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ABSTRACT

Reinforced concrete structures around the world need repairing or strengthening at some stage in their
lifetimes for different reasons. Steel wire rope is one of the potential materials to strengthen reinforced
concrete structures do to its high strength, lightweight, and high flexibility properties. This research was,
therefore, conducted to investigate a relatively new technique to strengthen reinforced concrete beams
using external steel wire ropes. This involved testing five beam specimens under a four-point bending
configuration for failure, and the strengthening effects of external wire ropes on their performance were
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also studied. The results showed the ultimate load capacity was also significantly enhanced up to 250%
compared to the control specimen. Moreover, the stiffness and energy absorption capacity of the
strengthened specimens were improved due to the external strengthening technique. This means
reinforced concrete beams strengthened with external steel wire rope are capable of fulfilling the flexural

performance required for reinforced concrete structures.

1. Introduction

Reinforcerd concrete (RC) has been considered as a key struc-
tural material and used in public structures all over the world
for more than a century (Al-Mahaidi and Kalfat 2018). This is
associated with the ability to retain form for many decades.
However, RC structures need to be rehabilitated or strength-
ened due to the occurrence of design and construction faults,
elevated service loads, natural disasters like earthquakes, envir-
onment-related impacts, and mechanical damage (Hosen et al.
2014; Peansupap and Ly 2015). These scenarios require the
application of strengthening techniques to improve or recover
the load-carrying capacity and original serviceability of the
structures.

Nonmetallic materials have often been adopted by people
to strengthen RC structures due to their effectiveness and this
has attracted several studies on their effects on the structures’
behavior. When it comes to the structural upgrading discipline,
nonmetallic material was first considered for enabling fiber-
reinforced polymer (FRP) usage to conduct flexural strengthen-
ing on RC structures (Szabd and Baldzs 2007; Lesmana et al.
2013; Hu, Lin, and Tu 2015) and a great potential was reported
by Lesmana and Hu (2014) and Tudjono, Lie, and Hidayat
(2015). FRP resembles a thin polymer layer with different fibers
and some of the specific standard materials available include
glass FRP (GFRP), carbon FRP (CFRP), aramid FRP (AFRP), and
basalt FRP (BFRP) (Gudonis et al. 2013; Siddika et al. 2019;
Choobbor et al. 2019). Meanwhile, it is also possible to use
FRP composites as laminates, dry fibers, rods, and plates
attached to concrete with adhesives and fasteners.

The increased focus on improving RC structures has led to
the deployment of another nonmetallic material, bamboo, due
to its excellent tensile strength. It is possible to improve the
load-carrying capacity of the reinforced concrete beam, com-
pared to the controlled specimens, using different percentages
of bamboo fibers with full wrapping technique in all four sides
(Sen and Reddy 2011) and by applying bamboo sticks or strips
as a strengthening material (Nahar and Rahman 2015; Haryanto
et al. 2017). A non-linear finite element analysis was conducted
by Hidayat et al. (2019) on the use of bamboo to strengthen
concrete beams and found an increment in the load-carrying
capacity of the beams after using the material. Experimental
tests conducted by Xu et al. (2019) showed that strengthened
masonry structures with bamboo components are promising
methods and can be used especially in remote areas.

FRP application is limited despite its several advantages due
to its lower resistance to high-temperature exposure (Firmo,
Correia, and Bisby 2015; Fayed, Basha, and Hamoda 2019),
incompatibility with the concrete substrate, inability to be
applied in moist or low-temperature environment, and the
possibility of abrupt failure without any notice (Peled 2007;
Zhang et al. 2019). These drawbacks also arise in the utilization
of bamboo as the strengthening material. Some metals such as
steel wire rope (SWR) which are commonly used in mechanical
applications (Fontanari et al. 2015) have properties with the
ability to overcome the deficiencies of the FRP and bamboo
material properties. They are also economical, effective, and
simple enough to be acceptable as strengthening ductile mate-
rials and the major advantage of the steel wire rope is its
lightweight, high strength, and high flexibility properties.
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Several investigations have been conducted in recent years
on the behavior of RC structures strengthened with steel wire
rope. For example, Yang, Byun, and Ashour (2009) tested 10
T-beams with unbonded-type shear strengthening employing
wire rope units and found those with closed type wire rope
units to have exhibited more ductile failure than those not
strengthened, control beams, and those with U-type wire
rope units. A practical strengthening technique was also pro-
posed by Yang et al. (2012) to use unbonded prestressed wire
rope units in enhancing the in-plane shear strength and ducti-
lity of unreinforced masonry (URM) walls and the method was
found to be very efficient. It was also observed to have the
ability to control the propagation of cracks in the head and bed
mortar joints and led to the improvement of the stiffness and
capacity of the wall to resist cracks because of the axial com-
pression force added to the wire ropes by the prestressing
force.

Another innovative technique was introduced by Wu
et al. (2014) to increase the flexural capacity of concrete
structures through the use of prestressed high-strength
steel wire rope (P-SWR) which is also known as the P-SWR
strengthening technique. The findings of the experiment
indicated 111 and 178% increment in the cracking load
and the same enhancement of 49 and 121% was recorded
for both yield and ultimate bearing strength of the beams
strengthened using one-layer and two-layer SWRs, respec-
tively. Moreover, the P-SWR-strengthened beam finally had
a ductile failure as observed in the crushed concrete, steel
yielding, and fractured SWRs. Experimental investigations
have also been conducted by Wei and Wu (2014) on con-
crete columns confined with high-strength wire (HSW) using
15 specimens and the confinement pressure was varied with
the HSW winding spacing. The findings showed the strength
and ductility of the columns was significantly improved and
this means the winding HSW was efficient and effective for
column jacketing. Furthermore, the JGJ/T325-2014 guide
developed by the Ministry of Housing and Urban-Rural
Development of China (2014) has also presented several
key conclusions and findings.

The study conducted by Li et al. (2018) proposed two
new methods to strengthen hollow core slabs with
mounted steel bars and prestressed steel wire ropes
(P-SWRs) and the results showed the prestressing technique
and anchorages developed were able to be feasibly and
easily used in prestressing the steel wire ropes. The effi-
ciency of the P-SWRs to improve the cracking load was
observed to be more than those recorded for the mounted
steel bars due to the prestress in P-SWRs. Another experi-
mental test was conducted by Haryanto, Satyarno, and
Sulistyo (2012) on T-section RC beams strengthened in the
negative moment region with bonded wire ropes and found
an increment in the strengthened specimens’ load capacity
with a positive ratio up to 2.03. Furthermore, a finite ele-
ment (FE) simulation conducted with an initial 20% pre-
stress force on this strengthening technique produced
a 52.15% flexural strength improvement. The relationship
between the load and displacement observed in the FE
simulation had the similar trend with those recorded in
the experiment (Haryanto, Gan, and Maryoto 2017).

Another approach involves adding steel rebars on the com-
pression block with the use of steel wire ropes in the
negative moment region to strengthen the T-section RC
beams and this was observed to have increased the flexural
strength with 2.09 ratio (Haryanto et al. 2019).

Haryanto et al. (2018) also studied the performance of two
6 mm diameter steel wire ropes used to externally strengthen
RC beams with different end-anchor. The results showed the
ratios of end-anchor type 1 to 2 tended toward 1 for all the
parameters and this means they both equally contributed
effectively to the steel wire rope performance. A closer exam-
ination of the open literature showed there is limited work on
the SWR-strengthening of RC beams through external
strengthening techniques. In order to bridge the knowledge
gap and to continually expand the scope of the research
conducted by Haryanto et al. (2018), this present study
aimed to investigate the application of steel wire rope to
strengthen RC beams using different numbers and diameters
after which there was a comparison between the flexural
capacity, ductility, stiffness, failure modes, and the energy
absorbed by the control and strengthened beams. Moreover,
a comparison between the values obtained for the ultimate
load-carrying capacities from the experiment and the theore-
tical model was also examined.

2. Experimental program
2.1. Specimen configurations

Five simply-supported beams were constructed and tested at
a length of 1000 mm and a rectangular cross-section with
100 mm width and 150 mm depth. All the specimens were
cast using normal weight concrete and the average compres-
sive strength was measured to be 25.27 MPa at 28 days.
Moreover, two 6 mm diameter steel bars were placed at
29 mm and 121 mm from top of the beam in terms of both
compression and tension, respectively, for reinforcement. In
the shear span, the stirrups of 6 mm diameter steel bars spaced
at 50 mm were fastened firmly together using the binding wire.
The tested elastic modulus and yield strain of the reinforce-
ment bars were 1.959 x 10° MPa and 0.0012, respectively.
Furthermore, the tested yield and ultimate strengths were
236.74 and 369.40 MPa, respectively, while the concrete cover
was determined to be 20 mm thick. A beam was left without
strengthening and applied in this study as the control speci-
men while the remaining four were strengthened using exter-
nal steel wire ropes.

Figure 1 and Table 1 demonstrate the diameter and number
of steel wire ropes used as the test parameters. The specimen
ID is designed to have the number of steel wire ropes as the
first value while the diameter is the second. Specimen BO was
not strengthened in this study and used as the control beam for
comparison. Meanwhile, two 6 mm diameter and four 8 mm
diameter steel wire ropes were used to strengthen specimens
B26 and B48, respectively. The tension reinforcement ratio (o)
for all the specimens which was defined as the ratio between
the area of tension reinforcement to the effective area of the
section was found to be 0.467, 0.826, 1.192, 1.105, and 1.765%,
respectively.
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Figure 1. Details of specimens (Haryanto et al. 2018).
Table 1. Description of the tested beams.
L B H Longitudinal reinforcement
Specimen (mm) (mm) (mm) Tension Compression Stirrups Steel wire rope Location
BOO 1000 100 150 206 206 @6-50 - -
B26 1000 100 150 206 206 @6-50 206 external
B46 1000 100 150 206 206 @6-50 406 external
B28 1000 100 150 206 206 26-50 208 external
B48 1000 100 150 206 206 ?6-50 408 external

2.2. Strengthening materials

Steel wire ropes and end-anchor in the form of 6 mm
diameter dynabolt with a shear resistance of 10.3 kN were
used as the strengthening materials. They were used in
combination with a 2 mm-thick steel plate sized 50 mm
x 100 mm for single plate and 25 mm x 100 mm for double
plate end-anchors as indicated in Figure 2. The tensile
strength for the steel wire rope with 6 mm nominal dia-
meter was recorded to be 599.48 MPa while 8 mm had
755.92 MPa. Each steel wire rope contained six typical heli-
cal strands which were placed over the central core contain-
ing smaller independent wire ropes (IWRC).

2.3. Strengthening procedures

The strengthening process as presented in Figure 3 started with
the identification of the reinforcement location in the RC beam
which needed to be strengthened using a rebar scanner. This
was followed by the identification of the drilling points and no
physical contact was made with the current reinforcement
while the dynabolt mounting drilling was conducted after
which the RC beam was drilled up to 6 cm deep. An air com-
pressor was used to clean the drilling dust while a chemical
bonding agent was applied to fill the cleaned holes. The end-
anchor in the form of the steel plate and dynabolt was installed
and the clamp and steel wire rope was completely mounted. In
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Figure 2. The strengthening materials (Haryanto et al. 2018).

the end, the dynabolt was tightened at the top of the end-
anchor.

2.4. Loading program and instrumentations

Figure 4 shows a four-point bending scheme that was used to
test the specimens. Each beam specimen underwent similar
testing and loading procedures. This involved the application
of two monotonic-concentrated loads at the center of the
midspan specimen using Universal Testing Machine (UTM).
Moreover, the steel spreader was made of unused steel mem-
bers to ensure strong rigidity while a dial gauge was placed
under the beams at the midspan to monitor displacement and
the crack patterns obtained by visual observation.

3. Results and discussion

This section thoroughly presents the observed and measured
results for the load-carrying capacity, load versus mid-span
deflection response curve, ductility, failure modes, stiffness,
and energy absorption capacity. An analysis was also con-
ducted to determine the theoretical ultimate load.

3.1. Load-deflection curves and failure modes

The failure deflection was considered in this research to be
the first to occur between a 20% decrease in the peak load,
and longitudinal reinforcement buckling or the longitudinal
or transverse reinforcement fracture (Paulay 1989; Paulay
and Priestley 1992). The yield deflection was explained to
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Figure 3. Strengthening process involved the location of the current reinforcement to be determined through rebar scanner, drilling, dynabolt and steel plate installed
as the end-anchor, steel wire rope installed and dynabolt tightened (Haryanto et al. 2018).

be deflection of the theoretical yield point of an equivalent
elasto-plastic system with the secant stiffness being equal to
its equivalent elastic stiffness such that the load is 75%
before reaching the ultimate load. Figure 5 shows the curves
produced by the tests for the load versus mid-span deflec-
tion response while Table 2 presents the testing outcomes
for the ultimate load (P,), mid-span displacement at the
theoretical yielding of the flexural steel (§,), at ultimate load
(6,), and the failure load (6 for each specimen including the
unstrengthenend beam (B0). Meanwhile, the failure mode
for all specimens is shown in Figure 6.

In the unstrengthened beam (B0), the first crack occurred
when the load reached 9.70 kN with a coressponding displace-
ment of 1.82 mm. As the applied load increased, cracks in the
specimen became wider and expanded toward the compres-
sive zone, followed by the appearance of new spreading cracks.
The displacement continues to increase with a relatively small
increment up to when the load exceeded 0.75P, or 13.26 kN,
thereby, causing a crushing between the loading points as
indicated in Figure 6(a). The control specimen was recorded
to have experienced a pure flexural failure with 17.70 kN ulti-
mate load and 13.26 mm corresponding deflection.

The specimen strengthened with two 6 mm diameter of
steel wire ropes (B26) showed similar pattern for flexural crack-
ing with the control specimen (B0) as indicated in Figure 6(b).
The first crack was experienced at 19.80 kN with
a corresponding displacement of 3.19 mm and after flexural
reinforcement was theoretically yielded at 0.75P, or 22.42 kN,
a noise caused by the slipping of steel wire rope at the end-
anchor was heard when the load value was approximately
27.00 kN (Figure 5). The external steel wire rope provided as
the strengthening material was, however, still working.
Moreover, an ultimate load-carrying capacity of 29.90 kN was

also achieved with a corresponding mid-span deflection of
19.49 mm as shown in Figure 5 and the specimen B26 was
able to yield 69% extra strength compared to the control
specimen.

The crack load obtained for the beam strengthened with
four 6 mm diameter steel wire ropes (B46) was 29.70 kN at
a corresponding deflection of 5.24 mm. In addition, the ulti-
mate load acquired was 55.90 kN which is equivalent to 216%
improvement in the load-carrying capacity in comparison with
the control beam (B0). Moreover, a deflection of 28.95 mm was
recorded to have corresponded with the ultimate load as pre-
sented in Figure 5. The beam was also found to have a good
performance as recorded with B26 despite the slip observed
visually and auditorily to have occurred at the end-anchor at
approximately 51.00 kN load value after the flexural reinforce-
ment was theoretically yielded at 0.75P, or 41.92 kN as shown
in Figure 5. A similar pattern of flexural cracking was also
observed with the control specimen (BO) as indicated in
Figure 6(c).

There was a crack-applied load of 20.50 kN with
a corresponding 2.68 mm mid-span deflection recorded at
B28, for the beam strengthened with two 8 mm diameter
steel wire ropes. This beam also displayed a similar pattern of
flexural cracking with the control specimen (B0) as indicated in
Figure 6(d). The external steel wire rope used was observed to
have performed well like the B26 and B46 beams. Moreover, the
specimen B28 experienced steel wire rope slip at the end-
anchor as the noise of slipping could be heard again when
the load value reached 33.00 kN after the flexural reinforcing
theoretically yielded at 0.75P, or 27.60 kN. Finally, this speci-
men achieved a strength gain of 108% over the control speci-
men shown by an ultimate applied load of 36.80 kN with
a 16.91 mm corresponding mid-span deflection.
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Figure 5. Load-midspan deflection curves of the tested beams.

The crack load obtained for the beam strengthened with
four 8 mm diameter steel wire ropes (B48) was found to be
34.20 kN with the corresponding deflection recorded to be
5.75 mm. The ultimate load was 62.01 kN and this is equivalent

Table 2. Summary of ultimate loads and failure modes.

P, P, [y 6, 6¢

Specimen (kN) /P, (mm) (mm)  (mm) Failure Modes

BO 17.70 - 373 1326  20.25 Flexural failure

B26 29.90 1.69 476 1949 19.64 Flexural failure and
slip

B46 5590 3.16 11.73 2895 29.02 Flexural failure and
slip

B28 36.80 2.08 514 1691 2640 Flexural failure and
slip

B48 62.01 3.50 1237 28.82 31.07 Flexural failure and
slip

to a 250% increase in the load-carrying capacity relative to the
control beam (BO) while the corresponding deflection was
28.82 mm as presented in Figure 5. The strengthening system
for the specimen also showed a good performance despite the
slip observed visually and auditorily with the steel wire rope at
the end-anchor when the load was approximately equal to
49.00 kN and after the flexural reinforcement was theoretically
yielded at 0.75P, or 46.58 kN as shown in Figure 5. The speci-
men B48 also had a similar pattern for the flexural cracking with
the control specimen (BO) as presented in Figure 6(e).

3.2. Ductility index and stiffness

The ability of a structure, section, or material to withstands
inelastic deformation before collapse without losing its
strength or resistance to a great extent is known as ductility.
This structural characteristic is quite favorable because it pro-
vides failure warnings in the form of an increase in deflection
and redistribution of stress. A variety of RC design methods
require reinforcement members have the ability to deform
gradually on the plastic level. It is possible for the energy to
be dissipated when subjected to cyclic or seismic loading and
for sudden local impact accidental loading to be withstood
rather than causing collapse through the concept of robustness
with the help of ductility (Morais and Burgoyne 2001). The
relationship between steel wire ropes and the ductility of the
specimen was determined by computing the ductility index at
the failure load using Ir = 6/6, with the reference standard for
each computed ductility index being the mid-span yield deflec-
tion (6,).

The possibility of resisting displacement/load using stiff-
ness was observed in RC structures (Obaydullah et al. 2016).
The displacement, cracking, and other properties such as
serviceability of RC structures is attributed to their stiffness.
The strengthening reinforcements, cracks, and applied load
determine the specimens’ stiffness (Hosen et al. 2018). The
ratio of applied ultimate load to yield deflection (K = P,/4,)
represents stiffness for this research and its results with the
ductility index are presented in Table 3. Furthermore, the
ratio of the strengthened specimens to the control (BO) for
the ductility index (l/lrgo) and stiffness (K/K_go) are also
presented.

The result showed the ductility index at the failure load
of the strengthened RC beams were less than that of the
control beam by 5-54%. As previously reported by Rasheed
et al. (2010), increasing the amount of tension reinforce-
ment ratio of a beam decreases its ductile behavior and
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(b)

Figure 6. The failure mode of all tested specimens (a) Failure of BO; (b) Failure of B26; (c) Failure of B24; (d) Failure of B28; (e) Failure of B48.

Table 3. Ductility index and stiffness.

Specimen lr = 646, I¢/le80 K = P,/6, (N/mm) K/K _go
BO 543 1 474531 1
B26 413 0.76 6281.51 1.32
B46 247 0.46 4765.56 1.01
B28 5.15 0.95 7159.53 1.51
B48 2.51 0.46 5012.93 1.06

this was supported by several other researchers with differ-
ent types of strengthening materials and techniques
(Qeshta, Shafigh, and Jumaat 2016; Ebead and El-Sherif
2019). It is, however, important to note that the ductility
index at failure load for B26 and B28, was higher than for
B46 and B48. Moreover, upon ultimate point, steel wire rope
exhibits almost no ductility resulting in brittle failure modes
where the structural member falls back on the residual
strength steel reinforcement.

In comparison to the control specimen, a higher stiff-
ness was observed for the beams strengthened with two
steel wire ropes (B26 and B28) with an increase of 32% and
51%, respectively. The stiffness of normal unstrengthened
beams is affected by internal steel reinforcement as it
controls how much the cracks grow (Obaydullah et al.

2016). This means the strengthened beams are stiffer as
they show extra resistance to crack initiation and propaga-
tion due to the presence of the strengthening material
(Qeshta, Shafigh, and Jumaat 2016). Nevertheless, the end-
anchor experiencing more steel wire rope slip resulted in
the strengthened beams of four steel wire ropes (B46 and
B48) having the stiffness approximately similar with
unstrengthened beam, showed by an increase of only 1%
and 6%, respectively.

3.3. Energy absorption

It is impossible to evaluate the general structural compo-
nent in terms of fracture work without considering energy
absorption (Qeshta et al. 2014). The energy absorption
capacity, also known as toughness, was calculated as the
area under the load-deflection curve (Ghosni, Samali, and
Vessalas 2013; Topcu and Unverdi 2018) and the results are
shown in Figure 7. All the strengthened specimens showed
a higher energy absorption level than the control specimen.
In this study, the performance of steel wire rope as external
strengthening resulted in an increase of the energy absorp-
tion over the control beam by 62.26, 307.10, 169.35, and
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Figure 8. Theoretical model at the ultimate stage.

370.32%, respectively for B26, B46, B28, and B48. Each of
the strengthened beams had an increased energy absorp-
tion due to the delayed crack formation as well as an
increase in stiffness, yield, and ultimate load.

3.4. Theoretical calculation

There was a comparison between the values obtained for the
ultimate load-carrying capacities, P,, from the experiment and
the theoretical model presented in ACI Committee 318 (2014)
as shown in Figure 8. Several assumptions were made for the
analysis and they include:

«The plane sections are still plane after they are loaded.

«The steel reinforcement and concrete substrate have
a perfect bond between them.

«The concrete’s ultimate compressive strain is 0.003.

oIt is assumed that the steel reinforcement has an elastic-
perfectly plastic behavior.

«The steel wire rope follows a linear behavior.

Effective concrete strain (&), steel reinforcement strains (&
and €,), and steel wire rope strain (g,) were calculated using
Equation (1) in accordance with strain compatibility:

/
&w & € £

dw—c: < ()

d—c c—d ¢’

where d is distance between the beam’s top and the main
steel reinforcement, d’ is distance between the beam’s top
and the top steel reinforcement, d,, is distance between the
beam’s top and the steel wire rope reinforcement center
while ¢ is the depth of the neutral axis from the top.

The equilibrium of the internal forces was satisfied as pro-
vided by Equations (2) through (5):

T+ Ty, =C, (2)
Ts = Alfy — A;Esé;‘;, (3)
Tw = AwEwén, (4)
C = avf!B,cb, (5)

where T; is steel reinforcement tension force, T,, is steel wire rope
reinforcement tension force, C is compression force in the con-
crete, Ay is cross-sectional area of main steel reinforcement, A} is
cross-sectional area of top steel reinforcement, A, is cross-
sectional area of steel wire rope reinforcement, &, is strain in top
steel reinforcement, €, is strain in steel wire rope reinforcement,
and E,, is elastic modulus of steel wire rope reinforcement. The
stress block parameters a; and 8; equal to 0.85 in accordance with
ACl (2014).

The nominal flexural moment M, of the beam was calcu-
lated according to Equations (6) through (8):

M, = M; + MW7 (6)

_ _ & 'E (A A
M. = Adfy(d =57 ) + AE(d - ), (7)
MW = Tw (dw - %)a (8)

where M is moment contribution of steel reinforcement,
and M,, is moment contribution of steel wire rope reinforce-
ment. The theoretical ultimate load-carrying capacity P, s, was
calculated using Equation (9):

2M,,

l )

where [ is shear span of the loaded beam (300 mm).
A reasonable agreement between theoretical and

experimental load-carrying capacity results has been

obtained in most of the specimens with the theoretical

values being relatively over-predicted as indicated in

Table 4. On the average, the ultimate load-carrying

9

Pufth =

Table 4. Predicted load-carrying capacity.

Specimen M,, (kN.mm) Py.n (kN) P, (kN) Py.v/Py
BO 1840.50 12.27 17.70 0.69
B26 4855.50 3237 29.90 1.08
B46 7539.00 50.26 55.90 0.90
B28 6955.50 46.37 36.80 1.26
B48 10,821.00 72.14 62.01 1.16
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Figure 9. Theoretical strain values.

capacity predicted for the strengthened beams was
approximately 10% higher and those strengthened with
6 mm steel wire rope including B26 and B46 had the
closest P value to the theoretical capacity while those
strengthened with 8 mm such as B28 and B48 varied the
most compared owing to the fact that there is steel wire
rope slip occurrence.

Figure 9 presents the theoretical tensile strain in the
bottom main steel reinforcements and steel wire ropes of
the beam specimens at the ultimate stage. The strength-
ened beams’ tensile strains are shown in the figure to have
significantly decreased in comparison with the control beam
at the ultimate stage mainly because of the increase in the
stiffness. Moreover, the higher amounts of strengthening
material in the section produced a greater tension reinfor-
cement ratio (p) which caused improved stiffness and, con-
sequently, more reduction in tensile strain. All the
specimens generally have a tension-controlled section as
the tensile strains in the bottom main steel reinforcements
are greater than or equal to 5000 ue (ACI 2002; Orozco
2015). However, the strengthened beam with the highest
(p) value, beam B48, showed a transition region between
compression-controlled and tension-controlled section due
to the fact that the strain in the bottom main steel reinfor-
cements was 4780 ue.

4. Conclusion

The flexural performance of the RC beams strengthened with
external steel wire rope was investigated through experimen-
tal tests and the results of the four specimens used were
compared with a control specimen. The findings, therefore,
showed:
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1)The ultimate load-carrying capacity of the strengthened
beam through external steel wire rope was enhanced up to
250% and this means the material is efficient for the flexural
strengthening of RC beams.

2)The control beam failed in flexure by concrete crush-
ing at the top fiber which was the expected failure mode.
Even though exhibiting the same flexural cracking pattern
as the control beam, the occurrence of steel wire rope slip
at the end anchor was observed in the strengthened
beams.

3)The ductility index of the strengthened beams were less
than that of the control beam by up to 54%. It should be noted
that the ductility index of the beams strengthened with two
steel wire ropes (B26 and B28) is higher than that with four steel
wire ropes (B46 and B48).

4)A higher stiffness was also observed with B26 and B28
with an increase of 32 and 51%, respectively, compared to
the control specimen. Nevertheless, the more slip experi-
enced by the steel wire ropes in B46 and B48 led to its
approximately similar stiffness with unstrengthened
beam, showed by an increase of only 1 and 6%,
respectively.

5)The strengthened beams had a better ability to absorb
energy up to 370.32% than the control beam. The energy absorp-
tion capacity was observed to have improved as the crack forma-
tion was delayed, stiffness increased, and yield and ultimate load
greatly enhanced.

6)The ACI Committee 318 (2014) procedure used to evaluate
the ultimate load show an average of 10% higher prediction for
strengthened beams.

7)Based on the theoretical strain values, the strengthened
beam with the highest (p) value, beam B48, shows a transition
region between compression-controlled and tension-
controlled section while other beams have tension-controlled
section. The true strain values need to be further studied in
future work.

8)The results of this study imply that the RC beams strength-
ened with external steel wire rope are capable of fulfilling the
flexural performance required for reinforced concrete
structures.
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Nomenclature
AFRP cross-sectional area of steel wire rope reinforcement
As cross-sectional area of main steel reinforcement
A cross-sectional area of top steel reinforcement
BFRP balast fiber-reinforced polymer
b the width of the beam
4 the depth of the neutral axis from the top
C compression force in the concrete
CFRP carbon fiber-reinforced polymer
d distance between the beam’s top and the main steel reinforcement
d distance between the beam'’s top and the top steel reinforcement
dy distance between the beam'’s top and the steel wire rope
reinforcement center
Ey elastic modulus of steel wire rope
Ts steel reinforcement tension force
FE finite element

FRP fiber-reinforced polymer

GFRP glass fiber-reinforced polymer
h the depth of the beam
I the ductility index at the failure load
IWRC independent wire rope core
/ shear span of the loaded beam
K stiffness
L the length of the beam
M, the nominal flexural moment
P-SWR  prestressed high-strength steel wire rope
P, ultimate load
RC reinforced concrete
SWR steel wire rope
Tw steel wire rope reinforcement tension force
URM unreinforced masonry
Umm universal testing machine
a; and  the stress block parameters
B,
& effective concrete strain
gande, steel reinforcement strains
&w steel wire rope strain
6¢ mid-span displacement at the failure load
o, mid-span displacement at the ultimate load
6, mid-span displacement at the theoretical yielding of the flexural
steel
o the tension reinforcement ratio
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