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Abstract 

The strength of reinforced concrete members can be enhanced using externally bonded reinforcement (EBR) and 
near surface mounted (NSM) methods. However, small number of studies has adopted the NSM method for torsional 
strengthening. To date, no study has examined the use of spiral NSM steel wire rope and epoxy adhesives for torsional 
strengthening. Therefore, this study examines the behaviour of RC beams subjected to the combined actions of tor-
sion and bending moment when they are strengthened with spiral NSM steel wire rope (Ø8 mm) in different configu-
rations. For this purpose, six beams of 15 cm × 25 cm × 200 cm were casted. One of these beams was conventional, 
whereas all the other beams were strengthened with spiral NSM steel wire rope. During the testing process, the twist 
angle at the torque intervals, first cracking torque, ultimate torque and ultimate twist angle of the conventional beam 
were compared with those of the strengthened beams. The torsional performance of the RC beams was significantly 
improved using spiral NSM steel wire rope in various spiral NSM configurations.

Keywords:  reinforced concrete beam, torsional behaviour, strengthening, near surface mounted, spiral, steel wire 
rope
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1  Introduction
Apart from the flexure and shear resistances of rein-
forced concrete (RC) structural elements, torsion resist-
ance is also a crucial factor that must be considered for 
peripheral beams in multi-storeyed buildings, ring beams 
at the base of circular tanks, edge beams of shell roofs 
and beams supporting overhang slabs and helical stair-
cases. The torsional capacity of these members needs to 
be maximised due to several factors, including structural 
damage, deterioration and increased loading.

Strengthening materials can be applied in two ways 
to reinforced concrete (RC) structures: (1) exter-
nally bonded reinforcement (EBR) method, where the 

strengthening materials are applied externally to the 
concrete surface; and (2) near surface mounted (NSM) 
method, where the strengthening materials are incor-
porated into the concrete cover in pre-cut grooves (ACI 
440.2R-08 2008).

The NSM strengthening technique, considered an 
accurate alternative to the EBR technique, involves cut-
ting grooves in a beam specimen’s concrete cover and 
then inserting and embedding strengthening materi-
als into the grooves using an adhesive. The NSM tech-
nique provides other advantages over the EBR technique, 
including higher productivity of bonding and better pro-
tection. The NSM technique can also address the limita-
tion of the EBR method in its peak strain, which due to 
premature debonding is below the ultimate strain. The 
great confinement granted of the adhesive and the sur-
rounding concrete is considered to be the best benefit of 
the NSM technique (De Lorenzis and Teng 2007), which 
prevents debonding. This strengthening method has 
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already been shown to be reliable for the shear, flexural 
and both shear and flexural strengthening of RC beams. 
Instead of FRP materials, many research studies have 
also used steel wire ropes for flexural and shear strength-
ening by the NSM method, and column confinement. 
There were also a few studies using internal spiral stir-
rup instead of vertical. On the other hand, application of 
crossed inclined, NSM or EBR (diagonal or X-type steel 
reinforcement or FRP ropes) in deficient RC structural 
members for strengthening or increasing their torsional 
or/and shear capacity is another way that utilized for tor-
sional or shear strengthening, that has been internally or 
externally applied, as shown in Table 1.

Nevertheless, only a few previous  researches (Al-
Bayati et  al. 2016, 2018; Askandar and Mahmood 2019) 
investigated the use of the NSM technique in torsion 
strengthening. For example, (Al-Bayati et al. 2016) tested 
10 samples of beams: two beams were used as controls, 
and the other eight beams were strengthened using 
CFRP laminates to their four sides. CFRP laminates were 
inserted into grooves using the NSM method. An adhe-
sive epoxy was used in four strengthened beams, and a 
modified cement-based adhesive was applied as an alter-
native for epoxy in the four other beams. (Al-Bayati et al. 
2018), applied the same torsion strengthening technique, 
but they tied a CFRP rope around the beam cross section 
with an equivalent CFRP percentage instead of applying 
CFRP laminates to the all sides of the beam. They used 
a cement-based adhesive in their experiment and tested 
four beams, namely, two similar control beams and two 
additional beams with torsion strengthened using a 
CFRP rope and epoxy. They applied the same strengthen-
ing technique for the two strengthened beams to verify 
the accuracy of their findings. (Askandar and Mahmood 
2019), examined four beams: one beam was used as 

control, and the other three beams were strengthened by 
inserting a 2-U shaped welded steel bars into grooves by 
using the NSM method. An adhesive epoxy was used in 
all strengthened beams.

Many studies have applied the NSM strengthen-
ing method to improve RC beams ‘ flexural and shear 
strength. Nevertheless, only few of these studies have 
concentrated on torsion strengthening (Al-Bayati et  al. 
2016, 2018; Askandar and Mahmood 2019), and the use 
of spiral steel wire rope for torsion strengthening of RC 
beams has not been studied previously. In order to fill 
this gap, this study explores the characteristics of RC 
beams subjected to the combined actions of torsion and 
bending moment when they are strengthened by spiral 
NSM steel wire rope in different configurations.

2 � Experimental Study
2.1 � Torsion Strengthening Configurations
Six rectangular RC beams with 250 mm depth, 150 mm 
width and 2000 mm length were cast using ready-mixed 
concrete. The beams were designed intentionally to dis-
play torsion failure at beams’ central part. The length of 
the central part was set to 1.0 m to allow for the forma-
tion of single spiral crack at the angle of 45° within the 
full length of the test region part of the beams. Figure 1 
illustrates the steel reinforcement details and the cross-
section dimensions of the beams. Accordance to the 
(ACI 318 M-14 2014), all beams were under-reinforced 
to simulate torsion-deficient beams under possible load-
ing condition. The minimum spacing of the transverse 
reinforcement was also intentionally exceeded allow the 
observation of torsional failure and prevent the stirrup 
from restricting the torsional cracks. The groove details 
for all five strengthened beams are shown in Fig.  2. 
Grooves with a width of 20 mm and a depth of 20 mm are 

Table 1  NSM strengthening technique literature background.

Strengthening field Literature background

Shear (Mofidi et al. 2015; Ramezanpour et al. 2018; Almassri 2015; Rahal and Rumaih 2011; Kammona and Al-Issawi 2018; 
Hayder Hussain and Al-Issawi 2018; De Lorenzis and Nanni 2001; Breveglieri et al. 2014; Chalioris et al. 2018)

Flexural (Zhang et al. 2017; Wu et al. 2013; Kishi et al. 2005; Hosen et al. 2014, 2016, 2017; Gopinath et al. 2016; Ghanim 
and Al-Abbas 2018; Franco et al. 2018; El-Hacha and Gaafar 2011; El-Gamal et al. 2014; Almusallam et al. 2013; 
Al-Mahmoud et al. 2010; Shukri et al. 2016; Sharaky et al. 2014; Hong et al. 2018; Noroozieh and Mansouri 2019; 
Seo et al. 2016; Kaya et al. 2016)

Shear and flexural (Sharaky et al. 2017; Barros et al. 2005)

Steel wire ropes (Yang et al. 2009; Li et al. 2018; Kim et al. 2007; Haryanto et al. 2018)

Column confinement (Wei et al. 2018; Wei and Wu 2014)

Internal spiral stirrup (Shatarat et al. 2016; Saha and Meesaraganda 2019; Karayannis and Chalioris 2013; Karayannis et al. 2005; Chalioris 
and Karayannis 2013; Hindi and Browning 2011)

Crossed inclined, diagonal or 
X-type steel reinforcement or 
FRP ropes

(Tiwary and Mohan 2015; Chalioris and Bantilas 2017; Chalioris et al. 2008)
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cut in the concrete beam cover area of 25 mm, and steel 
wire rope (Ø8 mm) was embedded in these grooves. For 
these beams, the c/c perpendicular spacing’s of grooves 
were set to 113, 141, 188, 283 and 566 mm.

2.2 � Material Properties
For all six beams, ready-mixed concrete was used. The 
supplied concrete’s compressive strength (f′c) was evalu-
ated after 28 days. In calculating the compressive strength, 
the average results of three concrete cylinders (100  mm 
in diameter and 200 mm in height) on the day of the test 
were considered. Sikadur-30P epoxy was used as an adhe-
sive to fill the grooves of the strengthened beams.

Three bars with the same diameters and three pieces of 
steel wire rope (Ø8 mm) were subjected to uniaxial ten-
sile tests to determine their yield and ultimate strength 
(fy, fu) as recommended by (ASTM A370-10 2010).

Table  2 summarises the mechanical properties of the 
concrete, stirrup steel bar, steel wire rope, the average 
compressive strength of the concrete (f′c) and the average 
test results for the steel bars. Table 3 shows the epoxy’s 
properties depending on the specifications supplied by 
the manufacturer.

2.3 � Specimen Preparation
After 28 days of curing, grooves were cut into the con-
crete cover of the specimens to install the strengthen-
ing steel wire rope. These grooves were cut in the spiral 
direction around the beam cross section, angle of spiral 
inclination Ø was 45° and dimensions were greater than 
1.5 db × 1.5 db (ACI 440.2R-08 2008) (where db refers 
to the NSM steel wire rope reinforcement diameter). 
For cutting, a special concrete saw (Handle Grinder) 
was used with a diamond cutting saw blade. A ham-
mer drill and chisel were used to remove the remaining 
concrete lugs and roughen the grooves’ deeper surface. 
As shown in Fig. 3, these grooves were then smoothed 

and cleaned with a wire brush and a high-pressure air 
jet. As shown in Fig. 4, the strengthened steel wire rope 
was inserted into the spiral grooves by fixing in one end 
with the aid of anchor fix and stretching in the other 
end with the aid of small stretcher tool. These grooves 
were then filled around the steel wire rope with epoxy 
adhesive groove filler (Sikadur-30LP) and the surface 
was levelled as shown in Fig. 5. The beams were stored 
for 2 weeks to maintain the full strength of the epoxy.

2.4 � Test Setup and Instrumentation
The rig of the test is shown in Fig. 6. A 200-ton hydrau-
lic jack on the active support was used to transfer the 
load. The load had a lever arm of 500  mm from the 
vertical beam axis. To measure the load applied peri-
odically, a compression load cell with a capacity of 100 
tons was used. The hydraulic jack had a moving length 
of 250  mm and the beams were lengthened longitudi-
nally after cracking. To prevent any lateral constraints 
and avoid any resulting compression, the beams were 
allowed to move freely by supporting the ends of the 
beams on the rollers at the un-resistance support. The 
angle of twist of the free end (the point of application 
of the torque) was determined using a dial gauge at that 
point with the aid of the downward length of the lever 
arm.

The loading frame in the laboratory of the civil engi-
neering department was used to apply the load on the 
beam samples. A proper support condition was arranged 
to allow rotation about the longitudinal beam axis and 
the lever arms were attached to the specimen to provide a 
torsional moment, as shown in Fig. 6. When the position 
of the lever arm happens to coincide with the support, 
the beam was constantly subjected to pure torsion. The 
lever arm was kept beyond the two supports in order to 
apply simultaneous bending and torsion.
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Fig. 1  Dimensions and reinforcement details of the test beams.
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Fig. 2  Strengthening of the test beams.

Table 2  Mechanical property of the concrete, stirrup steel bar and steel wire rope.

Material Compressive strength (MPa) Yielding tensile strength (MPa) Ultimate tensile strength (MPa)

Concrete 48 – –

Steel bars of Ø10 mm – 541 666

Steel wire rope of Ø8 mm – – 702
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•	 Three dial gauges were used: two of them were used 
to compute the displacements under the lever arm, 
and the other one was placed at the centre for the 
central displacement measurement.

•	 A distance of 400  mm between the support centre 
and the lever arm was maintained in order to bend 
along with torsion.

•	 The hydraulic jack load was transferred to the sample 
using the spreader beam at the end of the lever arm 

connected to the specimen. In this case, at the end of 
each lever arm, half of the load was applied.

•	 The overall length of the beams was 2.0 m; out of all, 
the beam’s part between the supports had a length of 
1.8 m and a projection of 0.1 m outside the support. 
The central part of the specimens of 1.0 m length was 
subjected to a combination of flexural and torsional 
moments, while the other parts of the beams that lie 
between the end supports and lever arms were under 
combined bending and shear forces. The torque in 
the middle test region part of the beams was calcu-
lated by multiplying the half of the total applied load 
by the length of the lever arm, and the twist angle 
was calculated as the sum of the twist angles from the 
both lever arms.

2.5 � Test Procedure
The hydraulic testing machine in the civil engineering 
laboratory was used to test the beam samples, as shown in 
Fig. 7. The supports should be twisted and the applied load 
should be transferred to the two points that express the 
moment arm from the centre of the machine. Figures 6 and 
7 show the loading frame used in this experiment, which 
was consisted of an I-section (200 mm × 80 mm × 8 mm) 

Table 3  Sikadur®-30 LP (two-part epoxy impregnation 
resin).

Appearance and colours Part A: white; Part B: black; Parts A + B: light 
grey

Density (at 23 °C) ~ 1.65 kg/lt (parts A + B)

Mixing ratio Part A:B = 3:1 by weight or volume

Layer thickness 30 mm max

Open time 90 min (at + 25 °C)

Viscosity Pasty, not flowable

Service temperature − 40 °C to 45 °C (when cured at > 23 °C)

Tensile strength 15 MPa to 18 MPa (when cured for 7 days 
at 23 °C)

Shear strength 17 MPa to 21 MPa [40 °C to 55 °C (7 days)]

Fig. 3  Continuous spiral NSN groove preparation.
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fastened to dual steel channels (100 mm × 50 mm × 8 mm). 
These steel channels were tied from the bottom by strong 
bolts after being placed around the beam cross-section. 
Concerning the longitudinal beam axis, the lever arms pro-
vided the required 500 mm eccentricity. As shown in Fig. 6, 
The 200 mm depth and 2 m length I-section steel spreader 
beam was used to transfer the loads from the centre of the 
machine to the two lever arms. Using the recorded videos 
and load increments from the data logger, increment read-
ings from the dial gauges were recorded at each loading 
while the cracks were recorded when they occurred.

2.6 � NSM Steel Reinforcement Ratio
The continuous spiral NSM steel wire rope reinforce-
ment ratios for the strengthened specimens are shown in 
Table  4. The volumetric ratios of continuous spiral NSM 
steel wire rope reinforcement, ρsnsm, were calculated using 
Eq. 1 (Chalioris and Karayannis 2013).

(1)

ρsnsm =

volume of steel wire rope in one pitch

Volume of concrete in one pich

=

AssPss

AcSSNSMsinθ

2.7 � Twist Angle Measurements
The twist angle was measured using a dial gauge that 
was connected to the lever arms’ bottom at a point of 
500 mm from the centre of the beam longitudinal axis. 
This dial gauge recorded the lever arm’s downward 
value to quantify the twist angle in radians.

3 � Results and Discussion
The values of cracking torque (Tcr), ultimate torque 
(Tu) and ultimate twist angle (θu) of the concrete beams 
are listed in Table 4. The Tcr, Tu, and θu of the concrete 
beams have been considerably improved with the use of 
continuous spiral NSM steel wire rope.

3.1 � Ultimate Torsional Moment Carrying Capacity
The ultimate torsional moment carrying capacities 
of the control and strengthened beams are shown in 
Fig.  8. The ultimate torsional moment carrying capac-
ity of the strengthened beams semi-linearly improved 
relative to the control beam. Beam SNSM113 had the 
maximum ultimate torsional moment (25.75  kN  m), 
beam SNSM566 had the minimum torsional moment 
(12.58 kN m) and the torsional moments of all the other 
strengthened beams lie between the two peaks.

Fig. 4  Continuous spiral NSN steel wire rope installation.
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Fig. 5  Groove filling with epoxy.

Fig. 6  Schematic of the test setup for applying combined torsion and bending.
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Fig. 7  Test setup with the loading frame.

Table 4  Experimental results of the tested beams.

Str. Tech. strengthening technique, %Incr.Tcr percentage increase in cracking torque, %Incr.Tu percentage increase in ultimate torque, %dec. θu percentage decrease in 
ultimate twist angle, Un-str. unstrengthened.

Beam code Str. Tech. f’c MPa ρSNSM
10000

Tcr KN m %Incr.Tcr Tu KN m %Incr.Tu θu deg./m %Incr. θu

Control Un-str. 48 0 4.50 0 10.75 0 4.77 0

SNSM113 Spiral NSM Steel 
wire rope

86 14.75 228 25.75 140 9.76 105

SNSM141 69 7.50 67 22.75 112 12.86 170

SNSM188 52 7.00 56 17.90 67 7.97 67

SNSM283 35 7.00 56 15.78 47 6.14 29

SNSM566 17 6.25 39 12.58 17 5.78 21
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Fig. 8  Ultimate torsional moment carrying capacities of the beam specimens.
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The spiral NSM steel wire rope reinforcement ratios for 
the strengthened beams and the corresponding increase 
in their ultimate torsional moment (Tu) with respect to 
the control beam are shown in Fig.  9. Beam SNSM113 
had the maximum spiral NSM steel wire rope reinforce-
ment ratio of 0.86% and the maximum increase in ulti-
mate torsional moment of 140% relative to the control 
beam. By contrast, beam SNSM566 had the minimum 
spiral NSM steel wire rope reinforcement ratio of 0.17% 
and the minimum increase in ultimate torsional moment 
of 17%. For beams SNSM141, SNSM188 and SNSM283, 
the values of spiral NSM steel wire rope reinforcement 
ratios were 0.69%, 0.52% and 0.35%, respectively. The cor-
responding increases in their ultimate torsional moment 
(Tu) with respect to the control beam were 112%, 67% 
and 47%.

3.2 � Influence of Spiral NSM Steel Wire Rope on Torsional 
Strength

3.2.1 � Influence of Spiral NSM Steel Wire Rope Reinforcement 
Ratio on Torsional Strength

The influence of continuous spiral NSM steel wire rope 
reinforcement ratio on the torsional strength of the 
strengthened beams and the corresponding increase 
in their ultimate torsional moments (Tu) to the control 
beam is shown in Fig.  10. The increase in spiral NSM 
steel wire rope reinforcement ratios also increased the 
ultimate torsional strength in a linear form. The values 
slightly changed for beam SNSM188. Specifically, the val-
ues were below the line that represents the enhancement 
in the ultimate torsional moment concerning the spiral 
NSM steel wire rope reinforcement ratio.
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Fig. 9  Spiral NSM steel wire rope ratios and percentage improvements in the ultimate torque of the beam specimens.
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3.2.2 � Influence of c/c Spacing of Spiral NSM Steel Wire Rope 
on Torsional Strength

The effect of the c/c spacing of spiral NSM steel wire rope 
on the ultimate torsional moment (Tu) of strengthened 
beams is shown in Fig. 11. As the c/c spacing of the con-
tinuous spiral NSM steel wire ropes decreased, the ulti-
mate torsional moment (Tu) enhanced approximately in 
a linear form.

3.3 � Torque–Twist Comparison
The torque–twist relation of all beams is illustrated in 
Fig. 12. The ultimate torsional moment (Tu) and the post-
cracking torsional response of all the strengthened beams 
indicated that the continuous spiral NSM steel wire rope 
reinforcement strongly affected the torsional capacity 
and the overall behaviour. The increase in the amount of 
the steel wire rope provided caused significant enhance-
ment in the torsional carrying capacity and ductility of all 
strengthened beams. The control beam had lower carry-
ing capacity of torque and higher twist angle values than 
the beams strengthened by spiral NSM steel wire rope 
under the same load. Strengthened beam SNSM behaved 
the same as the control beam with different changes at 
the latest stage of the torque–twist curves. Further-
more, the torque–twist angle tendency of all beams did 
not show any significant changes before the cracking. 
Throughout the post-cracking stage, all curves tried to 
show a consistent slope to reach the ultimate torque of 
beams due to the stirrup or the external spiral NSM steel 
wire rope reinforcement that resists the torque loaded 
on the beams. Consequently, the torsional rigidity of the 
beams increased and the loading stopped after reach-
ing the ultimate torque. Beam SNSM113 was the most 
ductile (high torque carrying capacity and less angle of 
twist) amongst all the tested beams and was followed by 
SNSM141, SNSM188 and SNSM283.

3.4 � Ultimate Bending Moment and Ultimate Mid‑span 
Deflection Analysis

The results of ultimate bending moment and ultimate 
mid-span deflection for control and strengthened beams 
are listed in Table  5. It can be seen that the ultimate 
bending moment and ultimate mid-span deflection of 
strengthened beams increases linearly according to the 
continuous spiral NSM steel wire rope reinforcement 
ratios (ρSNSM). Among all, SNSM113 has maximum ρSNSM 
(0.0086), its enhancement percentage in ultimate bend-
ing moment and mid-span deflection ratio with respect 
to control beam is 140% and 3.17, respectively. While, 
SNSM566 has minimum ρSNSM (0.0017), its enhancement 
percentage in ultimate bending moment (Mu) and mid-
span deflection ratio with respect to control beam is 17% 
and 1.03, respectively. The percentage of enhancement 
in ultimate bending moment (Mu) for beams SNSM141, 
SNSM188, and SNSM 283 with ρSNSM of 0.0069, 0.0052, 
and 0.0035 are 112%, 67%, and 47%, respectively. The 
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Fig. 11  Influence of spiral NSM spacing on ultimate torsional moment.
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mid-span deflection ratio with respect to control beam 
for beams SNSM141, SNSM188, and SNSM 283 with 
ρSNSM of 0.0069, 0.0052, and 0.0035 are 3.04, 2.32, and 
1.90, respectively.

3.5 � Contribution of Continuous Spiral NSM Steel Wire 
Rope to the Post‑elastic Response

For a complete knowledge and evaluation of the con-
tinuous spiral NSM steel wire rope contribution on the 
response and for comparison reasons of test results in 
terms of torsional ductility indices, the following tor-
sional ductility indices are introduced, which are used by 
(Chalioris and Karayannis 2009):

ϑTmax is the rotation at the maximum torsional moment, 
degree/m; ϑ85Tmax is the rotation at the point of 85% of 
the maximum torsional moment, assumed as the end of 
the reliable response range, degree/m

Values of the above mentioned torsional ductility indi-
ces for the tested beams are listed in Table 6. The results 
showed that the increase of continuous spiral NSM steel 

(2)µT =
ϑTmax

ϑTcr

(3)µT85max =
ϑ85Tmax

ϑTmax

(4)µT85cr =
ϑ85Tmax

ϑTcr

wire rope ratio results in a significant improvement of the 
post-elastic behaviour of the beams.

3.6 � Crack Pattern and Failure Modes
The failure modes of the control and strengthened beams 
are shown in Fig.  13. The torsional moment forced all 
the tested beams to fail. The number of cracks in the 
strengthened beams was larger than that in the control 
beam; thus, the former beams had higher tensile stress 
than the latter beam. The development of flexural cracks 
at the mid-point length of one or both of the vertical 
faces of the beam was observed in the control beam. 
Torsional tension cracks were formed and propagated in 
some kind of spiral pattern. The continuous spiral NSM 
steel wire rope strengthened beams demonstrated differ-
ent failure modes and mechanisms since steel wire rope 
delay crack growth and propagation in strengthened 
beams. For low spiral NSM steel wire rope reinforce-
ment ratios this improvement in first crack strength is 
of minor important. As the load increased, the cracks 
expanded gradually, the two arms rotating in the oppo-
site directions relative to each other around the longitu-
dinal axis of the beams. Most of the concrete cracks in 
the strengthened beams were located between the spiral 
NSM wire ropes through the concrete surfaces. In addi-
tion, steel wire rope failure in specimen SNSM113 was 
observed from the edge of the central portion of the 
beam specimen, and the RC beam suddenly failed. For 
SNSM141, the first crack appeared at the centre of the 
test region and in both sides of the specimen. Such cracks 

Table 5  Bending moment and mid-span deflection.

Beam code Ultimate bending 
moment (KN m)

% increase of ultimate 
bending moment (kN m)

Mid-span 
deflection (mm)

% increase of mid-span 
deflection (mm)

Deflection ratio

Control 8.6 0 2.97 0 1.00

SNSM113 20.6 140 9.41 217 3.17

SNSM141 18.2 112 9.02 204 3.04

SNSM188 14.32 67 6.88 132 2.32

SNSM283 12.62 47 5.63 90 1.90

SNSM566 10.06 17 3.05 3 1.03

Table 6  Torsional ductility indices.

Beam code name ϑTcr (deg./m) ϑTmax (deg./m) ϑ85Tmax (deg./m) µT µT85max µT85cr

Control 0.5 4.77 2.37 9.54 0.50 4.74

SNSM113 2.32 9.76 6.27 4.21 0.64 2.70

SNSM141 2.21 9.5 7.29 4.30 0.77 3.30

SNSM188 1.8 7.97 5.5 4.43 0.69 3.06

SNSM283 1.3 6.14 5.05 4.72 0.82 3.88

SNSM566 1.05 5.78 4.54 5.50 0.79 4.32
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propagated and distributed in a spiral pattern throughout 
the central part of the test area, and the widening of the 
major crack in the middle of the test region resulted in a 
failure in that region.

By increasing the spacing between spirals NSM steel wire 
ropes the number of cracks decreased. The failure modes 
of beams SNSM113, SNSM141, SNSM188 and SNSM283 
were the same. In particular, they firstly experienced sud-
den failure due to reaching the ultimate load of steel wire 
rope and then crashing of concrete. However, each beam 
had a different number of spiral cracks and spreading 
through the test region.

In SNSM566, most of the cracks concentrated at the cen-
tre of the test region, and failure occurred due to crashing 
of the concrete at that region.

4 � Analytical Analysis
The overall torsional strength of the continuous spiral 
NSM steel wire rope strengthened beams can be deter-
mined using the design codes by the principle of superpo-
sition of the spiral NSM steel wire rope and conventional 
steel stirrups.

Tu of the spiral NSM-strengthened tested beams can be 
calculated by Eq. 5 as follows by adding the contributions 
of the spiral NSM steel wire rope and the RC beam:

Tu,RC is calculated as follows following the recommenda-
tions of (ACI 318 M-14 2014):

The softened space truss theory can be adopted for the 
problem of torsion in RC beams with main bars and stir-
rups (vertical and spiral). The applied torsional moment 
T is considered to be equal to the internal resisting torque 
resulting from the shear flow q as shown in Fig.  14. Fur-
ther, based on the stresses equilibrium, the following rela-
tionships are derived for the calculation of the torsional 
components TT and TL, due to the locking spiral steel 
and longitudinal reinforcement (bars and spiral stirrups) 
(Chalioris and Karayannis 2013):

(5)Tu = Tu,RC + Tu,SNSM .

(6)Tu,RC =
2(0.85) · Ao · At · fyv

S
cot θ .

(7)Tu,SNSM = TT ,SNSM + TL,SNSM

Fig. 13  Failure modes of specimens under combined torsion and 
bending: a control specimen, b SNSM113, c SNSM141, d SNSM188, e 
SNSM283 and f SNSM566.

Fig. 14  Simplified torsional analysis based on the space truss theory.
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For calculating actual inclination of the diagonal com-
pression struts (cracking angle), we can use Eq. 10 for un-
strengthened (Control) beam and Eq. 11 for continuous 
spiral NSM strengthened beams.

(8)TT ,SNSM =
2.Ao,SNSM · Ass · fst,SNSM · SinØ

SSNSM
Cotθ .

(9)

TL,SNSM =
2
(

Ao · Asl · fsl + Ao,SNSM · Ass · fst,SNSM · cos∅
)

PSS
tan θ

Table 7 and Fig. 15 compare the experimental and pre-
dicted results for torsional capacity by using the (ACI 
318 M-14 2014) design model equations and equations 
from (Chalioris and Karayannis 2013). The torsional 
capacity for the control beam was overestimated by 5% 
because the model was established on the basis of space 
truss theory, which ignores the contribution of the dowel 
action of longitudinal reinforcement which was took 
into consideration in this study. The strengthened RC 
beams SNSM113, SNSM141, SNSM283 and SNSM566 
were overestimated by 4%, 8%, 6% and 13%, respectively, 
because of the mentioned reasons for control beam. The 
strengthened RC beam SNSM188 was underestimated by 
16%.

5 � Conclusions
Apart from the shear and flexural strength of RC beams, 
this study also examines the torsional behaviour of RC 
beams that were strengthened with various continu-
ous spiral NSM steel wire rope configurations under the 

(10)tan θ =

√

At · fst · Po

Asl · fsl · S

(11)tan θ =

√

AtfstPo + Assfst,SNSM sin ∅Pss
(

Aslfsl + Assfst,SNSM cos∅
)

S/sin∅

Table 7  Comparison of  the  experimental and  analytical 
ultimate torsional moments.

Beam name code Ultimate torsional moment Tu 
(KN m)

Tu,Exp./Tu,An.

Experimental Analytical

Control 10.75 11.34 0.95

SNSM113 25.75 26.71 0.96

SNSM141 22.75 24.80 0.92

SNSM188 17.90 15.37 1.16

SNSM283 15.78 16.81 0.94

SNSM566 12.58 14.51 0.87
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simultaneous effect of torsion and bending. From the 
experimental results the following conclusions can be 
drawn:

•	 All beams strengthened by the spiral NSM steel 
wire rope showed higher torsional resistance than 
the control beam regardless of the spiral NSM steel 
wire rope spacing.

•	 Spiral configuration is the effective technique 
because the inclined steel wire ropes were in ten-
sion up to failure.

•	 The SNSM113 test beam with an Ø8  mm spiral 
NSM steel wire rope at 113 mm c/c spacing showed 
the maximum (140%) increment in ultimate torque 
compared with the control beam. By contrast, the 
SNSM566 beam with an Ø8 mm spiral NSM steel 
wire rope at 566 mm c/c spacing showed the mini-
mum (17%) increment in ultimate torque compared 
with the control beam.

•	 The SNSM113 test beam with an Ø8  mm spiral 
NSM steel wire rope at 113 mm c/c spacing showed 
the maximum (226%) increment in cracking torque 
compared with the control beam. On the contrary, 
the SNSM566 beam with an Ø8  mm spiral NSM 
steel wire rope at 566 mm c/c spacing showed the 
minimum (39%) increment in cracking torque com-
pared with the control beam.

•	 The ductility of the strengthened beams improved 
and such increment was significant for some spiral 
NSM steel wire rope spacing.

•	 The percentage increase in Tu proportionally 
increased with the increase in the spiral NSM steel 
wire rope ratio.

•	 The cracks in the strengthened specimens spread 
widely throughout the testing area relative to the 
singular cracks generated in the control one.

•	 The concrete beam failure was delayed for the 
beams strengthened with spiral NSM steel wire 
rope. However, such failure occurred in the un-
strengthened region space between the spirals 
NSM steel wire ropes.

•	 The ultimate torsional and bending moments 
increased by reducing the spacing between the spi-
rals NSM steel wire ropes (i.e. increasing the spiral 
NSM steel wire rope ratios).

•	 The predicted ultimate torsional moment of the RC 
beams strengthened by the continuous spiral NSM 
steel wire rope showed a good agreement with the 
experimental results.
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