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ABSTRACT: Due to material degradation with age, design and construction inaccuracies, reinforced concrete (RC) beams 

may develop flexural strength deficiencies during service life and require strengthening. This study experimentally investigates 
the flexural performance of RC beams strengthened with near-surface-mounted (NSM) hot-rolled mild steel strips, considering 
the influence of pre-loading conditions on the effectiveness of the strengthening. Flexure-dominant beams were tested under 
four-point loading, and performance was evaluated in terms of peak load capacity, elastic stiffness, and energy absorption 
derived from load–deflection responses. Results showed that NSM strengthening increased flexural capacity by 30% and 53% 
for preloaded and directly strengthened specimens, respectively, compared to the control beam, although failure in strengthened 
beams was governed by shear rather than flexure, indicating a shift in the critical failure mode following strengthening. Elastic 
stiffness improved by 3% and 49% for preloaded and directly strengthened specimens, respectively, while energy absorption 
decreased by 65% and 63%, reflecting reduced ductility and a shift toward more brittle behaviour. Notably, NSM strengthening 
altered the governing failure mode from ductile flexural failure in the control beam to brittle shear failure in the strengthened 
beams, a significant behavioural shift with important design implications. A design equation to estimate the required area of 
steel strips for retrofitting was derived from EC2-based sectional analysis and modified to account for near-surface strips. 
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I. INTRODUCTION 
Reinforced concrete (RC) structures gradually lose 

strength with age due to deterioration of reinforcement or 
degradation of concrete cover (Hashemi, 2011). Deficiencies 
may also arise from increased service loads, construction 
inaccuracies, or detailing errors, as noted in Askar, Hassan 
and Al-Kamaki (2022), making strengthening necessary to 
restore flexural or shear capacity. Common retrofitting 
methods include externally bonded reinforcement (EBR) or 
near-surface-mounted (NSM) techniques using steel, FRP, or 
concrete jacketing (Rasheed et al., 2010; Aykac et al., 2012; 
Oller, Pujol and Marí, 2019; Raza et al., 2019; Awad, Husain 
and Fawzy, 2022; Hamoda et al., 2024; Hosen et al., 2024). 
The NSM method is often preferred over EBR due to reduced 
risk of debonding and better protection from environmental 
exposure (Hanu and Subha, 2018). Numerous studies have 
investigated strengthening methods to better understand the 
behaviour and failure mechanisms of retrofitted beams and 
to develop more efficient rehabilitation approaches. 

Zhang, Yu and Chen (2017) examined the behaviour of 
RC beams strengthened with NSM carbon fibre reinforced 
polymer (CFRP) strips compared with CFRP rods. The study 
reports improved bond performance in strip-strengthened 

beams due to the higher perimeter-to-cross-sectional area 
ratio of strips. A similar study by Sabau et al. (2018) 
investigated side-mounted (S-NSM) and bottom-mounted 
(B-NSM) reinforcement for flexural strengthening. The S-
NSM configuration improved resistance to early concrete 
cover debonding, increased crack distribution, and enhanced 
energy absorption, whereas B-NSM beams achieved higher 
flexural capacity owing to a larger lever arm. Other 
investigations such as the Rizzo and De Lorenzis (2009) 
study show that NSM technique achieves more significant 
strength improvement compared to the EBR technique. 
Shear-deficient RC beams, strengthened with U-shaped FRP 
through the EBR technique and NSM FRP strips, were tested 
in the study. The findings indicate a shear capacity increase 
of up to 44% for NSM strengthening compared with 16% for 
EBR applications, highlighting the effectiveness of the NSM 
approach. 

Despite extensive research on FRP-based strengthening, 
comparatively fewer studies have explored the use of mild 
steel as a strengthening material. Although mild steel 
possesses lower tensile strength than FRPs, its high ductility 
provides significant deformation capacity, allowing for more 
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gradual failure and improved warning prior to collapse 
(Farooq et al., 2026).  

Recent investigations involving steel strips for 
strengthening of RC structures have primarily focused on 
prestressed steel and/or high yield steel applications. 
Moghaddam et al. (2010) experimentally examined concrete 
columns retrofitted with prestressed steel strips and 
demonstrated effective active confinement that reduced 
crack development. Similarly, Tarabia and Albakry (2014) 
considered high yield steel strips and angles, studying their 
strengthening effect on structural behaviour of RC columns; 
and showed that the steel strips and angles significantly 
enhanced columns capacity under axial loads. These studies 
were, however, limited to column behaviour, leaving the 
applicability of similar techniques to beams insufficiently 
explored. Yang et al. (2022) proposed a steel-strapping 
method derived from the packaging industry for enhancing 
beam shear capacity, reporting increases of 95% in shear 
strength and 88% in displacement capacity. In addition to 
using a different steel type, the study focused solely on shear 
behaviour and did not consider the effect of strips in 
enhancing flexural capacity; while employing the EBR 
technique, which may present durability concerns due to 
external exposure of the strengthening material. 
Furthermore, the steel-strapping method can be technically 
demanding to apply and may present accessibility 
challenges, particularly in developing regions. A similar 
study by Hamoda et al. (2022) experimentally tested beams, 
strengthened with ECC and stainless-steel strips, for flexural 
strength; reporting a 156% improvement in flexural capacity 
of the beams. Despite the significant effectiveness of the 
proposed strengthening in the study, its more hybrid nature 
introduces additional costs that make it relatively more 
expensive than simply using mild steel bonded with 
structural epoxy. Most of the other studies incorporating steel 
strips for structural strengthening are largely focused on 
investigations of structural behaviour of either RC or 
masonry walls, and do not isolate the applicability to beams 
(Altin, Kopraman and Baran, 2013; Farooq, Shahid and 
Ilyas, 2014; Jing, Krevaikas and Zhang, 2021). 

The present study addresses these gaps by investigating 
the flexural performance of RC beams strengthened with 
NSM hot-rolled mild steel strips — an accessible, ductile, 
and cost-effective alternative to FRP systems, high yield and 
prestressed steel— while additionally examining the 
influence of preloading condition on strengthening 
effectiveness. Unlike FRP materials, mild steel is widely 
available and inexpensive, requiring no specialist handling or 
equipment. This makes it a particularly attractive option in 
developing regions where FRP systems may be costly or 
difficult to source. A rational design expression specifically 
for NSM mild steel strip flexural strengthening of beams has 
not been established in the reviewed literature. This study 
addresses this by deriving a design equation from EC2 
sectional analysis principles, modified to incorporate the 
contribution of NSM mild steel strips as additional tensile 

reinforcement. The objective of this study is therefore to 
experimentally investigate the flexural performance of RC 
beams strengthened with NSM hot-rolled mild steel strips, 
and to evaluate the influence of preloading condition on 
strengthening effectiveness in terms of load capacity, elastic 
stiffness, and energy absorption. 

 
II. THEORETICAL ANALYSIS 

The analytical framework of this study is grounded in 
Euler–Bernoulli beam theory, which postulates that cross-
sections of a beam remain plane and perpendicular to the 
neutral axis during bending. This establishes a linear strain 
distribution across the beam depth, providing the strain 
compatibility conditions necessary to relate the deformations 
of concrete, conventional reinforcement, and the near-
surface mounted steel strips consistently. Sectional analysis 
theory, as codified in Eurocode 2, builds on this by invoking 
force and moment equilibrium principles to predict the 
moment capacity of the strengthened sections. The 
compressive behaviour of concrete is described using the 
equivalent rectangular stress block theory, a widely accepted 
idealization that simplifies the nonlinear stress distribution in 
the compression zone into a uniform stress acting over an 
effective depth, rendering the equilibrium equations 
analytically tractable without significant loss of accuracy. 

The contribution of the NSM mild steel strips is treated 
theoretically as that of additional tensile reinforcement, 
consistent with the assumptions of classical reinforced 
concrete theory, with both the conventional rebars and the 
strips assumed to develop their full yield strength at the 
ultimate limit state. Performance evaluation of the beams 
further draws on energy methods in structural mechanics, 
whereby energy absorption is interpreted as the total internal 
strain energy stored during loading and elastic stiffness as the 
resistance of the beam to initial elastic deformation — both 
derived from the load–deflection response of the tested 
specimens. 

 
III. MATERIALS AND METHODS 

A. Material characteristics, mix design and specimen 
construction 

Aggregates with properties shown in Table 1 were used 
for normal concrete (NC). The physical and mechanical 
properties of the aggregates were determined to aggregate 
materials testing code, EN 1097-2 (1998), and comply with 
the standard requirements of aggregates compliance code, 
EN-12620, (European Committee for Standardization, 
2002). Portland pozzolana CEM II/B-R 42.5 cement was 
used. This cement is manufactured in Kenya to Kenyan 
standard, KS EAS 18-1 (2018), that conforms to 
requirements of cement compliance code, EN 197-1, 
(European Committee for Standardization, 2000). 
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Table 1 Properties of aggregates 
Type of 
Aggregate 

Fineness 
Modulus 

Specific 
gravity 

Water 
absorption 

Aggregate crushing 
value 

Aggregate impact 
value 

Fine aggregate 4.03 3.1 2.4% - - 

Coarse aggregate - 2.6 3.3% 13.25% 5.46% 

Mix proportions of the NC, designed to the method of 
the British Department of the Environment (Marsh, 1997), 
are shown in Table 2. Cubes and cylinders were cast and 
tested after 7, 14 and 28 days for compressive cube/cylinder 
strength and tensile split strength as shown in Fig. 1a-b 

respectively. Specimen preparation and testing were done 
according to the hardened concrete testing codes, BS 
EN12390-1-6 (2002). Table 3 shows the mechanical 
properties of the NC from the respective tests at 7, 14 and 28 
days. 

 
Table 2 Mix proportions of normal concrete 

Cement (kg/m3) Fine Aggregate (kg/m3) Coarse Aggregate (kg/m3) Water (kg/m3) 

472 701 857 250 

 
Table 3 Mechanical properties of concrete 

Age (days) Compressive cube strength (MPa) Compressive cylinder 
strength (MPa) 

Tensile split strength 
(MPa) 

7 26.30 19.04 2.46 

14 33.41 24.73 2.85 

28 36.72 29.38 3.14 

A characteristic cylinder strength of 25 MPa was used 
for NC mix design, and it can be seen from Table 3 that the 
characteristic cylinder strength of the concrete, made from 
the mix shown in Table 2, at 28 days is greater than 25 MPa, 
hence, acceptable. 

The mechanical properties of Sikadur®-31 CF Slow 
structural epoxy, as provided in the manufacturer's product 
data sheet, are shown in Table 4. Properties are reported for 
a 1-day curing period at +25°C, consistent with the curing 
duration adopted in this study. 

 
Table 4 Mechanical Properties of structural epoxy 

 Property Value (N/mm²) Test Standard 

Compressive Strength 30 DIN EN 196 

Tensile Strength in Flexure 20 DIN EN 196 

Tensile Strength 6 DIN EN 196 
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Fig. 1 Materials tests: (a) Compressive cube strength, (b) Splitting tensile strength, (c) Tensile test of rebar and (d) - (f)  

Preparation and testing of steel strips 
 

 
High yield ribbed tensile rebars of diameters 8 mm, 10 

mm and 12 mm, were used as conventional reinforcements 
in the beams. Mild steel strips with dimensions as detailed in 
Fig. 3, were obtained by carefully cutting off from a 2400 
mm x 1200 mm x 2.2 mm hot rolled mild steel plate using a 
guillotine shearing machine as shown in Fig. 1d-e. 

Specimens of rebars and mild steel were both prepared and 
tested for mechanical properties to metallic material testing 
code, EN ISO 6892-2 (2019), as shown in Fig. 1c and 1f. The 
mechanical properties of steel rebars and strips are shown in 
Table 5. The elastic modulus is taken as the nominal value 
for steel. 

 
Table 5. Mechanical properties of steel 

Property  
Reinforcing bars 

Steel strip 
 

Diameter/thickness (mm) 8 10 12 2.2 

Yield strength (N/mm²) 651.21 643.62 465.90 211.61 

Tensile strength (N/mm²) 744.38 728.93 606.41 317.57 

Elastic modulus (N/mm²) 205000  205000 205000 205000 

Elongation (%) 4.75 7.52 13.78 11.24 

 
B. Details of tested specimens 

A total of nine 1000 mm x 250 mm x 200 mm beam 
specimens were tested. The beams were reinforced with two 
12 mm diameter tensile rebars; two 10 mm diameter rebars 
in the compression zone; and 8 mm diameter stirrups at 100 
mm spacing as shown in Fig. 2, giving tensile and 
compression reinforcement ratios of 0.43% and 0.30% 
respectively. These reinforcements were designed to 
Eurocode 2 (EC2), European Committee for Standardization 
(2004), so that the approximate theoretical load capacity of 

the beams would be at least 15% of maximum capacity of the 
laboratory testing frame. The shear reinforcement was 
designed and detailed in accordance with EC2, with the 100 
mm stirrup spacing deliberately provided closer than the 
code minimum to keep the beams flexure-dominant. In this 
regard, the theoretical flexural capacity of the control beam, 
calculated using EC2 sectional analysis, with unfactored 
material strengths, was 22.53 kNm, corresponding to a 
theoretical load capacity of approximately 150.2 kN under 
the four-point loading arrangement in Figure 5a. The 
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theoretical shear capacity, calculated considering 8 mm 
stirrups at 100 mm spacing, was 236.6 kN — approximately 

60% greater than the flexural load capacity, confirming the 
intended flexure-dominant failure sequence prior to testing. 

 
Fig. 2. Conventional reinforcement details. 

 
The main parameter of interest was the preloading 

condition, and beams were categorized into preloaded 
beams, B-Pld, and directly strengthened beams, B-Str as 
shown in Table 6. Preloading in the B-Pld beams was done 
to simulate existing weakness in normal concrete beams, and 
was done by initially loading to approximately 42% of the 
ultimate load of the control beam. B-Str beams simply had 
no weakness initially induced in them, and were thus directly 
strengthened. The B-Str beams were strengthened with two 
longitudinal tensile steel strips with dimensions measuring 
950 mm × 50 mm × 2.2 mm as shown in Fig. 3, while the 

already weak B-Pld beams were retrofitted similarly. The 
strip length was determined by the available bonding length 
after accounting for concrete cover at both ends. The strip 
width was selected such that the combined cross-sectional 
area of the two strips was approximately equal to that of the 
two 12 mm diameter tensile rebars. The strip thickness of 2.2 
mm was chosen consistent with the findings of Aykac et al. 
(2012), which recommend thinner steel plates within the 
range of 1.5–6 mm to improve composite action with the 
surrounding concrete. Control specimens, B0, were 
constructed to act as benchmarks for comparison. 

 
Fig. 3 Mild steel strips details 

 
Table 6 Tested specimens 

Specimen Name Preloading condition 

B0 
N/A 

B-Pld 
Weakened to 42% of B0 ultimate load 

B-Str As-intact 

The nine beam specimens were prepared to details 
shown in Fig. 2. FLAB-6-11-3LJC-F strain gauges were 
attached to mid points of tensile steel for strain monitoring at 
critical tensile locations, Fig. 4a. Strain instrumentation was 
concentrated at the midspan tensile reinforcement, consistent 
with the flexure-dominant design intent of the specimens; 
shear-span instrumentation was therefore outside the planned 
experimental scope. All specimens were then cast with the 
NC made using a concrete mixer as shown in Fig. 4b, 

following the mix design in Table 2, and cured for 28 days 
under room temperature.  

Grooves of 950 mm x 55 mm x 12.2 mm were then 
created on the beams, using a concrete cutter machine to 
carefully cut off the 12.2 mm concrete cover, as shown in 
Fig. 4c. The groove depth of 12.2 mm corresponded to the 
concrete cover thickness, minimizing section loss while 
providing adequate embedment for the strips. The groove 
width of 55 mm accommodated the 50 mm strip width with 
a 2.5 mm clearance on each side for epoxy application. No 
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grooves were created on the control specimens in each beam 
group. Prior to bonding, the steel strip surfaces were cleaned 
to remove dust, grease, and loose particles, consistent with 
the manufacturer's surface preparation requirements for steel 
substrates. Sikadur®-31 CF Slow structural epoxy was then 
applied to the cut concrete surfaces, and mild steel strips 
bonded to concrete by means of the epoxy, Fig. 4d. Concrete 
was then applied to re-cover the strips as shown in Fig. 4e. 

The reinstated concrete cover restored the original section 
geometry and provided full encasement of the strips, 
contributing to composite action and durability. The epoxy 
adhesive was applied according to the product application 
specification for sufficient bond. The beams were left for 24 
hours to allow for adequate curing of the structural epoxy and 
then tested the following day.  

 

 
Fig. 4 Specimen construction: (a) Reinforcement cage, (b) Beams casting, (c) Grooves cutting, (d) Bonding of strips and (e) 

Applying concrete cover 
C. Experimental set up and instrumentation 

The beams were tested under four-point loading as 
shown in Fig. 5a-b. Concrete strain gauges were installed at 
mid spans of tensile and compressive faces of the beams. The 
set up consisted of beams resting on two roller supports with 
centres 100 mm from each end of the beam. A Linear 
Variable Differential Transformer (LVDT) was installed 
right below the midpoint in the tensile face, to measure 
deflections at midspan. Loading, measured with a load cell, 
was then applied by means of a hydraulic jack through a 

loading plate that transferred the load to the beam through 
rollers. The data acquisition system consisted of a data logger 
to which the strain gauges, LVDT and the load cell were 
connected. The actual laboratory set up is as shown in Fig. 
5b. All beams were tested to failure with incremental loading 
of approximately 5 kN, selected based on the capacity and 
sensitivity of the load cell. With a 500 kN capacity load cell, 
the 5 kN increment represents 1% of full scale, well within 
the reliable measurement range of the instrumentation. 
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Fig. 5. Test set up: (a) Schematic of set up and (b) Actual laboratory set up. 

 
IV. Results and Discussion 

Three specimens were tested per configuration to ensure 
repeatability. For each configuration, the individual load-
deflection data from the three replicas were averaged to 
produce a single representative load-deflection curve, from 
which all reported parameters were derived. 

Table 7 shows results of the tested beams. They include 
values of loads and deflections at first crack and failure 

respectively (Pcr, Pu and Δcr, Δu); peak energy absorption 
and elastic stiffness. The failure modes of the respective 
beams are also noted. These parameters are discussed in 
detail in the subsequent sections.  

 
Table 7 Flexural test results 

Specimen label Cracking stage Peaked stage Energy absorption, E and 
elasticity stiffness, K 

 

Pcr (kN) 
Δcr 

(mm) 
Pu (kN) Δu (mm) E (kNmm) K (kN/mm) 

Failure 
mode* 

B0 76 0.43 180 20.50 3122 50.96 F+C 

B-Pld 151 1.72 235 6.18 1102 52.283 S 
B-Str 174 1.42 276 7.32 1156.25 76.11 S 

* S: shear failure; C: concrete crushing; F: flexural failure 
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Fig. 6 Failure modes and crack patterns. (a) Control specimen, (b) B-Pld and (c) B-Str. 

 
A. Modes of failure and crack patterns 

Fig. 6 shows the failure modes and crack patterns of the 
tested beams. The control specimen first developed flexural 
cracks at the tension face, which progressively widened and 
propagated vertically with increasing load, followed by 
crushing of concrete in the compression zone, Fig. 6a, 
indicating typical flexural failure. In strengthened specimens 
B-Pld and B-Str, initial flexural cracks appeared at higher 
loads compared to the control beam, demonstrating delayed 
cracking and increased stiffness due to the NSM mild steel 
strips. These cracks remained limited in propagation, after 
which diagonal cracks developed within the shear span and 
widened progressively along the line between the loading 
point and support, leading to shear splitting failure, Fig. 6b–
c. The considerably larger increase in cracking load relative 
to ultimate capacity is attributable to the NSM strips' 
influence on pre-cracking behavior. Being fully encased in 
concrete following cover replacement, the strips stiffened the 
tension zone and resisted tensile stresses alongside the 
concrete, pushing the cracking load significantly higher. 
Once cracking initiated, shear failure governed before the 
strips could be fully mobilized, which moderated the gain in 
ultimate capacity relative to the gain in cracking load. 

The strengthening increased flexural resistance and 
altered the internal stress distribution, redistributing forces 
toward the shear spans. Consequently, failure shifted from 
flexure to shear, indicating that shear resistance governed the 
ultimate behavior of the strengthened beams. By enhancing 
the flexural resistance of the midspan section, the NSM strips 
effectively redistributed internal forces toward the shear 
spans, reducing the shear reserve relative to the increased 
flexural capacity. Although the beams were originally 
designed with a 60% shear capacity excess over flexural 
capacity, this reserve proved insufficient following 

strengthening. The shear failure was largely attributed to 
excessive flexural strengthening, as the steel strips were 
initially selected based on the equivalent area of conventional 
tensile reinforcement, which introduced over-reinforcement 
and consequently triggered premature shear failure. This 
highlights the need for a rational design approach when 
selecting the area of retrofitting steel strips. Specifically, the 
required strip area should be determined with reference to the 
target bending moment capacity of the section, rather than 
the area of existing conventional reinforcement, as proposed 
in the design equation derived in this study. Additionally, to 
mitigate the risk of shear failure following flexural 
strengthening, the provision of supplementary shear 
reinforcement — such as transverse steel strips — is 
recommended, particularly in beams where shear capacity is 
not significantly in excess of flexural capacity. 

 
B. Peak loads 

From Table 7, it can be seen that the beams resisted loads 
to ultimate values of 180 kN, 235 kN and 276 kN as B0, B-
Pld and B-Str respectively. It is clear from this observation 
that loads at peak for beams initially weakened in flexure, 
and those directly strengthened are higher than that of the 
control at peak by about 30% and 53% respectively. This 
demonstrates the contribution of mild steel strips in 
enhancing the moment capacities of the treated specimens, 
which then allowed these beams to resist more load at failure. 
Mounting steel strips in an attempt to alleviate the effect of 
weakening, simulated by preloading, achieves a 30% 
improvement in flexural strength which is significantly less 
than the effect achieved when the beam is strengthened prior. 
Nevertheless, the findings still show that mild steel strips can 
be used as a successful retrofitting or strengthening option 
for beams deficient in flexural strength. 
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Fig. 7 Load-deflection relations of tested specimens 

 
C. Load deflection relationships 

The load–deflection curves for all tested specimens are 
as shown in Fig. 7. The control specimen (B0) exhibited 
typical flexure-dominant behavior, Fig. 7a, with a nearly 
linear load–deflection response up to the first crack at 76 kN, 
reaching a peak load of 180 kN and a maximum deflection 
of approximately 20.5 mm before failing in flexure. In 
comparison, the treated specimens—both preloaded and 
directly strengthened beams—showed higher elastic stiffness 

and reduced softening, Fig. 7b. Their curves rose steeply to 
first crack loads of approximately 151 kN and 174 kN, 
respectively, with minor curvature changes beyond these 
points, indicating limited stiffness reduction at cracking. The 
loads then reached peak values with minimal post-peak 
decrease, reflecting a brittle failure dominated by shear, 
which is attributed to the flexural strengthening effect of the 
NSM mild steel strips. 

 
Fig. 8. Energy absorption and elastic stiffness of tested specimens 

 
D. Elastic stiffness and energy absorption 

The values of elastic stiffness and energy absorption for 
the tested specimens are shown in Table 7. Fig. 8 shows the 
comparisons of energy absorption and elastic stiffness for all 
the beams. Energy absorption, E, was considered as the total 
energy that developed internally during loading to failure. 
This was numerically determined using the trapezoidal rule, 
whereby the area under the load-deflection curve was 
computed as the sum of trapezoidal areas between 
consecutive data points. The elastic stiffness, K was assumed 
as the value of the slope for the first linear portion of the load-

deflection curve for all the beams. Table 7 shows that elastic 
stiffness is generally higher in B-Pld and B-Str beams as 
compared to the control, B0. It can be seen that only the 
directly strengthened beams show a considerable increase in 
the K value compared to the control with about 49% increase. 
The preloaded beam however attained an elastic stiffness just 
3% higher than the control, an inconsistency which can be 
explained by the effect of weakening caused by preloading.  

Energy absorption, however, showed an opposite trend, 
with the control beam demonstrating substantially higher 
energy absorption, exceeding the preloaded and directly 
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strengthened specimens by about 65% and 63%, 
respectively. Energy absorption is governed by both the 
magnitude of load resisted and the deformation capacity of 
the beam. In the control beam, ductile flexural failure 
allowed for significant post-peak deformation, producing a 
broad load-deflection response and consequently high energy 
absorption. In the strengthened beams, however, failure 
shifted from ductile flexure to brittle shear, fundamentally 
altering the shape of the load-deflection curve. The steeper 
initial slope due to enhanced stiffness, combined with abrupt 
loss of load capacity at shear failure and minimal post-peak 
deformation, produced a much narrower area under the 
curve. Increased stiffness also reduced crack propagation and 
widening, further limiting deformation capacity. Despite 
higher load resistance, energy absorption was therefore lower 

in the strengthened beams. The results indicate that energy 
absorption is not simply a function of strength — it is 
critically dependent on the prevailing failure mechanism and 
the associated deformation behavior.  

From a serviceability perspective, the NSM strips 
offered notable practical benefits. The higher elastic stiffness 
in the strengthened beams indicates better resistance to 
deformation under service loads — relevant to deflection 
control at the serviceability limit state. Crack initiation was 
also delayed considerably, occurring at 99% and 129% above 
the control cracking load for B-Pld and B-Str respectively. 
This has direct implications for durability, as delayed 
cracking reduces the exposure of internal reinforcement to 
potentially aggressive environments.

 

 
Fig. 9 Load-strain responses of tested specimens: (a) B-Pld and (b) B-Str. 

 
E. Strain analysis in the strips 

The load–strain relationships for the preloaded and 
directly strengthened specimens are presented in Fig. 9. 
Strain was measured at the concrete bottom fibre to provide 
an indication of crack initiation and progression. As shown 
in Fig. 9a, the preloaded beam exhibited a gradual increase 
in steel strip strain from the onset of loading to failure, 
corresponding with the development and widening of 
concrete cracks, indicating effective crack restraint provided 
by the strengthening strips. Stress redistribution occurred 
immediately upon reloading, with tensile forces shared 
between the conventional reinforcement and the external 
steel strips. This behavior is attributed to prior preloading of 
the beam up to 42% of control beam ultimate load, which 
reduced the tensile contribution of concrete during 
subsequent loading after strengthening. The steel strips did 
not reach yielding (maximum strip strain is less than the 
theoretical yield strain, εy = 1028µε), as failure shifted to a 
shear-dominated mode due to the enhanced flexural capacity 
resulting from strengthening. In contrast, Fig. 9b shows that 
the directly strengthened specimen exhibited negligible strip 
strain at loading onset, with strip activation occurring only 
after crack initiation, identified by a sudden change in the 
slope of the concrete strain curve. Following cracking, strip 
strain increased approximately linearly with applied load, 
indicating immediate redistribution of tensile forces into both 
the strengthening steel strips and the conventional 

reinforcement. Similar to the preloaded specimen, yielding 
of the steel strips was not achieved because failure was 
governed by shear rather than flexure. Overall, the observed 
strain responses indicate that activation of the strengthening 
steel strips is governed by crack formation and load-path 
redistribution, with the enhanced flexural capacity shifting 
the governing failure mode from flexure to shear before 
yielding of the strips could be achieved. The fact that the 
strips did not yield has an important implication — it means 
the full tensile capacity of the strengthening system was not 
mobilized during testing. The observed capacity 
improvements of 30% and 53% therefore reflect only a 
partial contribution of the NSM mild steel strips, and higher 
gains would likely be achieved if flexural failure were 
allowed to govern. This reinforces the need for rational strip 
area selection, as addressed by the proposed design equation, 
to avoid the over-reinforcement that caused premature shear 
failure in this study. No debonding indicators, including 
audible cracking, visible strip separation, or epoxy interface 
failure, were observed in any specimen throughout testing, 
confirming adequate bond performance of the NSM system. 

 
V. Determination of required area of steel strips: 

design equation 
The amount of retrofitting mild steel strips used during 

experimentation was initially selected based on the 
equivalent area of the conventional tensile reinforcement 

0

50

100

150

200

250

0 1000 2000 3000 4000 5000 6000

L
o
a

d
 (

k
N

)

Strain (µε)

strain-bottom
concrete
strain-steel strip

εy = 1028

(a)

0

100

200

300

0 500 1000 1500

L
o

a
d

 (
k

N
)

Strain (µε)

strain - bottom
concrete
strain - steel strip

εy = 1028

(b)



ATENY et al: Experimental Investigation of Flexural Behavior of  Conventionally Reinforced Concrete Beams Str…                                         153 

provided in the control beams. Experimental results 
indicated, however, that this approach resulted in excessive 
flexural strengthening, leading to premature shear failure 
instead of the desired flexural mode of failure. A rational 
design expression is therefore required to estimate the 
necessary area of steel strips corresponding to a target 
bending moment. 

Moment capacity was derived using sectional analysis, 
Fig. 10a-c, based on EC2 section analysis principles, 
European Committee for Standardization (2004), modified to 
incorporate the contribution of near-surface mounted steel 
strips acting as additional tensile reinforcement. Plane 
sections were assumed to remain plane in accordance with 

the Euler–Bernoulli beam theory (Haukaas, 2026). The 
equivalent rectangular stress block, which approximates the 
idealized parabolic–rectangular stress–strain relationship for 
concrete, was employed. Both the internal tensile 
reinforcement and the NSM mild steel strips were assumed 
to reach their design yield strength at the ultimate limit state. 
Strip yielding was not observed in the current experiments 
due to premature shear failure. However, the assumption 
remains valid as a design basis, since the equation is intended 
to guide strip area selection toward a target moment capacity 
under flexure-governed conditions, where yielding of both 
steel systems would be expected. 

 
Fig. 10. Sectional analysis of strengthened beams: (a) Beam cross section, (b) Strain profile and (c) Stress distribution. 
A. Moment capacity, MRd 

Force equilibrium requires that,  
 𝐹௖ = 𝐹௦௧ + 𝐹௦    (1) 
0.8𝑥𝑏𝑓௖ௗ = 𝐴௦𝑓௬ௗ + 𝐴௦௧𝑓′௬ௗ   (2) 
Where 𝐹௖  is resultant compressive force of the 

rectangular stress distribution in concrete; 𝐹௦௧  and 𝐹௦  are 
tensile forces in steel strip and conventional steel 
reinforcements respectively;  𝑓௖ௗ , 𝑓௬ௗ and 𝑓′௬ௗ , are the 
design compressive strength of concrete, design yield 
strength of conventional reinforcement and design yield 
strength of mild steel strips respectively; 𝐴௦ and 𝐴௦௧ are areas 
of conventional steel and mild steel strips respectively. 𝑥 is 
depth to the neutral axis.  

Moment equilibrium at the compression face requires 
that,  

𝑀ோௗ = 𝐴௦𝑓௬ௗ𝑑 + 𝐴௦௧𝑓′௬ௗ𝑑ᇱ − 0.8𝑥𝑏𝑓௖ௗ × 0.4𝑥 (3) 
Where 𝑑 𝑎𝑛𝑑 𝑑ᇱ  are the effective depth to centers of 

conventional tension steel and mild steel strips respectively; 
and 𝑑ᇱ = ℎ − 𝑑"; ℎ being the overall depth of the section and 
𝑑", the distance to center of strip from groove cover. 

Expressing the neutral axis depth in Eq. (3) in terms of 
design strengths of concrete, conventional steel and mild 
steel strip; b and the respective areas of the steel rebars and 

strips; and setting 𝛼ଵ =
௙೤೏

௙೎೏
; and 𝛼ଶ =

௙ᇱ೤೏

௙೎೏
, the moment 

capacity of the section can be determined from Eq. (4).  

 𝑀ோௗ = 𝛼ଵ𝑓௖ௗ𝑑𝐴௦ −
ఈభ

మ௙೎೏

ଶ௕
𝐴௦

ଶ + ቀ𝛼ଶ𝑑ᇱ −

ఈభఈమ஺ೞ

௕
ቁ 𝑓௖ௗ𝐴௦௧ −

ఈమ
మ௙೎೏

ଶ௕
𝐴௦௧

ଶ   (4) 

The limiting value of the moment capacity of the section 
should be the same as the ultimate bending moment in the 
beam, M, i.e.,  𝑀ோௗ ≥ 𝑀.  
B. Area of required mild steel strips for retrofitting 

The area of the required steel strips for strengthening can 
then be determined from Eq. (7), which is the solution of the 
quadratic Eq. (6). The quadratic equation is obtained by 
establishing constants 𝑞ଵ, 𝑞ଶ and 𝑞ଷ, shown in Eq. (5), from 
Eq. (4), noting  𝑀 = 𝑀ோௗ. 

𝑞ଵ =  
ఈమ

మ௙೎೏

ଶ௕
;  𝑞ଶ =  − ቀ𝛼ଶ𝑑ᇱ −

ఈభఈమ஺ೞ

௕
ቁ 𝑓௖ௗ ; 𝑞ଷ = 𝑀 −

𝛼ଵ𝑓௖ௗ𝑑𝐴௦ +
ఈభ

మ௙೎೏

ଶ௕
𝐴௦

ଶ    (5) 

𝑞ଵ𝐴௦௧
ଶ +  𝑞ଶ𝐴௦௧ + 𝑞ଷ = 0   (6) 

𝐴௦௧ =
ି௤మ ±ඥ௤మ

మିସ௤భ௤య

ଶ௤భ
    (7) 

Only the positive root satisfying physical equilibrium 
and compatibility was adopted.  
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To ensure ductile behavior, the strip area determined 
from Eq. (7) should be verified against the EC2 ductility 
requirement, which limits the neutral axis depth to x/d ≤ 0.45 
for concrete classes up to C50. Strip areas yielding neutral 
axis depths exceeding this limit should be reduced 
accordingly. 

Table 8 presents a comparison between the moment 
capacities predicted by Eq. (4), and the experimentally 
obtained values for all tested specimens. The predicted 
capacities show good agreement with the experimental 
results, with an average prediction ratio of 0.82 and a 
coefficient of variation (CoV) of 9.4%, indicating consistent 
model performance. As a further check, the flexural 
capacities were also computed using the ACI 440.2R-17 
framework with the Whitney rectangular stress block and 
nominal measured material properties (American Concrete 
Institute, 2017). As shown in Table 8, the ACI-based 
predictions yielded an average Mcal/Mexp ratio of 0.845 

with a coefficient of variation of 6.7%, closely consistent 
with the EC2-based Eq. (4) predictions (average 0.82, CoV 
9.4%). The agreement between two independent code-based 
frameworks provides a useful internal cross-check of the 
proposed design equation, although full validation against 
independent experimental datasets remains a subject for 
future work. Both models are conservative because all 
strengthened specimens failed in shear before reaching their 
full theoretical flexural capacity. Although ACI 440.2R-17 is 
primarily a design guide for FRP strengthening systems, its 
flexural capacity predictions are grounded in the same 
Whitney rectangular stress block and sectional equilibrium 
principles as EC2. Its application here is therefore as an 
independent sectional analysis framework rather than as an 
FRP-specific design tool, providing a meaningful basis for 
cross-checking the EC2-based predictions. 

 

 

Comparison of calculated and experimental flexural capacities 
Specimen Experimental moment 

capacity Mexp (kNm) 
Eq. (4) Moment 
capacity Mcal (kNm) 

Eq. (4) Mcal/Mexp ACI Mcal 
(kNm) 

ACI Mcal/Mexp 

B0 27.000 20.928 0.775 22.473 0.832 

B-Pld 35.250 32.158 0.912 32.395 0.919 

B-Str 41.400 32.158 0.777 32.395 0.782 

Average   0.821  0.845 

Coefficient of 
variation 

  0.096  0.067 

VI. PRACTICAL IMPLEMENTATION 
CONSIDERATIONS 

NSM mild steel strips offer straightforward 
constructability. The grooving, bonding, and cover 
replacement operations require only standard construction 
tools and commercially available structural epoxy, with no 
specialist equipment or highly skilled labour. This makes the 
technique particularly accessible in developing regions 
where FRP systems may be difficult to source or apply. 

Corrosion is a legitimate concern for mild steel in 
structural applications. However, full encasement within 
concrete and epoxy provides adequate protection under 
normal exposure conditions. In aggressive environments — 
marine or highly humid conditions, for instance — additional 
corrosion protection such as epoxy coating of the strips prior 
to installation is advisable. Periodic inspection of the 
concrete cover for cracking or delamination is recommended 
as a routine maintenance measure to ensure long-term 
performance. 

 
VII. LIMITATIONS OF THE STUDY 

The findings of this study are based on static monotonic 
loading. The behaviour of NSM mild steel strip 
strengthening under fatigue, cyclic loading, and long-term 
durability conditions was not investigated. 

The preloading level adopted in this study represents the 
onset of in-service damage. The behaviour of NSM mild steel 

strip strengthening applied to severely damaged structures 
was not investigated. 

Crack width measurements were not taken during 
testing. Future investigations incorporating quantitative 
crack monitoring would provide a more complete 
characterisation of the serviceability behaviour of NSM mild 
steel strip strengthened beams. 

 
VIII. CONCLUSION  

The paper experimentally investigated the effect of near-
surface-mounted steel strips on flexural performance of 
normal reinforced concrete beams. The following 
conclusions were drawn from the observed results discussed 
above: 

i. Failure modes followed diagonal tension shear 
failure in both the initially weakened (preloaded) and 
directly strengthened flexure dominant specimens, as 
compared to the control beam that failed in flexure. 
Introduction of hot rolled mild steel strips therefore 
changed the collapse modes in the beam elements. 

ii. Generally, first crack was observed at higher loads in 
the strengthened specimens compared to the controls, 
i.e., at 99% and 129% above the control cracking 
load, for preloaded and directly strengthened beams 
respectively. Mild steel strips therefore delayed 
initiation of crack. 

iii. Ultimate loads increased by 30% and 53% in the 
preloaded and directly strengthened beams 
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respectively. Thus, mild steel strips enhance flexural 
capacity in normal concrete beams.  

iv. Energy absorption was governed primarily by the 
failure mode of the beams. The control beam 
exhibited greater energy absorption due to its ductile 
flexural behavior and significant post-peak 
deformation. Strengthened beams absorbed less 
energy because failure shifted to brittle shear. Thus, 
higher strength did not necessarily correspond to 
higher energy absorption. 

v. Elastic stiffness generally increased following 
strengthening, indicating improved resistance to 
initial deformation. Stiffness enhancement was 
moderate, with preloading slightly limiting 
improvement. Overall, strengthening effectively 
enhanced the elastic response of the beams. 

 
Bond behaviour between the NSM mild steel strips, 

epoxy adhesive, and surrounding concrete was not 
debonding-critical in this study, as no debonding indicators 
were observed throughout testing. A detailed investigation of 
this aspect is recommended as a subject of future study. 
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