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Graphical abstract 
 

 

Abstract 
 

This work investigated the performance of steel wire rope as an external strengthening for 

reinforced concrete beams with different end-anchor types. A study is conducted on 

reinforced concrete beams with the size of 100 mm x 150 mm x 1000 mm, consisting of 1 

beam without strengthening (BTP); 1 beam strengthened with 2 steel wire ropes of 

diameter 6 mm with end-anchor type 1 (BPA1); and 1 beam strengthened with 2 steel 

wire ropes of diameter 6 mm with end-anchor type 2 (BPA2). It is found that the external 

strengthening of reinforced concrete beams using steel wire rope has the advantage of 

better serviceability due to its higher ductility than the beam without strengthening. The 

load-carrying capacity of reinforced concrete beams, which are externally strengthened 

with steel wire ropes, shows a significant increase of up to 60%. All specimens meet the 

minimum ductility requirements; in this case, the strengthening beams have other 

advantages, i.e. improved performance in preventing brittle failure. In this study, the 

increased stiffness is associated proportionately with the increased strength. This is 

supported by previous findings which suggest that the stiffness cannot be completely 

separated and independent of the strength. The failure in all specimens appeared in the 

same phases and all specimens experienced flexural failure. The ratios of end-anchor 

type 1 to end-anchor type 2 were close to 1 for all the parameters studied, which means 

that both types of end-anchor make an equally good contribution to the performance of 

steel wire rope. 
 

Keywords: End-anchor, external strengthening, ductility, load-carrying capacity, steel wire 

rope 
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1.0  INTRODUCTION 
 

One of the critical parameters in a building is the 

resistance and strength of its structure in withstanding 

different loads such as wind load. Wind load works 

perpendicularly or horizontally to the height of 

buildings. For high-rise buildings, the wind load must 

be taken into account during planning and 

designing. The wind load acting on the structure of a 

building depends on wind speed, air density, 

geographical location, shape and height of the 

building, as well as stiffness of the structure. A building 
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which is located in the trajectory of wind may cause 

the wind to turn or stop. As a result, the kinetic energy 

of the wind will transform into potential energy in the 

form of pressure or suction on the building. One 

important factor that affects the magnitude of 

pressure and suction on a building at the time the 

wind moves is wind speed. The magnitude of wind 

speed varies for each geographical location. The 

plan wind speed is usually based on data recorded 

for a 50-year period. The wind speed increases with 

an increase in height above the ground, and so does 

the value of plan wind speed. If the wind speed is 

known, the wind pressure acting on a building can 

be determined and expressed in an equivalent static 

force. 

Pusposutardjo [1] argues that the wind is basically 

a vector that can be expressed by the direction and 

speed of the shift because wind is a movement of air 

masses in a horizontal direction. A hurricane is a 

strong wind with a speed of 123–135 km/h that 

appears very fast. At a speed of 79–91 km/h, slight 

damage begins to occur to buildings and the 

damage can be more severe if the speed increases. 

In addition to wind speed and direction, time also 

determines the extent of damage. A building 

exposed to wind may experience damage due to 

collision, torsion and suction. Damage due to collision 

or suction occurs when the wind blows in a 

perpendicular direction to the building, while wind-

induced torsional damage occurs when the wind is in 

the form of cyclone or tornado [2]. Since there is a 

risk of building collapse due to environmental effects 

[3, 4] such as increase in wind load, structural 

strengthening is required. Considerations of efficiency 

and budgetary constraints make the alternative of 

strengthening preferable to replacement with a new 

structure [5]. Steel wire rope, which has the 

advantage of high flexibility [6], can be used as a 

strengthening material on structural elements. This 

work investigates the performance of steel wire rope 

as an external strengthening for reinforced concrete 

beams with various end-anchor types. 

The potential use of steel wire rope as 

reinforcement for concrete, which has been studied 

previously [7], is based on utilising another 

advantage of steel wire rope, i.e. its high tensile 

strength. A series of previous studies on reinforced 

concrete beams strengthened with steel wire ropes 

have shown very promising results [8-10]. In Indonesia, 

the use of steel wire rope as a strengthening material 

was first studied by Haryanto [11]; this study showed 

that the flexural strength of reinforced concrete T-

beams in the region of negative moment increased 

via a bonded strengthening system and a ratio of 

2.03 was obtained. Other studies showed that the 

flexural strength in the region of positive moment 

increased and had a ratio of 1.86 [12]. Optimisation 

via an initial pre-stressing force on the bonded 

strengthening and two pieces of steel wire rope 

shows that an initial pre-stressing force of 20% gave 

the highest flexural strength improvement [13, 14]. 

Another method involved the addition of steel rebars 

in a compression block for reinforced concrete T-

beams which were strengthened with steel wire 

ropes in the region of negative moment; this method 

resulted in an increase in flexural strength and had a 

ratio of 2.93 [15]. 

Studies on end-anchor types have been 

conducted previously by Sukrawa and Widiarsa [16] 

who concluded that there is an increase in flexural 

capacity of a beam with a GFRP strengthening sheet 

of 31.373% for end-anchor type fasteners; the said 

increase for an end-anchor comprising U-shape 

straps and bolts is 18.3% and 22.876% respectively. 

Jumaat and Alam [17] argue that failure at the end 

of the specimen may be prevented with the 

presence of an L- or U-shaped anchor on a beam 

strengthened with steel plate. L-shaped anchors 

perform better than U-shaped anchors. Furthermore, 

in the study, it is noted that the addition of an anchor 

in the middle of a previous anchorage system may 

be able to prevent the growth and spread of cracks 

[18]. According to Ahmed et al. [19], an end-anchor 

also affects the performance of reinforced concrete 

beams which are strengthened with CRFP plate. With 

the use of a wood anchor for pre-stressing on waste-

tire reinforced concrete as investigated by Maryoto 

[20], it was shown that pre-stressed concrete beams 

with a wooden anchor have a slightly higher flexural 

capacity when compared to pre-stressed concrete 

beams with a steel clamp anchor. 

 

 

2.0  METHODOLOGY 
 

2.1  Material Properties 

 

The materials used for manufacturing concrete mix 

were multi-purpose cement type PPC (Pozzolan 

Portland Cement), fine aggregate of natural sand 

and coarse aggregate obtained from the local stone 

crusher. The fine aggregate possessed a specific 

gravity of 2.53 and had a fine modulus of 3.02. The 

coarse aggregate possessed a specific gravity of 

2.65 and had a maximum aggregate size of 20 mm. 

The composition of concrete mixture consisted of 203 

kg/m3 water, 822 kg/m3 sand, 873 kg/m3 gravel  and 

38 kg/m3 cement with a w/c ratio of 0.46. The 

average concrete compressive strength at 28 days 

was 26.95 MPa. The yield strength and tensile strength 

of 6 mm diameter steel, which were used as 

reinforcement, were 236.74 MPa and 369.40 MPa 

respectively. The steel wire rope, Independent Wire 

Rope Core (IWRC) with 6 mm diameter (Figure 1), 

was used as a strengthening material and had a 

tensile strength of 599.48 MPa. The results of a tensile 

test of the steel reinforcement and steel wire rope 

are shown in Figure 2. 
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Figure 1 Independent Wire Rope Core (IWRC) with 6 mm diameter 

 

 

Figure 2 The result of tensile test of plain steel reinforcement and steel wire rope 

 
 

2.2  Beams Design 

 

The specimen of reinforced concrete beams as 

shown in Figure 3 which has the size of 100 mm x 150 

mm x 1000 mm consisted of 1 beam without 

strengthening (BTP), 1 beam strengthened by 2 steel 

wire ropes with diameter 6 mm and end-anchor type 

1 (BPA1), and 1 beam strengthened by 2 steel wire 

ropes of diameter 6 mm and end-anchor type 2 

(BPA2). The detailed specification of the reinforced 

concrete beam specimen is presented in Table 1. The 

ratio of tension reinforcement was 0.43% and 0.87% 

respectively for beam without strengthening and 

strengthening beams, while the ratio of shear reinforcement 

was 1.13% for both beams without strengthening and 

strengthening beams. The end-anchor used in this study 

was a Dynabolt which has 6 mm diameter, 

combined with a steel plate which has the thickness 

of 2 mm with the size of 50 mm x 100 mm for end-

anchor  type 1 (single plate) and the size of 25 mm x 

100 mm for end-anchor type 2 (double plate). 

Dynabolt and steel plates which were used as the 

end-anchor is shown in Figure 4, while the detail of 

the end-anchor is illustrated in Figure 5. 
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Table 1 Specification detail of reinforced concrete beam specimen 

Code 
L 

(mm) 

b 

(mm) 

h 

(mm) 

Longitudinal 

Reinforcement Stirrups 
Steel Wire 

Rope 
End-anchor 

Tensile Compressive 

BTP 1000 100 150 2Ø6 2Ø6 Ø6-50 - - 

BPA1 1000 100 150 2Ø6 2Ø6 Ø6-50 2Ø6 single plate 

BPA2 1000 100 150 2Ø6 2Ø6 Ø6-50 2Ø6 double plate 

 

 
(a) 

 
(b) 

 
(c) 

Figure 3 Specimen of reinforced concrete beam: (a) beam without strengthening (BTP); (b) strengthened beam with end-anchor 

type 1 (BTA1); (c) strengthened beam with end-anchor type 2 (BTA2) 

 

 

Figure 4 Dynabolt and steel plates used as end-anchor 
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Figure 5 Detail of end-anchor: (a) type 1 (single plate); (b) type 2 (double plate) 
 
 

2.3  Strengthening Installation 

 

The strengthening installation process is illustrated in 

Figure 6. The initial phase of strengthening installation 

began by determining the location of the 

reinforcement in the reinforced concrete beam that 

was about to be strengthened by using a rebar 

scanner. Next, we marked these sites and 

determined the drilling points with the objective that 

the drill should not touch the existing reinforcement 

during the drilling process of mounting the Dynabolt. 

Afterwards, we proceeded to drill the reinforced 

concrete beam until the surface reached a depth of 

6 cm. Dust from the drilling was cleaned using an air 

compressor, and the holes that had been cleaned 

were filled with a chemical bonding agent. 

Afterwards, we installed the Dynabolt and steel plate 

serving as the end-anchor and then installed the 

steel wire rope and clamp. The final stage was 

tightening the Dynabolt at the end-anchor. 

 

  

(a) (b) 

 

  

(c) (d) 

Figure 6 Strengthening installation process: (a) determining the position of existing reinforcement 

using rebar scanner; (b) drilling; (c) installing Dynabolt and steel plate used as the end-anchor;  

(d) installing steel wire rope and tightening Dynabolt 
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3.0  RESULTS AND DISCUSSION 
 

The results of the research on the performance of 

steel wire rope as the external strengthening for 

reinforced concrete beams with different end-

anchor types will be explained through the load-

deflection curve parameter, load-carrying capacity, 

ductility and stiffness, as well as the failure mode of 

the specimens. 

 

3.1  Load-Deflection Curve 

 

Figure 7 shows the load-deflection curves for the test 

specimens BTP, BPA1 and BPA2. The curves, which 

exhibit the ultimate deflection equal to the 

deflection where the load has fallen to 80% of the 

peak load after attaining the peak, show that there 

was an increased linear deflection before the 

collapse in all specimens. The strengthened beams 

had higher deflection than the unstrengthened 

beam, which recorded 71.81% and 60.89% 

respectively for BPA1 and BPA2. The result signifies 

that the strengthened beam had the advantage of 

better serviceability. Figure 7 also shows that the two 

strengthened beams had a nearly equal deflection 

with the ratio of 1.07, which means that both end-

anchor types contributed equally well to the 

performance of steel wire rope in producing inelastic 

deformation. 

 

Figure 7 Load-deflection curves 

 

 

3.2  Load-Carrying Capacity  
 

The load-carrying capacities of all specimens in this 

study were compared with the result of theoretical 

sectional analysis and are presented in Figure 8. The 

results of the study showed that the load-carrying 

capacities of specimens BTP, BPA1 and BPA2 were 

17.5 kN, 28 kN and 25.8 kN respectively. In this study, 

the load-carrying capacities of BPA1 and BPA2 were 

found to have increased by 60.00% and 47.44% 

correspondingly with the use of steel wire rope as 

external strengthening. From Figure 8, we also know 

that the load-carrying capacity of both strengthened 

beams had a ratio of 1.09. Thus, for application in the 

field, the performance of steel wire rope in 

supporting the load will inevitably be affected 

equally well by both types of end-anchor. 
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Figure 8 Load-carrying capacity 

 

Figure 9 shows the analytical model to determine 

the theoretical load-carrying capacity. In Figure 9, 

the assumed basic analytical conditions of internal 

strain, stress and resultant force for a steel wire rope-

strengthened section at ultimate stage is depicted. 

Both strain compatibility and internal force 

equilibrium in the analytical model were assumed to 

have associated the stress within the steel wire rope 

with the applied moment. It is clear that the addition 

of steel wire rope in the tensile zone will result in 

increased tensile force on the cross section of the 

beam. The tensile force component with its 

corresponding distance causes the moment 

capacity to increase, hence causing the load-

carrying capacity of the cross-section of the beam to 

increase as well. Finally, the assumption of perfect 

bond between different materials in theoretical 

sectional analysis will bring forth load-carrying 

capacity which is higher than the results obtained 

from the experimental test. 

 
Figure 9 Analytical model at the ultimate stage 

 

 

3.3  Ductility and Stiffness 

 

Ductility is the ability of a structure or structural 

element to inelastically deform without substantially 

losing strength [21]. To determine the ductility of a 

structure or element structure, the ductility index, 

which is the ratio of ultimate deflection to yield 

deflection, is used [22]. Ultimate deflection is 

considered as the deflection where the load has 

fallen to 80% of the peak load after attaining the 

peak. Conversely, the yield deflection is referred to 

as the deflection at the hypothetical yield point of an 

equivalent elasto-plastic system whereby its 

equivalent elastic stiffness is considered as the secant 

stiffness at 75% of the peak load before attaining the 

peak load with the yield strength being considered 

as the peak load. The ductility indexes for BTP, BPA2 

and BPA1 specimens were 7.46, 8.88 and 8.70 

respectively as presented in Table 2. All specimens 

met the minimum ductility requirements index of 3.00 

[23, 24] and also met the minimum index ductility of 

3.32 [25, 26]. From Table 2, it was found that the 

increase of ductility in the strengthened beam was 

19.02% for BPA1 and 16.67% for BPA2. Both 
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strengthened beams had a ductility index ratio of 

1.02, which indicates that both types of end-anchor 

contributed equally well to the performance of the 

steel wire rope in terms of preventing a brittle failure. 

Table 2 Ductility 

Code 
δy 

(mm) 

δu 

(mm) 

Ductility Index 

μ %μ 

BTP 2.48 18.50 7.46 - 

BPA1 3.58 31.78 8.88 19.02 

BPA2 3.42 29.76 8.70 16.76 

 

 

Stiffness is an important parameter of the 

performance of a structure or structural element. The 

stiffness for all specimens in this study is presented in 

Table 3. The stiffness of the test specimens BTP, BPA1 

and BPA2 was 7056.45 N/mm, 7821.23 N/mm and 

7543.86 N/mm respectively. The increases of stiffness 

in the beam reinforcement were 10.84% and 6.91% 

respectively for BPA1 and BPA2. In this study, the 

increase in stiffness generated was associated 

proportionately with the increase in load-carrying 

capacity. This supports the previous findings, which 

suggest that the stiffness cannot be completely 

separated and independent of the strength [27, 28]. 

The steel wire rope as a strengthening material 

generated an increased stiffness because the 

stiffness was also affected by the material 

performance [29]. In this case, the two types of end-

anchor had an equally good effect on the stiffness of 

the strengthening with the ratio of 1.03. 

 
Table 3 Stiffness 

Code 
Py = Pu 

(N) 

δy 

(mm) 

Stiffness 

s (N/mm) %s 

BTP 17500 2.48 7056.45 - 

 BPA1 28000 3.58 7821.23 10.84 

BPA2 25800 3.42 7543.86 6.91 

 

 
3.4  Failure Mode 

 

The failure occurring in all specimens appeared in 

the same phases. Up to a load of 75% of the ultimate 

load which is the assumption of the first yield, the 

load-deflection curve shows a linear trend. Next, the 

slope of the load-deflection curve changes, 

indicating the reduced stiffness of the beam. 

Damage occurred from the outer fiber on a growing 

tension area towards the compression area between 

two loading points. The last failure phase was marked 

by the concrete crushing on the outermost 

compression fiber, indicating that the concrete had 

lost the ability to withstand the compression stress. 

The ultimate load to the beam without strengthening 

(BTP) was achieved at 17.5 kN with a deflection of 

18.50 mm. The strengthened beam with end-anchor 

type 1 (BPA1) reached its ultimate load of 28 kN with 

a deflection of 31.78 mm, while the strengthened 

beam with end-anchor type 2 (BPA2) reached its 

ultimate load of 25.8 kN with a deflection of 29.76 

mm. The failure mode of all specimens can be 

categorised as a flexural failure as seen in Figure 10. 

 

 

(a) 
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(b) 

 

(c) 

Figure 10 Failure mode of all specimens: (a) beam without strengthening (BTP); (b) strengthened beam with end-

anchor type 1 (BPA1); (c) strengthened beam with end-anchor type 2 (BPA2) 

 

4.0  CONCLUSION 
 

To conclude, the results of this study prove that using 

steel wire rope as the external strengthening of 

reinforced concrete beams has the advantage of 

better serviceability than unstrengthened beams. The 

reinforced concrete beams that are strengthened 

externally via steel wire ropes show a significant rise in 

load-carrying capacity with the increase of 60% and 

47.44% respectively for BPA1 and BPA2. All specimens 

meet the minimum ductility requirements; in this 

respect, the strengthened beam has the advantage 

with an increase in ductility. This indicates that the 

steel wire ropes perform very well in improving the 

ability of the specimen to undergo inelastic 

deformation without substantially losing strength so as 

to prevent brittle failure. The increased stiffness in this 

study is associated proportionately with the 

increased strength. The strengthened beams had an 

increase in stiffness with 10.84% for BPA1 and 6.91% 

for BPA2. The failure of all specimens appeared in the 

same phases and all specimens experienced flexural 

failure. Both end-anchor type 1 and end-anchor type 

2 had a ratio close to 1 in all the parameters studied, 

which means that both types of end-anchor 

contribute equally well to the performance of steel 

wire rope as the external strengthening of reinforced 

concrete beams. 
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