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Abstract. In this study, a combined strengthening technique is used to improve the flexural performance of prestressed 
concrete beams using CFRP sheets as EBR and prestressed steel strands as NSM. Seven prestressed beams were tested 
under four-point loading with one control specimen, one EBR CFRP sheet strengthened specimen, one NSM steel strand 
without prestress strengthened specimen and four specimens strengthened with a combination of EBR CFRP sheet and 
NSM steel strands prestressed from 0% to 70% of their tensile strength. The flexural responses and failure modes of the 
specimens were investigated and the variations due to the level of prestressing force in the PNSM steel strands were also 
assessed. A finite element model (FEM) was developed using ABAQUS to verify the flexural responses of the strengthened 
specimens. The test results revealed that the combined strengthening technique remarkably enhanced the flexural perfor-
mance of the specimens. The serviceability, first crack, yield, and ultimate load capacities improved up to 44%, 49%, 55% 
and 70%, respectively when compared with the control specimen. The combined technique also ensured the flexural failure 
of the specimens with significant enhancement in stiffness and energy absorption. The results of the FEM model exhibited 
excellent agreement with the experimental results.

Keywords: prestressed beams, flexural behavior, EBR, NSM, PNSM, Combined technique, CEBNSM, CEBPNSM, pre-
stressed strengthening, FEM.

Introduction

Prestressed concrete (PC) has been used extensively in 
construction worldwide and faces challenges similar to 
reinforced concrete (RC) during construction and service, 
such as design errors, increasing traffic loads, environmen-
tal exposure, physical damage from vehicle accidents, etc., 
which may require structural strengthening (Lee et  al., 
2017). The most commonly used strengthening materials 
are CFRP and steel, and the most popular strengthening 
techniques are externally bonded reinforcement (EBR) 
(Attari et  al., 2012) and near surface mounted (NSM) 
reinforcement (De Lorenzis & Nanni, 2001; El-Hacha & 
Rizkalla, 2004; Hosen et al., 2016; Darain et al., 2015). The 
key problems with EBR are environmental damage and 
premature failure (Brena et  al., 2003). NSM was devel-
oped to overcome these drawbacks. However, NSM also 
has certain limitations (De Lorenzis & Teng, 2007) and 
does not completely eliminate the possibility of prema-

ture debonding failure (Al-Mahmoud et al., 2009; Sharaky 
et al., 2015). 

Combining EBR and NSM (CEBNSM) is a recent 
advancement in structural strengthening which can en-
hance the effectiveness of strengthening and overcome 
some of the limitations of both techniques. Lim (2009) 
used a combination of EBR CFRP strips and NSM CFRP 
strips on nine RC T-beams. Flexural strength and stiffness 
significantly increased; however, failure occurred due to 
debonding of the EBR strips. Rahman et al. (2015) tested 
seven RC beams using a combination of EBR steel plates 
and NSM steel bars. The flexural capacity of the strength-
ened beams was enhanced, although failure still occurred 
by debonding. However, failure was significantly delayed 
due to improved bond performance. Darain (2016) inves-
tigated the structural behavior of six RC beams strength-
ened with a combination of EBR CFRP fabric and NSM 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3846/jcem.2021.14905


638 M. Obaydullah et al. Combining EBR CFRP sheet with prestressed NSM steel strands to enhance the structural ...

CFRP bars. The flexural strength and stiffness were signifi-
cantly enhanced and most of the beams failed flexurally.

Another strengthening technique is prestressing of EBR 
or NSM material to improve strengthening effectiveness 
and enhance overall flexural response. Prestressing pro-
vides various advantages, such as improved serviceability, 
delayed cracking and better utilization of strengthening 
materials, due to effects of cambering. A limited number 
of studies have been conducted on prestressed strengthen-
ing of PC beams. Casadei et al. (2006) strengthened two 
damaged PC beams, one with prestressed NSM (PNSM) 
CFRP bars and the other with EBR CFRP laminate, and 
found that both techniques restored the ultimate capacity. 
However, the PNSM CFRP beam displayed better struc-
tural behavior in terms of ductility and flexural failure, 
while the EBR beam failed by debonding. The research-
ers concluded that PNSM CFRP strengthening restored 
the full functionality of the prestressed beam. Reza Aram 
et al. (2008) tested four short PC beams to investigate the 
use of prestressed EBR CFRP strips for strengthening. 
However, no significant improvement in flexural behavior 
or strength was found, and the beams failed by premature 
debonding. The researchers concluded that prestressed 
strengthening may be more effective in long span beams 
than short beams. Obaydullah et  al. (2016) investigated 
the use of PNSM steel strands on seven PC beams, with 
varying levels of prestress force in the strengthening re-
inforcement. The strengthened beams showed significant 
improvement in flexural strength and structural behavior 
at both service and ultimate stages, and the strengthened 
beams failed flexurally. Higher levels of prestress force re-
sulted in better performance of the strengthened beams. 
The researchers further concluded that the use of steel 
strands for strengthening resulted in the ductile perfor-
mance of the strengthened specimens comparable to the 
unstrengthened beam. 

This present study proposes an innovative new 
strengthening technique which combines EBR with PNSM,  
namely the CEBPNSM technique. In this study, the 
strengthening of PC beams with the CEBPNSM technique 
is investigated using CFRP sheets as EBR reinforcement, 
due to certain superior properties such as resistance to 

corrosion and high strength to weight ratio, and pre-
stressed steel strands as PNSM reinforcement due to their 
superior ductility, bond performance and high strength. 
The steel strands were protected from corrosion as they 
were embedded with epoxy in the NSM groove. The NSM 
steel strands were prestressed to various levels of prestress 
force to study the effect of higher levels of prestress on the 
structural performance of the strengthened beams. To the 
best of the researchers’ knowledge, no such previous study 
has been conducted. The aim of this study is to develop 
the CEBPNSM technique as an efficient new strengthen-
ing solution to overcome the limitations of NSM and EBR, 
and provide a possible solution for structures that require 
higher levels of strengthening. A FEM model was also de-
veloped using ABAQUS to verify the flexural responses of 
the strengthened specimens.

1. Experimental program

1.1. Test matrix

The experimental investigation was conducted on seven 
PC beams. A reference specimen was kept unstrength-
ened, while one specimen was strengthened with an EBR 
CFRP sheet and another specimen with a NSM steel 
strand, for comparison purposes. The remaining four 
specimens were strengthened using the CEBNSM tech-
nique with EBR CFRP sheets and NSM steel strands. The 
steel strands were prestressed to 0%, 50%, 60% and 70% of 
the tensile strength of the strands. The experimental test 
matrix is shown in Table 1. 

1.2. Prestressed beam specifications

The prestressed beams were 3300 mm long, 150 mm wide 
and 300 mm high, with an effective span of 3000 mm. The 
internal steel reinforcements were deformed 10 mm steel 
bars. Three 12.9 mm diameter prestressing strands were 
prestressed to 75% of their tensile capacity and placed in 
the compression and tension zone. The nominal concrete 
cover was 35 mm. The reinforcement details and beam 
dimensions are shown in Figure 1.
 

Table 1. Test matrix

Specimen ID
NSM strengthening materials Prestressing level in NSM steel 

strands (% of tensile capacity)
EBR strengthening materials

Type Diameter (mm) Bond length (mm) Type Dimension (mm)
UB Unstrengthened beam – – –

EBR-Sh  – – – – CFRP Sheet 2900×100×0.17

NSM-S-0%F Steel 
Strand

9.6 2900 0% – –
NSM-S-0%F-Sh 0% CFRP Sheet 2900×100×0.17
NSM-S-50%F-Sh 50%
NSM-S-60%F-Sh 60%
NSM-S-70%F-Sh 70%

Note: UB – unstrengthened beam; NSM – NSM strengthening technique; S – strengthened with steel strand; F – percentage prestressing 
force applied on strands; Sh – CFRP Sheet; EBR – EBR strengthening technique.
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1.3. Material properties

The beams were cast using high strength concrete, with 
ordinary Portland cement, natural sand as fine aggregate 
and crushed granite as coarse aggregate. The 28-day av-
erage compressive strength and flexural strength were 50 
MPa and 5.5 MPa, respectively, based on concrete cube 
and prism tests conducted in accordance with the stand-
ards BS-EN-12390-3:2019 (British Standards Institution 
[BSI], 2009a) and BS-EN-12390-5:2019 (BSI, 2009b). The 
elastic modulus was 33.80 GPa. During prestress transfer 
from the internal prestressing strands to the concrete, the 
concrete compressive strength was 35 MPa. 

Deformed 10 mm steel bars, with 500 MPa tensile 
strength and 200 GPa elastic modulus, were used for 
the main rebar and shear link. The internal prestressed 
strands and the NSM prestressed strands were seven wire 
low relaxation Grade 270 prestressing strands of 12.9 mm 
and 9.6 mm diameters, respectively, and 1860 MPa tensile 
strength and 195 GPa elastic modulus.

SikaWrap 301C woven unidirectional carbon fiber 
sheet of 0.167 mm thickness and 1.8 g/cm3 density was 
used as the EBR material. The tensile strength, elastic 
modulus and ultimate strain of the sheet were 4900 MPa, 
230 GPa and 1.7%, respectively.

Two epoxy adhesives, Sikadur® 30 and Sikadur® 330, 
were used to bond the NSM strand and EBR sheet, respec-
tively, to the concrete substrate. For Sikadur® 30 the com-
pressive strength, tensile strength, shear strength, bond 
strength with concrete and elastic modulus were 95 MPa,  
31 MPa, 19 MPa, 4 MPa and 11.2 GPa, respectively (Si-
kadur®-30, 2019). For Sikadur® 330 the tensile strength, 
elastic modulus, ultimate strain and bond strength with 
concrete were 30 MPa, 3.8 GPa, 0.9% and 4 MPa, respec-
tively (Sikadur®-330, 2019).

1.4. Strengthening procedure

Strengthening was done after the 28-day concrete cur-
ing period. Five strengthening techniques were used in 
this study, namely EBR, NSM, PNSM, CEBNSM and 
CEBPNSM. 

For the EBR technique, a CFRP sheet 2900 mm long by 
100 mm wide and 0.167 mm thick was used. The concrete 
surface of the beam soffit was first prepared by grinding, 
blasting and appropriate cleaning to ensure proper bond-
ing. The epoxy adhesive, Sikadur®330, was used to bond 
the CFRP sheet to the prepared concrete surface following 
the standard dry lay-up practice and allowed to cure for 
seven days.

For the NSM technique, one steel prestressing strand, 
9.6 mm in diameter, was used. A single groove, 25 mm 
wide by 25 mm deep, was cut longitudinally along the sof-
fit of the beam, and then roughened and cleaned appropri-
ately to ensure proper bonding. The groove was then two-
thirds filled with epoxy (Sikadur® 30), and the steel strand 
gently pressed into the epoxy, while ensuring a minimum 
of 10 mm clear cover from the soffit of the beam. The 
groove was then completely filled with more epoxy and 
allowed to cure for seven days. The bonded length was 
2900 mm (200 mm from each side of the beam).

The PNSM technique was used before the EBR tech-
nique in the CEBPNSM strengthened beams, not in-
dependently on any beam in this study. For the PNSM 
technique, the steel strands were first prestressed in a 
special prestressing setup before placement in the epoxy 
filled groove. This setup consisted of a steel frame, clamps, 
anchors, hydraulic jack and an electric motor for lifting 
and positioning the beams, as can be seen in Figure 2. 
The beam with the NSM groove facing upwards was first 
placed in the frame and aligned to the anchors and hy-

a) Longitudinal cross section 

b) Cross section of unstrengthened beam c) Cross section of strengthened beam

Figure 1. Specimen reinforcement details
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draulic jack. The steel strand was then passed through the 
hydraulic jack and anchors, tightly clamped in place at the 
dead end, prestressed using the hydraulic jack at the live 
end to the desired level of prestress (50%, 60% or 70%), 
and then the hydraulic jack and live end anchor were 
tightly clamped to lock in the prestressing force. The NSM 
groove was then two-third filled with epoxy and then the 
beam was slightly raised in the frame using the electric 
motor and positioned to cause the prestressed steel strand 
to press into the epoxy filled groove, while ensuring a 10 
mm clear cover from the beam soffit. Additional epoxy 
was used to completely fill the groove and the strength-
ened beam was then left in this condition to cure for six 
days. After six days, the prestressing force was gradually 
released by slowly loosening the clamp anchors and hy-
draulic jack to transfer the prestressing force through the 
epoxy to the beam, and then the steel strand was cut along 
the beam sides and the beam was allowed to cure for one 
more day. No cracks or damage to the beams were ob-
served at the release of prestress. 

For the CEBNSM technique, an NSM steel strand was 
used first to strengthen the beam, after which it was al-
lowed to cure for seven days and then a EBR CFRP sheet 
was applied over the NSM strengthening, each following 
the procedures stated above. The CEBPNSM technique 
followed the same procedure as the CEBNSM technique, 
except that PNSM was used in the place of NSM, follow-
ing the procedures for PNSM stated above. All strength-
ened beams were allowed to cure for at least seven days 
before testing.

1.5. Instrumentation and experimental setup

The specimens were tested under four-point static 
loading using a Universal Instron machine. The load-
ing was controlled to 5 kN/min up to yielding of the 
specimens, after which displacement was controlled to  
1.5 mm/min until complete failure. Deflection at midspan 
was measured with a 100 mm Linear Variable Differential 
Transducer (LVDT) until near failure after which manual 
measurement was done using a ruler. Two strain gauges,  
5 mm in length, were fixed to the internal steel strands 
and the NSM steel strand at midspan during beam casting 
and strengthening to measure tensile strains. A 30 mm 
strain gauge was fixed to the top fiber of the beam at mid-
span to measure compressive strains. A portable data log-
ger was use to capture the data from the load cell, LVDT 
and strain gauges. Crack width was measured at the soffit 
of the beam under the internal tension steel reinforcement 
using a digital microscope. The instrumentation and ex-
perimental setup can be seen in Figure 3. 

Figure 2. Prestressing system

Figure 3. Instrumentation and layout of the experimental setup

a) During prestressing (dead end anchor) b) After prestressing (live end hydraulic jack)
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2. Results and discussion

2.1. Flexural capacities

The flexural capacities of the beam specimens in terms 
of first crack, serviceability, yield and ultimate loads are 
displayed in Table 2. Overall, strengthening enhanced the 
flexural capacities of the beams at all load stages, with the 
CEBPNSM strengthened beams with higher levels of pre-
stress showing the greatest enhancement. The first crack 
load improved by about 40% to 50% in the CEBPNSM 
strengthened beams, which is significantly higher than 
the other strengthened beams (about 5% to 15% improve-
ment). The serviceability load was determined as the load 
corresponding to the deflection that is equal to span/480, 
as provided in ACI 318-11 (American Concrete Institute, 
2011). This deflection was calculated to be 6.25 mm and 
the corresponding serviceability load in the control beam 
was 83 kN. The serviceability load improved by about 
37% to 46% in the CEBPNSM strengthened beams, sig-
nificantly more than the other strengthened beams (about 
10% to 18% improvement). The yield load significantly 
improved by about 55% to 62% in the CEBPNSM beams. 
The use of the NSM steel strand greatly enhanced yield 
capacity due the superior yield properties of steel (Kim, 
2010). The ultimate load showed the greatest improvement 
with about 65% to 70% increase in the CEBPNSM beams. 
From Figure 4, it can be clearly seen that the CEBPNSM 
technique and increasing the prestress level in the steel 
strand significantly enhanced the load capacities of the 
strengthened beams. The CEBPNSM strengthened beam 
with the highest level of prestress (70%) showed the great-
est improvement, with increases of 31% in first crack load, 
24% in serviceability, 21% in yield load and 8% in ultimate 
load, over the CEBNSM strengthened beam.

2.2. Failure modes 

The typical failure modes of the beam specimens are dis-
played in Figure 4 and stated in Table 2. All the beam 
specimens had flexural failure modes. The control beam 
failed by typical concrete crushing failure in the maximum 
compression zone at the top face of the beam. The EBR 
CFRP sheet strengthened beam failed after yielding of the 
internal steel by concrete crushing followed by debonding 
of the CFRP sheet. As the concrete crushing occurred in 
the maximum compression zone, microcracks developed 
at the CFRP sheet and concrete interface, and the CFRP 
sheet lost full compatibility with the concrete surface and 
suddenly and swiftly debonded with a large explosive 
sound. The NSM strengthened beam failed by concrete 
crushing in the top compression zone after yielding of the 
internal steel, similar to the control beam. The CEBNSM 
and CEBPNSM strengthened beams failed by CFRP rup-
ture in combination with concrete crushing after the ten-
sion reinforcement yielded. Concrete crushing initiated 
before rupture of the CFRP sheet and continued after 
CFRP rupture. The rupture of the CFRP sheet occurred 
in the maximum flexural zone and was accompanied by 
a loud sound. No debonding of the NSM steel strand or 
the CFRP sheet was observed. The failure behavior of the 
CEBNSM and CEBPNSM beams indicates the full com-
posite action of the beams until failure and thus the full 
utilization of the tensile strength of the steel strand and 
CFRP sheet. Similar failure modes were also found by pre-
vious researchers using similar strengthening techniques, 
such as Darain et al. (2016), Obaydullah et al. (2016), Nor-
din and Täljsten (2006), Badawi and Soudki (2009) and 
El-Hacha and Gaafar (2011).

Table 2. Test results for load and deflection

Beam specimens
Level of 

Prestressing 
in NSM (%)

First Crack (Pcr) Serviceability
Load (Ps) 

(kN)

Yield (Py) Ultimate load (Pult)
Failure 
ModeLoad 

(kN)
Deflection 

(mm)
Load 
(kN)

Deflection 
(mm)

Load 
(kN)

Deflection 
(mm)

UB – 63.2 3.07 83.1 110.35 19.8 126.9 45.6 Concrete 
crushing

EBR-Sh – 69.8
(10.5%) 3.18 92.6

(11.4%)
118.1 
(7%) 9.7 165.3

(30.3%) 48.6 Concrete 
crushing

NSM-S-0%F 0 66.1
(4.7%) 3.17 91.7 

(10.3%)
145.4 

(31.8%) 23.5 161.9
(27.6%) 38.3 Concrete 

crushing

NSM-S-0%F-Sh 0 72.2
(14.3%) 3.16 98.3

(18.3%)
148.6

(34.6%) 14.5 200.3
(57.9%) 37.1 CFRP 

rupture

NSM-S-50%F-Sh 50 87.1
(37.9%) 3.12 113.5

(36.5%)
171.1

(55.1%) 13.5 209.8
(65.4%) 35.1 CFRP 

rupture

NSM-S-60%F-Sh 60 91.3
(44.5%) 3.08 116.3

(40%)
175.4
(59%) 13 212.9

(67.8%) 33.2 CFRP 
rupture

NSM-S-70%F-Sh 70 94.3
(49.3%) 2.50 121.70 

(46.4%)
179.3

(62.5%) 12.7 216.1
(70.3%) 30.1 CFRP 

rupture

Note: Parentheses represents percentage increase over control beam.
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a) Control beam (UB)

b) Typical failure mode of CEBPNSM beams (NSM-S-70%F-Sh)

Figure 4. Failure modes

Figure 5. Load-deflection curves of the specimens
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2.3. Load-deflection behavior

The load-deflection curves of the beam specimens are pre-
sented in Figure 5 and the exact deflection values at first 
crack, yield and ultimate given in Table 2. Strengthening 
generally reduced overall deflection until ultimate due to 
increased beam stiffness, resulting in steeper load-deflec-
tion curves for the strengthened beams. 

The control beam displayed typical elastic-plastic load-
deflection behavior, with a steep linear elastic progression 
and minimal deflection until first crack, after which de-
flection gradually increased at a gentle slope until yield. 
From yield to ultimate, deflection increased rapidly and 
the load-deflection curve grew more inclined. After ul-
timate, deflection continued to increase, although load 
capacity slowly decreased, resulting in a gentle downward 

slope until beam collapse. The NSM beam displayed a 
ductile load-deflection response very similar to the con-
trol beam, except that a significantly higher curve was ob-
served due to the increased yield and ultimate loads. The 
EBR beam displayed the typical tri-linear load-deflection 
response of CFRP strengthened beams (Rezazadeh et al., 
2014). The deflection at yield was significantly less than 
the control beam due to the high stiffness of the CFRP, 
which significantly controlled deflection during service 
(before yield). After ultimate, the load abruptly fell back 
to the level of the control beam. 

The CEBPNSM and CEBNSM strengthened beams 
also displayed similar tri-linear load-deflection responses, 
but with much higher yield and ultimate loads, and thus 
steeper curves with less deflection. This was due to the 
combined effect of the CFRP sheet and steel strand with 
the superior yield properties of steel greatly enhancing 
the yield point and the high stiffness of CFRP reducing 
deflection. The increased amount of strengthening mate-
rial also resulted in greater beam strength and stiffness, 
and thus a higher ultimate and less deflection. The ad-
ditional prestress in the steel strands in the CEBPNSM 
beams further increased strength and stiffness, resulting 
in significantly steeper and higher slopes at all stages until 
ultimate. The 70% prestress CEBPNSM beam showed the 
greatest enhancement in flexural response and reduction 
in deflection. The CEBPNSM strengthened beams were 
able to control and reduce deflection at first crack, yield 
and ultimate significantly more than the other strength-
ened beams, while simultaneously greatly increasing these 
load capacities. After CFRP rupture, the CEBPNSM and 
CEBNSM beams entered a degradation phase where the 
load-deflection response of the beams became erratic with 
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several sharp drops in loading and large deflections, until 
the beam fell back to the level of the NSM steel strength-
ened beam. The beam behavior was then governed by the 
combined strength remaining in the NSM steel and inter-
nal steel reinforcements until complete failure.

2.4. Cracking characteristics

The beams showed typical crack patterns, as seen in Figure 4.  
Strengthening improved first crack load, crack width, 
crack number and crack spacing. New cracks occurred 
from first crack until yield, after which no new cracks 
formed, although existing cracks widened and length-
ened. The strengthened beams displayed more cracks, and 
smaller crack widths and crack spacing. No longitudinal 
cracks or shear cracks were seen at the soffit or the sides of 
the strengthened specimens, indicating full composite ac-
tion between the beams and the strengthening materials.

The first crack loads and corresponding deflections are 
given in Table 2, and the increase in first crack load of 
the strengthened beams over the control beam is graphi-
cally presented in Figure 4a. The CEBPNSM strengthening 
technique was able to enhance the first crack load signifi-
cantly more than the other strengthening techniques, due 
to the enhanced stiffness of the CEBPNSM beams in the 
pre-cracking stage. The CEBPNSM beam with the high-
est level of prestress (70%) showed the greatest increase 
in first crack load, 49% over the control beam, while also 
greatly reducing the deflection at first crack.

The first crack appeared in the constant moment zone 
for all the beams and the width of this crack was measured 
throughout testing. The correlation between load and 
crack width is shown in Figure 6a. Strengthening overall 
increased the load for a given crack width, with the CEB-
PNSM beams showing the greatest increases, as can be 
seen in Figure 6b. At 0.1 mm crack width, the CEBPNSM 
beam with 70% prestress carried a load of 160 kN, which 
was an increase of 56% over the control beam (102 kN), 
and an increase of 24% over the CEBNSM beam (129 kN). 
Crack width at service is an important design consider-
ation. Strengthening was generally able to increase the ser-
viceability (SLS) load while controlling crack width. The 
CEBPNSM beam with 70% prestress was able to increase 
the service load by 46% while decreasing crack width 
by 17%, compared to the control beam. The CEBPNSM 
technique was able to control crack width significantly 
better than the other strengthening techniques, with the 
70% prestressed beam displaying the smallest crack width 
among the strengthened specimens.

Improved cracking behavior is highly advantageous 
as it reduces deflections and crack widths, improving the 
serviceability and durability of structures. The greatest 
improvement was seen in the CEBPNSM strengthened 
beams, especially with the higher levels of prestress. This 
was due mainly to the enhanced strength and stiffness of 
the beams from the greater amount of strengthening rein-
forcement and the opposing compressive forces provided 
by the additional prestress force in the steel strand. Figure 6. Crack width
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b) Load at 0.1 mm crack width
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2.5. Concrete compressive strains

The relation between loading and concrete compressive 
strain at midspan of the beam specimens is shown in Fig-
ure 7. The CEBPNSM strengthened beam with 70% pre-
stress showed the greatest reduction in concrete compres-
sive strain for a given load among the strengthened beams. 
This was due to the high level of prestress in the 70% beam 
which significantly enhanced the stiffness of the beam. 
The final strains measured in the beam specimens before 
the strain gauges were damaged by concrete crushing at 
failure were 0.00289, 0.00263, 0.00290, 0.00306, 0.00295, 
0.00306 and 0.00295 in the control beam, NSM steel 
strand strengthened beam, EBR CFRP sheet strengthened 
beam, CEBNSM strengthened beam, and the 50%, 60% 
and 70% prestressed CEBPNSM strengthened beams, re-
spectively. These final concrete strain values indicate that 
the full concrete strength of the beams was utilized, as 
concrete crushing occurs at a compressive strain value of 
around 0.003. This also indicates the full composite action 
of the strengthened beams until failure.

2.6. Tensile strains in main steel strands

The relation between loading and tensile strain in the bot-
tom main strands is shown in Figure 8. The maximum 
tensile strain values measured before beam failure were 
0.00612, 0.00842, 0.00705, 0.00752, 0.00721, 0.00701 and 
0.00691 for the control beam, NSM beam, EBR beam, 
CEBNSM beam, and the 50%, 60% and 70% CEBPNSM 
beams, respectively. The control beam had the lowest 
maximum tensile strain as it failed by concrete crushing 
at a much lower load level than the strengthened beams. 
The CEBNSM strengthened beam displayed a maximum 
tensile strain value that was between the maximum tensile 
strain values of the NSM and EBR strengthened beams, 
indicating that the tensile strain was distributed between 
the main steel strands, the NSM steel strand and the CFRP 
sheet. The CEBPNSM strengthened beams with 50%, 60% 
and 70% prestress, displayed progressively lower maxi-
mum tensile strain values, due to the preexisting compres-
sive strains introduced into the lower half of the beams 
by prestressing the NSM steel strand, which opposed the 
tensile strains created by loading. This is similar to the 
findings of El-Hacha and Gaafar (2011).

2.7. Tensile strains in NSM steel strands

The relation between loading and tensile strain in the NSM 
steel strands is shown in Figure 9. Prestressing caused an 
initial strain in the prestressed NSM steel strands used 
in the CEBPNSM strengthened beams. This initial strain 
was calculated from the effective prestressing force and the 
load-tensile strain curves of the prestressed NSM strands 
were thus accordingly displaced at zero loading, as can be 
seen in Figure 9. The maximum tensile strains in the NSM 
steel strands were 0.01521, 0.01100, 0.01277, 0.01255 and 
0.01245 for the NSM beam, the CEBNSM beam and the 
CEBPNSM beams with 50%, 60% and 70% prestress, re-
spectively. The CEBNSM strengthened beam had the low-

Figure 7. Load versus concrete compressive strain of beam 
specimens
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Figure 8. Load versus tensile strain in bottom main strands

Figure 9. Load versus tensile strain in NSM strand
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est maximum tensile NSM steel strand strain, lower than 
the CEBPNSM beams as no initial strain was present in 
the NSM steel strand. However, the CEBPNSM strength-
ened beams showed the least increment in strain from 
load initiation until failure. Specifically, the CEBPNSM 
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beam with 70% prestress showed the least increment in 
tensile NSM strand strain, only 0.00578 (this disregards 
the initial strain from prestress). The addition of prestress 
and the consequent compression around the NSM strand 
is the probable cause of this behavior. 

2.8. Tensile strains in the CFRP sheet

The relation between loading and tensile strain in the 
CFRP sheets at midspan is shown in Figure 10. Each of 
the beams showed similar tri-linear tensile strain devel-
opment in the CFRP sheet, with first crack, yield and 
ultimate marking the end of each phase. The maximum 
tensile strains measured in the CFRP sheets 0.01931, 
0.02350, 0.02310, 0.02240 and 0.02201 for the EBR beam, 
CEBNSM beam and the 50%, 60% and 70% CEBPNSM 
beams, respectively. The rupture strain of the CFRP sheet 
was 0.02130, based on the manufacturer’s specifications. 
The EBR strengthened beam had a lower maximum CFRP 
tensile strain as the CFRP sheet debonded at failure. The 
CEBNSM and CEBPNSM beams recorded tensile CFRP 
strains somewhat higher than the ultimate rupture strain 
provided by the manufacturer. This could be due to the 
local curvature of the CFRP at midspan, which may have 
caused the strain gauges to record higher strain values 
than those found in direct tensile tests (Rezazadeh et al., 
2014). The maximum strains measured in the CEBNSM 
and CEBPNSM strengthened beams indicate that the full 
capacity of the CFRP sheet was utilized, which agrees with 
the observed failure mode of CFRP rupture and concrete 
crushing and confirms the full composite action of these 
strengthened beams.

2.9. Prestress losses

The prestressed NSM steel strands in the CEBPNSM 
strengthened beams were monitored for losses in prestress 
force from the time the prestress was applied until the re-
lease of the prestress into the beams. The amount of force 
applied to prestress the 50%, 60% and 70% prestressed 
CEBPNSM strengthened beams were 51.15 kN, 61.38 kN 
and 71.61 kN, respectively, which were calculated based 
on the tensile strength of the steel strands (Table 3). Af-
ter the application of prestress to the steel strands, the 
strengthened beams were left locked in the prestressing 
setup for six days to allow the epoxy to cure fully. Dur-
ing this period, the prestressing forces in the steel strands 
were monitored using the hydraulic jack, and negligible 

Figure 10. Load versus tensile strain in CFRP sheet

Figure 11. Prestressing force in steel strands during  
curing period
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Table 3. Prestressing force and camber effect in the CEBPNSM strengthened beams

Beam ID
Applied Prestress Force Effective Prestress Force Negative Camber at Midspan

(kN) (%) (kN) (%) (mm)
NSM-S-50%F-Sh 51.15 50.00 50.91 49.77 0.05
NSM-S-60%F-Sh 61.38 60.00 61.05 59.68 0.06
NSM-S-70%F-Sh 71.61 70.00 71.35 69.75 0.07

losses in prestress were found as can be seen in Figure 11. 
The prestress losses were 0.47%, 0.54% and 0.36% in the 
50%, 60% and 70% beams, respectively. When the pre-
stressing forces were released, the effective prestress in the 
steel strands after prestress loss (Table 3) created an initial 
maximum strain in the steel strands of 0.00475, 0.00569 
and 0.00665 for the 50%, 60% and 70% beams, respective-
ly. The prestressing forces where released gradually into 
the beam around 20% at a time and no cracks were seen 
during or after prestress release. During prestress release, 
an LVDT was used to measure the negative camber at the 
midspan of the strengthened beams, which were found to 
be 0.05 mm, 0.06 mm and 0.07 mm for the 50%, 60% and 
70% CEBPNSM beams, respectively.
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2.10. Influence of prestress level  
on flexural performance

Prestressing the NSM steel strand in the CEBPNSM 
strengthened beams had a significant effect on the flexural 
performance of the CEBPNSM beam specimens. The pre-
stressing effect was especially enhanced by increasing the 
level of prestress force and the highest level prestress force 
(70%) offered the greatest enhancement in flexural be-
havior. Overall, increasing the level of prestress enhanced 
flexural behavior by increasing flexural load capacity and 
reducing deflection, crack width, concrete compressive 
strains and tensile strains in main steel, NSM strands and 
CFRP sheet at any given load level. 

As can be seen from Figure 12a, the flexural load ca-
pacity of the beam at first crack, service, yield and ulti-
mate was significantly improved by increasing the level 
of prestress, with yield load especially showing the most 
improvement, and the 70% prestress level providing the 
highest loads at all stages. From Figure 12b, it can be seen 
that the beams with prestress were able to maintain deflec-
tion at the same level as the beam without prestress de-
spite the increases in load at first crack, service and yield. 
At ultimate, increasing the level of prestress significantly 
decreased deflection, with the 70% prestress level showing 
the smallest ultimate deflection. In Figure 12c, it can be 
seen that at first crack, service, and ultimate, the beams 
with prestress were able to control crack width to the same 
level as the beam without prestress despite the increases 
in load at these stages. At yield, prestressing caused crack 
width to increase slightly, which may be due to the large 
increase in yield seen in the beams with prestress com-
pared to the beam without prestress. Increasing the level of 
prestress was able to control concrete compressive strains 
and tensile strains in the main steel, NSM steel strand and 
CFRP sheet to significantly higher load levels. The rates at 
which these strains increased were significantly reduced. 
This can be seen in the strain graphs (Figures 7 to 10).

Increasing the level of prestress force in the strength-
ening NSM steel strand improved the flexural behavior of 
the beams due to the increased compressive effect in ten-
sion region of the beams, which caused a corresponding 
increase in the stiffness of the beams, as well as an increase 
in the camber of the beams (Obaydullah et al., 2016).

3. Finite element modelling

A 3D finite element model (FEM) was developed to per-
form numerical analysis in order to validate the experi-
mental results. The models were developed and analyzed 
using ABAQUS. The failure mode, ultimate load and load-
deflection behavior was modelled for the control beam, 
the beam strengthened with EBR CFRP sheet, the beam 
strengthened with a non-prestressed NSM steel strand, 
the CEBNSM strengthened beam with a NSM steel strand 
plus EBR CFRP sheet, and the CEBPNSM strengthened 
beams with 60% and 70% prestressed NSM steel strands 
plus EBR CFRP sheet.

The material characteristics, geometric dimensions, 
boundary and conditions of the modelled beams were 
identical to the experimental conditions. An 8-node lin-
ear solid element, C3D8R, was used to model the concrete 
and CFRP sheet. A 2-node straight truss element, T3D2, 
was used to model the steel reinforcements. To ascertain 
that the FEM models were able to accurately simulate the 
behavior of the beam specimens by appropriately transfer-
ring loads from one material to another, an appropriate 
meshing size was specified to discretize the concrete, steel, 
CFRP and epoxy, as can be seen in Figure 13c. 

Figure 12. Effect of level of prestressing force

a) Load vs level of prestressing force

b) Deection vs level of prestressing force
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3.1. Modeling of materials

The concrete damaged plasticity model provided in 
ABAQUS was used to characterize the inelastic behav-
ior of concrete in tension and compression as well as the 
damage characteristics of concrete. The model assumes 
that tensile cracking and compressive crushing are the 
main failure mechanisms. Elasto-plastic models were used 
to model the behavior of the steel and epoxy adhesive. An 
idealized isotropic hardening plasticity model was used 
to model the behavior of steel up to its ultimate tensile 
strength. The perfect plasticity model with no hardening 
was used to simulate the epoxy adhesive behavior. For the 
CFRP, a linear elastic stress to strain relation was adopt-
ed to simulate tensile behavior up to the ultimate tensile 
strength after which the contribution of the CFRP was 
neglected (Lee et al., 2017). 

3.2. Modeling of interface bonds

In this study, three interfaces were considered. The first 
was that between the steel and concrete, the second in-
terface was between the CFRP and epoxy, and the third 
interface was that between the concrete and epoxy. For 
this study, all of the interface bonds were assumed to 
be perfectly bonded. The tie and embedded constraints 
feature in ABAQUS was used to model these interface 
bonds. The steel reinforcement was considered as embed-
ded inside the concrete and the CFRP sheet was consid-
ered as perfectly attached to the beam soffit. The epoxy 
was constrained to the concrete using tie constraints. The 

a) Prestressed beam b) Steel reinforcement with CFRP c) Fine mesh refinement of beam

Figure 13. FEM model of prestressed beam

perfect bond model demonstrates some overestimation of 
ultimate load and stiffness compared to the experimen-
tal results. However, this approach is more convenient in 
terms of convergence and computation capability (Darain 
et al., 2016; Lee et al., 2017).

3.3. Modeling of prestress forces and loading

Three steps were adopted to simulate the internal pre-
stressing, prestressed strengthening, and loading con-
ditions of the beam specimens. Firstly, the prestressing 
forces in the internal prestressed strands were applied as 
1395 MPa stress which is equivalent to 75% of the tensile 
strength of the main internal strands. Secondly, the pre-
stressing force in the strengthening NSM steel strand was 
applied as an initial stress of 0 MPa for the beam with 
no prestressed strengthening, 930 MPa for the 50% pre-
stressed strengthened beam, 1116 MPa for the 60% pre-
stressed strengthened beam, and 1302 MPa for the 70% 
prestressed strengthened beam. Thirdly, the monotonic 
loading of the beams until complete failure was simulated 
as a uniform pressure force applied to the beam through 
two load pads (Figure 13a). 

3.4. Assessment of FEM predictions  
with experimental results

Table 4 presents a comparison between the experimental 
and FEM results. A maximum 3% error for the ultimate 
load and 7% for corresponding deflections was found 
between the experimental and numerical results, which 

Table 4. Comparison between experimental and FEM output at Ultimate load

Beam specimens Level of 
Prestressing (%)

Experimental FEM FEM/Experimental

Load (kN) Deflection 
(mm)

Load 
(kN)

Deflection 
(mm)

Load  
(PFEM/Pexp)

Deflection
(ΔFEM/ Δexp)

UB – 126.87 45.55 131.01 46.50 1.03 1.02
EBR-Sh – 165.25 48.61 167.49 45.30 1.01 0.93
NSM-S-0%F 0 161.92 38.29 162.51 39.26 1.00 1.03
NSM-S-0%F-Sh 0 200.30 37.06 196.92 38.08 0.98 1.03
NSM-S-60%F-Sh 60 212.90 33.21 211.95 33.40 1.00 1.01
NSM-S-70%F-Sh 70 216.10 30.10 214.05 30.67 0.99 1.02
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is well within the acceptable limit (10%) (Darain et  al., 
2016). Thus, a satisfactory agreement was found for load 
carrying capacity between the numerical FEM model and 
the experimental output. 

The typical FEM and experimental load-deflection 
curves for the beam specimens are given in Figure 14. The 
FEM model was able to produce load-deflection curves 
for the beam specimens from the pre-cracking stage until 
failure. As can be seen from the graphs, the correlation 
between the numerical results and experimental data is 
reasonably good. 

Figure 15 shows the pattern of damage behavior pro-
duced by the FEM model, for concrete compression and 
concrete tension. The concrete damage behavior was simi-
lar for all the modelled beam specimens. The ABAQUS 

software is unable to display compressive damage and 
tensile damage in the same frame, which is why they pre-
sented separately. Concrete beams typically fail by con-
crete crushing at the top fiber of the beam after the ten-
sion reinforcement yields. For beams strengthened using 
CFRP, flexural failure starts with some concrete crushing 
in the maximum compression zone, followed by CFRP 
rupture and more concrete crushing. All of the experi-
mental beams experienced similar failure behavior. Thus, 
the numerical damage prediction of the beam specimens 
was consistent with the experimental failure behavior. 

Conclusions

In this study four strengthening techniques were examined 
by experimentally testing the flexural behavior of seven 
prestressed concrete beams and developing a numerical 
FEM model to simulate the behavior of the beam speci-
mens. The four techniques examined were the EBR tech-
nique, the NSM technique, the CEBNSM technique and 
the CEBPNSM technique, which were applied with the use 
of steel strands as NSM reinforcement and CFRP sheet as 
the external reinforcement. For the CEBPNSM technique, 
additional prestress force was also applied to the NSM steel 
strand. The main purpose of this study was to examine 
the newly proposed CEBPNSM strengthening technique 
and determine the capability of this technique to enhance 
the flexural behavior of prestressed concrete beams in 
comparison to other existing strengthening techniques. 
The following conclusions were derived from this study:

 – The CEBPNSM technique was found to be an ef-
fective new strengthening technique for prestressed 
concrete beams. The CEBPNSM technique was able 
to greatly enhance the flexural performance of the 
prestressed concrete beam in terms of increased load 
carrying capacity at first crack, service, yield and ulti-
mate, and reduced deflection, crack widths, compres-
sive strains and tensile strains.

 – The CEBPNSM strengthening technique significantly 
improved the flexural behavior of the beam when 
compared to the existing EBR, NSM and CEBNSM 
strengthening techniques. This can be attributed to 
the combination of materials and techniques, and the 
addition of prestress. 

 – Prestressing the NSM streel strand used in the 
CEBPNSM technique significantly improved flexural 
behavior compared to the beam strengthened with a 
combination of NSM and EBR but without prestress 
(CEBNSM). 

 – The higher the level of prestress, the greater the 
improvement in flexural behavior, with the highest 
level of prestress used (70%) showing the greatest 
improvement. Increasing the level of prestress espe-
cially enhanced load carrying capacity at first crack, 
service, yield and ultimate, and reduced deflection, 
crack width, and compressive and tensile strains at 
any applied load level. 

Figure 14. Load vs deflection curves of FEM  
and experimental beams

Figure 15. Damage behavior of beams

a) Concrete compressive damage behavior

b) Concrete tensile damage behavior

a) Load vs deection for control beam (UB)
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 – All of the strengthened beams except for the EBR 
strengthened beam, displayed flexural failure modes 
after yielding of the tension steel reinforcements. The 
CEBPNSM strengthened beams failed by CFRP rup-
ture with concrete crushing, and no debonding or 
separation of the concrete cover was observed. This 
indicates the full composite action of the strength-
ened beams, which was further confirmed by the 
compressive and tensile strain measurements at fail-
ure. 

 – The FEM model produced ultimate load values for 
the beam specimens that were in decent agreement 
with the experimental results, with only a maximum 
3% error. The load-deflection curves and the pattern 
of damage behavior produced by the numerical mod-
el had reasonably good correlation to the experimen-
tal load-deflection curves and failure modes. 

This study has found that the CEBPNSM technique is 
an effective strengthening technique capable of fulfilling 
the service requirements of reinforced concrete structures 
and doing so more efficiently than other existing strength-
ening techniques. This strengthening technique may be 
able to provide a crucial advantage in the strengthening 
of structures. However, the prestressing system developed 
in this study is applicable only in the laboratory. Thus, fur-
ther research work is essential to bring this technique to 
field application. 
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