or steel bars, the other beams were strengthened at the mid-span region. The
effect of strengthening material type and region on the load carrying capacity of the beams,
deformation, ductility index and moment redistribution were investigated. Test results revealed
that, three failure modes of beams were observed, namely the steel yielding, crushing of the
concrete after steel yielding, end anchorage separation before the steel yielding at the
strengthening region. The ductility of all strengthened beams was reduced compared with that
of the respective unstrengthened control beam. The moment redistribution ratio depends deeply
on the internal force at the main sagging reinforcement.

Keywaords: Continuous beams, NSM bars, CFRP bars, strengthening, Serviceability.

INTRODUCTION

Many in-service civil and industrial buildings, bridge, municipal work, and hydraulic engineering
may be repaired or rehabilitated due to materials decay, environmental corrosion, fire hazard,
earthquake, impaction, structural function change, etc. It should be used in a safe, reasonable,
economic the technology for strengthening and rehabilitated the structure rather than a simple
and rough method. A new strengthening technique for reinforced concrete structures based on
FRP or steel bars has been recently emerging as a valid substitute for traditional strengthening
methods and externally bonded FRP sheets [1-3], NSM bars have been applied to strengthen
RC structures for increasing the bearing capacity. Its use has several advantages over the
externally bonded (EB) FRP technique: protection, improved bond, better aesthetics, and
surface preparation, as described elsewhere [4, 5]. In the case where the failure of
strengthened members is due to the NSM system failure, two different types of rupture are
possible, the failure is due to the pull-out of the rods inducing almost splitting of the resin and
concrete surrounding the groove or the peeling-off of the concrete covering the groove from the
end of the rod [6].

Although many in situ RC beams are of continuous construction, there has been very little
research into the behaviour of such beams [7-11]. However, moment redistribution in such
elements was reported in previous studies [12-19]. The observed moment redistribution was
attributed to the relatively low modulus of elasticity of the FRP bars, compared to that of steel
bars, the plasticity of concrete at high-load levels and the different bond characteristics of the
FRP bars, in addition to the difference in the flexural stiffness between the critical sections. In
these studies, parameters such as material type, reinforcement ratio and configuration, concrete
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strength, stirrup spacing in the context of beams with rectangular and T-section were
investigated. As described, the majority of the research investigated the strengthening of RC
continuous beams with external bonded sheet or studied the fiber reinforced polymer-reinforced
concrete continuous beams without central column, and sometimes, there will be no ability to
strength the reinforced concrete continuous beams at the different maximum moment regions
together. In this study, the main objective is to investigate the behavior and moment
redistribution of large-scale RC continuous T-beams subjected to static loads. The serviceability
and moment redistribution of continuous concrete specimens strengthened with NSM bars at
the negative moment or at the positive moment region with different material are studied and
compared with unstrengthened beam.

Beams and strengthening technique
Beams

The test specimens consisted of Five RC continuous beams as given in Tablel. All tested
beams were RC continuous beam with length 4300 mm and, the T-cross section dimensions
were 200 * 230 mm and 400*70 mm for the web and the flange respectively. Tested beams had
a central loaded column with dimensions 200*200 mm and total length was 700mm. The main
reinforcement was two high tensile steel bars of (12) mm diameter on the flange of the beam
and two high tensile steel bars of 16 mm diameter on the positive moment region. All columns
reinforced with four bars 12 mm as a longitudinal reinforcement and 8 mm transverse
reinforcement at intervals of 100 mm. By prestressing a 25 mm deformed bar, the central
columns were loaded by about 120 kN as a constant load before loading the beams (Fig. 1).
The tested beams including a control beam (CB) and four strengthened beams (SSH, SCH,
SSS and SCS) with NSM bars of limited bond length 1500 mm at the hogging or the sagging
region. Table 1 isolates them and shows their characteristics. Two of them (SSH and SSS) were
each strengthened with one NSM steel bars at the hogging and the sagging regions,
respectively. The tested beam (SSH) strengthened with two steel bars (2D12) and the tested
beam (SSS) strengthened with one steel bar (2D16). Two more beams (SCH and SCS) each
strengthened with NSM FRP bars at the hogging and the sagging regions respectively. All
strengthening beams were designed to have a similar load-carrying capacity of approximately
(p=210) kN, where (p=applied load at the middle of each span). A special concrete saw was
used to cut the grooves at the surface of the beam. The square groove dimension was 25 mm.
The epoxy was pressure added into the grooves to cover of the groove height, the bars were
located in the grooves and gradually pressed to dislocate the bonding agent as shown in Fig. 2.
The grooves were then filled totally with the epoxy. Two steel anchors were bonded to the ends
of the CFRP and steel bars with epoxy, these anchors had a rectangular shape with dimensions
100*300 mm and 100*150 mm for the beams which strengthened at the hogging and the
sagging respectively, and with 4 mm thickness, as shown in Fig. 2.

To strengthening the continuous beams at the exiting building, there is no clear difference with
the laboratory preparation, but it shall be

Table 1. Compressive strength, reinforcement for the tested beams and strengthening

method:
Steel Strengthening

Beam feu Length = oo Bottom Top method

(MPa) m ! RFT. RFT. . Material
stirrups region type
CB 27.5

SSH 35.5 Hogging é;?lezl)
. CFRP
SCH 33 430 P¥100 1 op1g g1 HOOING | (5419)
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Fig. 1. Details of reinforcement, typical cross-section, strengthening method and test set
up instrumentations for the tested beams.

A0

Fig. 2. Shape of the grooves and steel anchors for the strengthened beams with NSM
bars.

Material properties

All beams were made of typical concrete, the concrete required a mix proportion of 1:1.7:3.0
(Cement: Sand: Coarse aggregate) by weight of cement, and coarse aggregates of a maximum
nominal size of 10 mm. The water—cement ratio was 0.45 and the designed 28-day cube
compressive strength of concrete was 30 MPa. The compressive strength f., of the concrete
obtained for each beam from compression tests carried out on three 150 mm cubes at test day
is given in Table 1.

High tensile steel used for the longitudinal reinforcement and mild steel for shear reinforcement
(stirrups), the mechanical properties of the reinforcing bars used in this study shows in Table 2.
Sika CarboDur BC Rods and epoxy adhesive Sikadur-30 LP were used to prepare the CFRP
composite material. The mean value of the tensile strength, the elasticity modulus and the
ultimate strain in longitudinal direction of fibres of each bar of the carbon fiber given by
manufacturer were 3100 MPa, 148 GPa and 1.70%, respectively. Epoxy resin has been a
tensile strength of 42 MPa, the elasticity modulus of 10 GPa and ultimate strain of 1.5%. Epoxy
adhesive Sikadur-30 LP was also used for NSM steel bars.

ICASGE’19 25-28 March 2019, Hurghada, Egypt I ¥
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Bar _ Bar Bar MO%‘;IUS Yield Yiel_d Tensile UItim_ate
size diameter Area elasticity Strength | strain | Strength | strain
(mm) | mm?) | Z oo (MPa)  (wg) | (MPa) | (kE)
8 7.6 45.36 200 360 2800 482 72820
10 10 78.5 196 509 3010 665.80 65000
12 12 113 210 522 3280 640.60 58543
16 15.95 199.81 203 542 3680 637.81 45180

Table 2. Mechanical Properties of the Reinforcing Bars:
Instrumentation and Test Setup

For the all tested beams, the central support was the loaded column, so the two load cells were
used at the end supports. Also, for all beams, the LVDTs were used under point load in the
middle of each span to measure the deflections as shown in Fig. 1. Additionally, crack width
gauges were installed in the middle of each span to record the crack width at the sagging
region. For the hogging region, there were two Crack width gauges were installed at the flange
next to the column. Regarding electrical strain gauges for the control beams (CB), they
consisted of six electrical strain gauges for longitudinal reinforcement, for the hogging region
(one strain gauge for ¢ 12) at the critical section. For sagging region (one strain gauge at the
main steel reinforcement and other at the compression steel at the critical section at every
span). Plus, two concrete electrical strain gauges were used at the hogging critical section to
observe the neutral axis depth at every stage of loading, and one concrete electrical strain
gauge was used at the sagging critical section for the same reason. The electrical strain gauges
in the strengthened beams, they had the same electrical strain gauges like the control beam
(CB), and there were two electrical strain gauges for the strengthening bars at the critical

sections on the sagging or the hogging regions.
Experimental results and discussion:

A 5,000-kN hydraulic machine was used to apply concentrated load on a stiff steel beam that in
turn transmitted the load to the midpoint of each span. The load applied on each span was then
evenly transferred to the beam by the associated steel beam as shown in Fig. 3. Loading was
applied at a rate of 15 kN/min. Readings of all instrumentations were acquired and stored using
a data logger (TDS 150) system monitored by a computer. The obtained experimental results
are presented and discussed subsequently in terms of the observed mode of failure, crack
width, load—deflection response, ductility analysis, load carrying capacity, flexural rigidity,
energy absorption, strain in reinforcement and moment redistribution.

Fig. 3. System of loading on beams.
General behavior:

For the control beam (CB), the first cracks appeared at loads 76.88 and 53.80 at the hogging
and the sagging regions respectively. The hogging longitudinal reinforcement was yielded at

ICASGE’19 | ¢

25-28 March 2019, Hurghada, Egypt



International Conference on Advances in Structural and Geotechnical Engineering 2019

load 260kN followed by yielding of the sagging longitudinal reinforcement at load 278.03 kN.
While the concrete crushing was at 347.22 kN. The deflection values at the yield loads for the
hogging and the sagging regions were 7.83mm and 10.97 mm respectively, while at ultimate
load it was 51.07 mm. The big difference between the deflection values at the yield loads and
the ultimate load illustrates the good ductility of the CB. For the other beams, the cracking loads
range between (70kN: 85kN) for the sagging region and (76kN: 101kN) for the hogging region.
As they are close values with the cracking loads for the control beam, and there were not a
clear difference between the strengthening beams at the values of the cracking loads, where
the cracking load depends mainly on the concrete compressive strength and the gross moment
of inertia for the tested beams. Strengthening the continuous RC beams at the sagging or the
hogging region led to increase in the yield load by about 52% for the beam SSH at the negative
moment region and by about 33% for the beam SCS at the mid-span region. The ultimate load
for all strengthening beams increased by acceptable value which ranged between (10%: 25%)
compared to the control beam (CB). The strengthening beams failed by steel yielding in the
unstrengthened region followed by separation of the plate end, as shown in Fig 4. The crack
width for the strengthening beams was less than that of the control beam at all loading stages.
Where the crack width at the bottom region for the CB was 11 mm at the failure load, but it
ranged between 1.7mm and 8.3mm for the others. Fig. 4 shows the mode of failure for all tested
beams.

Concrete crushing at Middle support Top view at Mid-span region.
mid span region region. middle support

Fig.4.a. Failure modes of beam CB.

Top view at middle support Mid-span region. Middle support region.
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Fig.4.b. Failure modes of beam SSH.

s
© NEaTm

seperation at the plate Middle support Top view at Mid-span region.
end. region. middle support

Fig.4.c. Failure modes of beam SCH.

Top view at middle Mid-span region.
support

Fig.4.d. Failure modes of beam SSS.

General view
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Fig.4.e. Failure modes of beam SCS.

Effect of the strengthening material type:
Strengthening the hogging region:

The load-deflection response for the control beam (CB) and the strengthening beams (SSH and
SCH) can be clearly seen in Fig. 5. From Fig. 5, it can be observed a correlation in load-
deflection curves until the cracking loads with linear load-deflection behavior. After the cracking
loads, the flexural stiffness gradually reduced in all beams but the value of the deflection quickly
increased at the unstrengthened beam (CB), beginning from the yield load the load-deflection
curve started to be horizontal until the failure load. At the strengthened beams (SSH and SCH),
the slope of the curve is higher, especially for the strengthened beam (SCH), where the slope of
the curve is slightly reduced to failure. The strengthened beam (SSH) gave a deflection value
more than the strengthened beam (SCH), this high deflection value of the NSM-steel
strengthened beam is a big advantage as it shows much more ductile behaviour. This gives an
amble warning before failure which is similar to the steel reinforced beam.

Fig. 6 (a and b) shows the relationship between the total load and the tensile strains of the main
longitudinal reinforcement at the hogging and the sagging regions respectively. As shown, the
failure of the control beam (CB) occurred as a result of the steel yielding where the main top
reinforcement yielded at load 260 kN and then followed with yielding the sagging longitudinal
reinforcement at load 278 kN. The strain at the sagging region was equal to 1.89 times of the
yield steel strain at the failure load, while the max tensile steel strain at the negative moment
region was equal to 2.82 times of the yield steel strain. It can be clearly observed that the
strengthening at the hogging region with NSM bars affected on the strains of the main steel
reinforcement, either in the hogging or the sagging region, especially in the case of using NSM
steel bars. The maximum tensile strains at the mid-span region for beams (SSH) and (SCH)
were equal to 9.45 and 9 times of the yield steel strain respectively, and approximately 5 and
4.8 times of the control beam steel strain at failure. For the maximum steel strain at the middle
support section, for beam SSH, were equal to 6.1 and 2.15 times of the yield steel strain and
maximum strain at the control beam respectively. While the beam SCH had a maximum tensile
strain equal to 1.6 times of the yield steel strain and 0.57 of the control beam maximum strain.
Therefore, using the NSM CFRP bars led to a sudden failure due to the separation at the plate
end, but in the case of using the NSM steel bars increased the deformation and thus gave a
warning before the failure. The strain at the NSM steel bars for beam SSH was 46474.74 g,
which was equal to 14.52 times of the yield steel strain. At the beam (SCH), the NSM CFRP
bars strain was 5450 u¢, and it was 0.32 times of the ultimate CFRP bars strain.

Strengthening the sagging region:

The effect of the type of NSM bars used at the sagging region can be clearly seen in Fig. 7. As
for the strengthening at the hogging region, the load-deflection curves are almost identical until
after the cracking loads. However, it can be noticed that, the flexural stiffness for the
strengthening beams (SSS and SCS) is significantly higher than the control beam (CB) even
reach the ultimate load and yield load for beams (SSS and SCS) respectively. The mid-span
deflection values for the beams (SSS and SCS) are approximately equal even though the beam
(SSS) which strengthened with NSM steel bar, was expected to have higher mid-span deflection
value, but the similarity due to a sudden failure. The sudden drop at the load-deflection diagram
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(Fig.7) is due to the flexural shear cracks between the load point and the column which led to

separation of the plate suddenly.
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Fig.5. load-deflection relationship for the tested beams (CB, SSH and SCH).
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Fig. 6. Load-micro strain relationship at the top and bottom reinforcement for beams (CB,
SSH and SCH).

Fig 8 (a and b) shows the relation between load and strains in the tension strain at the hogging
and the sagging regions for the tested beams (CB, SSS and SCS). Load-strain behavior for the
main top and bottom longitudinal reinforcement was linear until cracking. From Fig. 10 for the
critical sections at the hogging region, it is obvious that the flexural stiffness of the strengthening
beams was rapidly reduced compared to the control beam (CB), but the curves continued linear
at a lower slope up to yield of the hogging tension steel, after which the curves were nonlinear
up to failure. It is also noticeable that the ultimate tensile strain for the strengthening beam
converge at failure with the maximum strain value of the control beam, where these strains were
9050, 9901 and 10600 u¢ for beams (CB, SSS and SCS) respectively. For the tension strains at
the sagging region, the ultimate tension strains of the strengthening beams (SSS and SCS)
were equal to 1.31 and 0.88 times of the maximum strain of the control beam, and about 2.47
and 1.67 times of the yield steel strain respectively. The curves also show that the strengthening
at the sagging region with NSM steel provided an increase in the flexural rigidity from the
beginning of the loading compared to the control beam and beam (SCS), and it improved the
ductility despite the sudden failure. The maximum tension strains for the NSM bars were 11584
and 6795 u¢ for beams (SSS and SCS) respectively, these strains are equal to the 3.22 times of
the yield steel strain for beam (SSS) and 0.4 times of the ultimate CFRP strain for beam (SCS),
this value was higher than that which in beam SCH.
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Fig.7. load-deflection relationship for the tested beams (CB, SSS and SCS).

a
Beam A,, mm Ay mm A, mm Ay mm Hau Koy @
CB 7.83 10.97 33.1 33.1 4.23 4.23
SSH 17.23 9.9 23.55 23.55 2.38 2.38
(b)
Fig. 8.
Load-
crack width relationship at the sagging region for all tested beams.
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Ductility is a desirable structural property that allows stress redistribution and provides working
of impending failure. Ductility can be defined as the ability of the structure to undergo inelastic
deformations at near maximum load without brittle failure. This deformability is influenced by
some factors such as the level of axial load, the shape of the section, the amount of transverse
reinforcement, the tensile reinforcement ratio, the compressive reinforcement ratio, the yield
strength of reinforcement and the strength of concrete.
The displacement ductility index is expressed in this study as follows [20, 21].

Hau = Au/Ay 1)

Mar = 45/4y, (2)
Where 4, and 4, is the midspan deflection at the beam ultimate load and failure load, 4., and
4,is the midspan deflection at the yielding load of the tensile steel reinforcement at the central
support and the midspan respectively, u,, and py is the displacement ductility index at ultimate
load (maximum load carrying capacity) and at failure load. 4,,, that was used to calculate the
displacement ductility, in which the curves changed from linear to nonlinear. The displacement
ductility index (u,) is given in Table 3.
From Table 5, It was observed that the ductility of the beam specimens was adversely affected
by the strengthening, whether it was strengthened with NSM CFRP or steel bars. But for the
beams (SSS and SCS), which were strengthened at the sagging region, their ductility continued
to increase after the ultimate load in contrast to the beams (SSH and SCH), where the sagging
main tensile steel did not yield at the end cover separation load, therefore there was a reload of
the beam. In general, it was noted that the strengthening with NSM steel bars worked on
increasing the ductility of the tested beams, where the displacement ductility index for the beam
SSH was higher than the beam SCH by about (15%), and the displacement ductility index at the
failure load for the beam SSS was higher than the beam SCS by about (15%).

Table 3 Summary of ductility index:

ICASGE’19 | 8
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SCH 10.66 7.29 15.1 15.1 2.07 2.07
SSS 6.88 8.13 9.52 20.71 1.14 2.55
SCS 7.8 7.09 11.13 15.7 1.57 2.21

Enhancement of the load carrying capacities and the Serviceability state

Fig.9 presents the yield, ultimate and failure loads carrying capacities for the all tested beams.
As shown in Fig. 9, the yield load for the top and bottom main reinforcement and the ultimate
load for the control beam (CB) were 260, 278 and 347 kN, as previously explained, the sagging
tensile reinforcement yielded after the yielding of the hogging main reinforcement and before
the maximum load. The yield loads at the hogging and the sagging region were equal to (75%
and 80%) of the ultimate load.

The vyield loads were affected by the region of the strengthening, where unlike the others, the
main top reinforcement at the strengthening beams (SSH and SCH) yielded after the mid-span
tensile steel yielding, thus, there was a clear variation in the values of the yielding loads, but the
yield loads for all strengthening beams were higher than the yield loads of the control beams.
The strengthened beam (SCH) had the less sagging yield load between the strengthening
beams and it was higher than the sagging yield load of the control beam by about (11.5)%,
while the minimum hogging yield load was for the strengthened beam ( SSS) and it increased
by about (22.7)%.

Despite the convergence of the failure loads values, but the strengthening by using NSM CFRP
bars at the sagging region was higher than the failure load at the control beam by (25%) and it
was the best efficiency, even though the least efficient was for the strengthening at the hogging
region by using NSM CFRP bars, where the maximum load increased only by (10 %).

Unlike simply supported beams, the enhancement of the bending moment capacity of a
continuous beam due to strengthening with NSM bars was found to be higher than that of the
enhancement of the load capacity. The beams (SSH and SCH) exhibited an increase in the in
the negative moment by about (61.5% and 40%) respectively. For the strengthening at mid-
span region, there was an increase in the positive moment by about (24 %) at the ultimate load
for the beam (SSS) and (32.7%, 47.7%) for the beam SCS at the first separation and the
ultimate load, respectively.

Serviceability is a basic characteristic of comparison, the serviceability of the tested beams can
be determined according to [20, 21] by using permissible crack width, allowable permitted
deflection, and allowable yield strain, Table 6 shows the measurement value of the load at
hogging and sagging regions for different levels of flexural crack width (0.1, 0.2, 0.3). The
flexural crack width "w.." (0.1, 0.2 and 0.3 mm) is the permissible crack width according to [20,
21]. It is clear that strengthening with NSM CFRP bars gave preference for the load at the same
crack width at the strengthening region only, but the strengthening by using NSM steel bars had
the advantage at both regions, although the service load was fewer at the strengthening region
than using NSM CFRP bars.

The maximum deflection should be compared to the allowable permitted deflections in codes
and design guidelines. The allowable deflection permitted by [20, 21] ranges from L/480 to
L/180 depending on the type and function of the structure. The allowable deflection for tested
beams according to [2 and 3] should be within the range of 4-11 mm (2,050/480 to 2,050/180)
based on the type of structural application. So according to the structural type, the
strengthening at the sagging region by NSM steel or CFRP bars was better than other types of
strengthening in the case of The allowable deflection equals L/180 and L/480, and the
strengthening by using NSM steel bars was better than the others where the allowable
deflection was after the ultimate load. As shown in Table 4.
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Fig. 9. Load carrying capacities for all tested beams.

Table 4. Load carrying capacities at different serviceability limits:

P, (KN) P, (kN)
Beam we, (mm) _ _ at I
Hogglng Sagglng 1/480 at /180
region region
0.1 103 70
CB 0.2 145 109 172 287
0.3 172 124
0.1 118 101
SSH 0.2 250 132 187 354
0.3 347 158
0.1 263 76
SCH 0.2 333 101 200 362
0.3 380 154
0.1 124 108
SSS 0.2 173 147 227 302*
0.3 286 192
0.1 114 74
SCS 0.2 268 108 213 393
0.3 324 142

P, : The load at the hogging or the sagging region for the permissible crack width.
P, : The load at the allowable deflection.
(*) After the ultimate load (where P, =391 kN).

Moment redistribution

The moment redistribution ratio (8) given in Table 6 was calculated for the sagging and the
hogging bending moment at midspan and at the central support at any stage of the loading. The
ratio was calculated by (3):

B =" 4100 3)

e
Where M, , is the value of the moment at central support and mid-span is based on the elastic
analysis and M., is the experimental value of bending moment at any stage of loading.
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- From Fig. 10 (a and b) and Table 5, it can be seen that the redistribution of the internal
force from the sagging to the hogging region gradually decreased at the beginning of
the test until the cracking load for the control beam, CB, where the moment
redistribution ratio was almost equal to zero. After the cracking load and before
reaching the steel yielding (P, =278 kN), the moment redistribution ratio increased with
a slow rate where the maximum moment redistribution ratio was -9.9% and 14.76% at
the sagging and the hogging regions, respectively. The moment redistribution reduced
after the steel yielding and this could be attributed to the reduced flexural stiffness due
to the extensive cracking observed in the higher load span. Regarding the effect of the
strengthening region, both beams SSH and SCH redistributed moments in a similar
manner up to failure. The difference in the strengthening at the hogging region was that
the internal forces redistributed from the sagging to the hogging moment region up to
failure because the NSM bars was able to control the crack widths which in turn, made
the middle support region stiffer than the sagging moment region. Although the moment
redistribution ratio decreased due to the convergence of the flexural rigidity between the
mid-span region and the central support region, this ratio increased again after the
yielding of the sagging steel and up to failure as a result of the increase in the cracks
width at the sagging region. The moment redistribution ratio for the beam (SSH) at the
steel yielding was 11.5% and -15.56% at the sagging and the hogging region
respectively, and then the rapid increase until failure, especially for the negative
moment. The moment redistribution ratio at the failure was 16.15% and -23.43%. For
the strengthened beam (SCH), the moment redistribution ratio significantly reduced and
this value was roughly equal to zero at steel yielding. Where the percentage reduced to
0.5% and -0.8% at the sagging and the central support region respectively, because the
axial stiffness of the upper main reinforcement with the NSM bars was slightly higher
than the axial stiffness of the bottom main reinforcement. Close to failure, beam SCH
achieved 10.12% and -16.7% moment redistribution at the mid-span and the hogging
region, respectively. Beams SSS and SCS demonstrated load redistribution from the
middle support to the mid-span section such as the control beam. This is due to the
stiffness at the mid-span section was 2.66 and 2.17 times of the hogging section for
beam SSS and SCS, respectively. As it was indicated in the other beams, the deviation
in the load-moment redistribution ratio curve was at the sagging steel yielding. The
beam SSS achieved -21.28% and 35.93% moment redistribution at the sagging and the
hogging region before the steel yielding, while these percentage reduced at the failure
to -16.4% and 27.33%. The maximum value for the moment redistribution ratio was
achieved by the beam SCS, the percentages of moment redistribution were -25.2% and
42% at the sagging and the middle support, respectively. About the approximate
formula to calculate the contribution of the method of repair or strengthening as to the
moment redistribution of the beam, this paper is the first edition and there will be other
research about this point.

Load kN

Load kN

() (b)

Fig.10. Load-moment redistribution ratio at the sagging region for all tested beams.
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Table 5 End support reaction, moments at yield, ultimate loads and moment
redistribution of the tested beams.

& P . P . .
& 1st yielding region 2nd yielding region Ultimate Load
49.99 139 kN .4 17361 kN 06.73
%0 JN 42.36 | e | _ /rso 38
=
CB w = —
= 41.66 = 55.61,
— 47.m\/ 44.53 ;351«\1\/ Ls.m
p436KN ot Central Support 47 at Mid-Span 4894 7
914 91.51
74.98 X 6.83
169 kN 507 189.5kN = 288 199.88 kN P
P
i L A
7 49.19 w 51.48 ~ ~ 53.68
A7.99 kN ~ 5417 50.23kN ~ 60.74 | 52.37kN <= 64.02
at Mid-Span at Central Support
84,33
60.51 78
155 kN 5050 178KkN k845 27N fo.13
Z
SCH ' v IS
T\/ 49.2 T\v 5228 - 7 Bs3s
48 kN ; 4966 SLkN =~ 57.05! 54kN ~ 0.94
at Mid-Span 6122 at Central Support 7509
159.25 kN 41' “ 181.5kN 23251 195.36 kN 4.56
- v - ' 2l
SSS w/ — =
=~ = = -~ ~ ~
boa2kN S 5101 GB.N 5809| 70.05kN e o
at Central Support 609 at Mid-Span 7022 72.89
75.49
162 kN 622 1855 kN Hxh 196.35 kN
B7.54 : 45.22
i - v - ' -
= -~ 51.84 S - S -
2.14 kN t\c > I/S . 64.17| 7258 kKN == 5959 76.11kN =~ %gg
at Central support at Mid-Span 74.39 at 1st separation )

Elastic moment kN.m
,,,,,, Expermintal moment kN.m

The prediction of ultimate load

The ultimate load of the strengthened beams is assessed by the force equilibrium and strain correlation
requirements [22], as presented in Fig. VY and Y. Failure of the strengthened beam is anticipated as the
crushing of the compression concrete after yielding of the tension reinforcement. The computation is
executed in the constant moment zone.

At failure, the forces C, T; and Tygy, are shown in the following expression (Fig. Y and Y ¥):

C= 067baf . 4)
T, = AGE, (5)
Tysm = AnsmEnsménsm (6)

a
ensy is calculated by eygy = SCM < knensuun ()

This value is be taken from manufacturer For the FRP bars used in this study, the k., value was taken as
0.7.

For the NSM FRP bars  eygy = fnsm ®)

The balance of forces produces the subsequent relation:
0.67 b f,a® + (gNSMENSMANSM - AsFy)a — &cEnsyAnsmdnsy =0 (9)

The depth of the neutral axis (a) is determined using the Eq. (9).

The ultimate bending moment computes the following relation:

M, = AF, (d ) + ENSMANsmfc(dNSM ) dysu — g) (10)

Referring to ACI 440.1R 15 [23], an addltional reduction factor of ¥f = 0.85 was applied to the
flexural strength contribution of the FRP reinforcement. This reduction factor is meant to account for the
lower reliability of the FRP reinforcement, as compared with internal steel reinforcement. If the factor is
induced here, the nominal flexural strength of strengthened beams with NSM FRP bars under
compression failure can be computed using Eq (15).

dysm —
M, = A, (d > ) + ¥Yf ExsuAnsuec(—————

%) (dnsw ~ —) 1)
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Fig. V¥ shows the elastic theory bending moment diagram assuming uniform flexural rigidity along the
length of the tested specimens. In this figure, M gs.and M ., refer to the elastic moments in the sagging
and hogging regions, respectively; R ,.and R ,,.are the elastic reactions at the end and middle support,
respectively; and P is the applied load at each span.

The prediction of the flexural capacity of the test specimens was based on satisfying equilibrium
conditions and assuming that both the mid-span and central support sections have high ductility and
reached their flexural capacities M ,, and M ,,, respectively. Accordingly, from equilibrium
considerations, the applied load P was calculated in accordance to the provisions of ACI 440.1R-15 [23]
and ACI 318-14 [20], respectively. The applied point load, P at the beam mid-span is calculated from
(beam self-weight is neglected) (Table 6):

2
P= Z(M uh +2M us) (12)
Ansm
%]
— ° Cm— L gnsm
| — 1 ®
c As
2 e |
- ph—!
Beam section Strain Diagram Stress Diagram

Fig. Y. Strengthened beam section with strain and stress distribution for the beams (SSH and SCH).

B
‘T T ‘T | )
LEo
c
JL © As
| s
——»
—
Ansm Tnsm
P —
Beam section Strain Diagram Stress Diagram

Fig. VY. Strengthened beam section with strain and stress distribution for the beams (SSS and SCS).

Mhe=34 PL
|
P | P
' ‘ '
|
A | A \ A
P ! ]
~_ L
Ree=0.313P ~ Rme=1.375P L Ree=0.313F

Mse=54,PL Mse=54,PL
' Fig. \¥. Elastic Bending Diagram. '

Table 6. Comparison between experimental and predicted results.

Central Support Mid-span
Specimen Peop. P, Exp. /Pre.
Mexp. (kN Mpred. Mexp (kN Mpred.
m) (KN m) m) (KN m)
CB -60.38 -34.80 58.78 62.20 347.22 310.63 1.12
SSH -97.51 -70.81 53.68 63.20 399.75 384.8 1.04
SCH -84.33 -98.78 55.35 62.95 380.53 438.4 0.87
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SSS

SCH

’ -54.56 -35.34 72.89 94.20 390.71 436.57
‘ -45.22 -35.34 78.02 94.89 435.18 439.26

Conclusions

An experimental work was carried out on five large-scale RC continuous T-beams, to study the
flexural strengthening of reinforced concrete continuous beams with central loaded column and
by using near-surface mounted (NSM) CFRP or steel bars on the general behavior of the tested
beams and their ability to redistribute bending moment between hogging and sagging regions
under the influence of vertical loads. Based on the test results and the comparisons between
the tested beams which presented in advance in this research the following conclusions can be

1.

9.

10.

drawn:
The first crack always formed in the sagging region for all tested beams as the main
factor is the shape of the cross-section, also it wasn't affected by the strengthening
region.
In general, strengthening by NSM reinforcement improved the overall flexural behavior
of the beams at service and ultimate conditions, but also decreased the ductility of the
beams when compared with the control beam.
The cracks concentrated at the maximum moment regions for beam CB, as a result of
yielding the bottom reinforcing steel after the top reinforcing steel directly. In contrast,
the strengthening beams, there was an increase in the number of the cracks and their
spread along the beam span.
All strengthened beams failed after yielding of the tension steel reinforcement with
separation of the plate end except the strengthening with the NSM steel bars at the
negative moment .
Strengthening at the sagging region improves the ductility after the separation of the
plate end, where the sagging main reinforcement didn't yield before the separation,
unlike the strengthening at the hogging region.
Despite the premature failure, strengthening at the sagging region with CFRP bars had
the maximum ultimate load value.
Unlike simply supported beams, the enhancement of the bending moment capacity of a
continuous beam due to strengthening with NSM bars was found to be higher than that
of the enhancement of the load capacity.
The stiffness of the beam strengthened at the hogging region is less than the beams
strengthened at the sagging region, especially after yielding of the tensile steel.
The bottom reinforcement was the main controller in changing the values of moment
distribution ratio, whether in the case of strengthening at the positive or negative region.
Hogging moment redistribution over the middle support is always larger than that at the
mid-span by different values depending on the type and location of the strengthening.

Recommendations and suggestions

From the predescried analysis of the test results and the above conclusion, it is
recommended for the future research work the following topics:

1. Study the flexural response and moment redistribution of RC continuous T-beams
strengthened with FRP or steel bars by using different anchor system.

2. Study the flexural response and moment redistribution of RC continuous T-beams
strengthened with FRP or steel bars by under repeated load.

3. ltis preferable to strength the RC continuous beams at the sagging region only with
the steel bars, because it help to increase the service and ultimate loads
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