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Abstract 

Sudden failure of reinforced concrete (RC) beams with substandard tension lap splices due to low resistance to flexure 
is a critical issue that needs to be addressed. Accordingly, a novel pre-stressing technique is presented in this paper, which 
offers a promising solution for strengthening RC beams with substandard tension lap splices. The technique involves 
the use of external steel bolts, load-transferring brackets, and bearing plates. Eleven test specimens sized 100 × 200 × 1500 
mm3 were utilized in a series of experimental investigations to assess the effectiveness of the suggested approach. These 
specimens consisted of one specimen without a tension lap splice, one with a sufficient tension lap splice equal to 60db, 
and nine beams with insufficient tension lap splices equal to 25db. The investigation considered three main variables for eight 
strengthened specimens: the length of the strengthening plate (Ls = 60db, 80db, and 100db), the number of bolts (Nb = 2, 
3, and 4 pairs), and the pre-stress level in the bolts (PL = 0.1fy, 0.2fy, and 0.3fy). The effects of the proposed strengthening 
technique on ultimate load (Pult), first cracking load (Pc), deformation behavior, failure pattern, cracks distribution, deflection 
ductility, flexure toughness, and elastic stiffness were investigated. The findings demonstrated that the pre-stress approach 
considerably enhanced the ultimate load (61.52–218.65%) and first crack load (80.15–106.40%) of the strengthened speci-
mens compared with the control specimen. In addition, there was a notable improvement in flexural toughness and elastic 
stiffness, with an average value of 205.5% and 101.35% for all strengthened specimens, respectively. Also, strengthened RC 
beams showed considerable improvements in ductility, with an average increase in peak (μp) and ultimate deflection (μuf) 
indices of 120.16% and 94%, respectively. In general, the novel pre-stressing technique enhances the structural performance 
of the beams by increasing their load-carrying capacity, improving ductility, and enhancing crack resistance.

Article highlights 

•	 A novel pre-stressing method with external steel bolts, load-transferring brackets, and bearing plates.
•	 Quick application without hydraulic jacks or adhesives.
•	 Strengthened beams show enhanced load capacity, ductility, and crack resistance.
•	 Insights for structural rehabilitation and retrofitting.
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1  Introduction
Rebar splicing is a critical component of reinforced 
concrete construction, essential for ensuring structural 
integrity in elements, where the length of reinforcing 
bars is insufficient to span the entire distance required 
(Mabrouk & Mounir, 2018; Metelli et al., 2015). Various 
factors, such as transportation constraints and site con-
ditions, can complicate the use of long reinforcement 
bars, making effective splicing techniques necessary 
(Fayed et  al., 2023; Mabrouk & Mounir, 2018; Tarabia 
et al., 2016). Among the various splicing methods, the 
lap splice is the most commonly used due to its eco-
nomic efficiency and effectiveness (ACI Committee408, 
2003; Najafgholipour et al., 2018). This method involves 
overlapping two parallel rebars and securing them 
together using clamping devices or wire ties, allowing 
for proper load transfer between the bars. Design codes 
and engineering standards specify the required over-
lap length to ensure adequate bond strength and load 
distribution between the spliced rebars (Hasan et  al., 
2015). Lap splices can be categorized into two main 
types: contacting splices, where the bars are in direct 
contact, and non-contacting splices, which allow for a 
gap between the overlapping bars (Masud et al., 2020).

In addition to the lap splice, there are other methods 
for rebar splicing. These include mechanical splices 
(using couplers, sleeves, or connectors), welded splices 
(where the rebars are welded together), and grouted 
splices (where the gap between the rebars is filled with 
grout) (Dabiri et  al., 2022; Fayed et  al., 2023). Various 
parameters influence the performance of lap splices 
in reinforced concrete structures. These parameters 
include the lapped length (overlap length of the rebars), 
concrete cover (distance between the rebars and the 
outer surface of the concrete), lapped rebar percentage, 
reinforcement rebar diameter, consideration of trans-
verse reinforcement near the splice, bundles wires cri-
teria, concrete mechanical properties, and the location 
of casting (ACI318, 2019; Al-Quraishi et al., 2019; Hae-
fliger et al., 2022).

In addition to the previously mentioned factors, sev-
eral other critical elements influence lap splice perfor-
mance (Croppi et  al., 2024; Fayed et  al., 2023; Gillani 
et  al., 2021). The surface characteristics of reinforcing 
bars, such as ribbing or coating, play a significant role 
in bond strength. The bond strength of injection mor-
tars used in post-installed splices is also important. 
Furthermore, environmental conditions, including tem-
perature and humidity, can affect splice performance. 
Loading conditions, such as static versus dynamic 
loads, may lead to different behaviors in lap splices. 
Finally, the depth of concrete filling is crucial, as 
splices in sections less than 6 inches thick may behave 

differently compared to those in thicker sections due to 
variations in confinement.

The structural performance of reinforced concrete 
structures depends critically on the bond behavior 
between the reinforcing steel and the surrounding con-
crete (Alharbi et  al., 2021). It affects the load transfer 
mechanism, crack development, and overall structural 
integrity. There are minimal inadequacies in load-car-
rying capacity and deformability under lateral loading 
when the lap splice length is applied in accordance with 
RC design guidelines (Akın et al., 2022; Verderame et al., 
2008). In situations when the retrofit might be more cost-
effectively executed in phases, such as when reinforc-
ing large spans or bridge beams that span several lanes 
of traffic, splicing becomes particularly useful (Kadhim 
et  al., 2021). Nevertheless, the structural element’s 
strength and ductility are weakened when the lap splice 
length is inadequate (Almeida et al., 2017). Certain areas 
in reinforced concrete structures require special atten-
tion to bond behavior due to higher stress concentrations 
or complex loadings. Some examples of such regions 
include contra flexure points or continuous supports, 
deep beam supports, beam–column connections, and 
mid-span zones of simply supported beams (Dabiri et al., 
2022; Fayed et al., 2023). The term "substandard bonded 
length" refers to an embedded length that falls short of 
the minimum distance required by the code (Akın et al., 
2022). As to the Egyptian Code, the appropriate length 
for reinforcing bars under tension is 40–60 times db, 
while for compression, it is 20–40 times db (E.C.P203–, 
2018; Fayed et al., 2023).

There has been extensive global utilization of rein-
forced concrete constructions. Much of the present-day 
structures  have been constructed throughout the mid-
dle of the previous century. During that time, there was 
a marked shift in the need for designs, while the function 
of some structures was altered. Consequently, a number 
of structures fail to satisfy the criteria for serviceability, 
strength, and ductility set by contemporary standards 
such as poor design in existing structures including rein-
forcement details at the splice zones (Dagenais & Massi-
cotte, 2015; Karkarna et al., 2023). In addition, lap splices 
can need strengthening because of inadequate bond-
ing caused by a variety of factors, including mistakes in 
design and construction (Makhlouf, 2019; Mousavi et al., 
2022). The need for rehabilitation or strengthening of 
concrete structural components arises periodically across 
the world for various causes, including incorrect design 
or construction, rehabilitation or strengthening, increas-
ing service loads, and others (Alexander et al., 2008; Bhat-
tacharjee, 2016). A variety of materials and methods have 
been employed  in recent years to strengthen and reno-
vate existing reinforced concrete structures. Concrete or 
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steel jacketing technique, externally bonded reinforce-
ment (EBR) such as a fiber-reinforced polymer (FRP) 
and engineered cementitious composite (ECC), external 
pre-stressing, near-surface mounted, fiber-reinforced 
composited materials, and EBR on grooves (EBROG) are 
commonly available retrofitting schemes (Abdallah et al., 
2024; Siddika et al., 2020; Heiza et al., 2014).

To increase the flexural, shear, torsional, and axial sec-
tional capacity of reinforced concrete structural compo-
nents as well as to offer extra confinement and enhance 
the stability and serviceability of structural parts, exter-
nally bonded reinforcing systems, or EBRs, are employed 
(Naser et  al., 2019). Typically, two basic kinds of 
strengthening systems are used: one utilizes near-surface 
mounted (NSM) bars, and the other utilizes plates and/
or sheets made of materials like carbon fibers (CFRP) or 
glass fibers (GFRP) (Makhlouf, 2019). Fixing strengthen-
ing sheets or plates to the tension side of the RC beam 
is the fundamental application of the EBR method for 
flexural strengthening. Comprehensive research was 
done on the failure mechanisms and behaviors of the RC 
beams strengthened by EB. The most prevalent and pre-
dictable failure mechanism is the soffit material plate’s 
intermediate crack-induced debonding, also known as 
IC debonding (Teng et al., 2003; Yang et al., 2022). Due 
to this failure pattern, the ultimate strength of strength-
ened beams is determined by regulations or standards in 
many countries (Aiello et al., 2014; ACI440, 2002; CSA, 
2002; Maruyama, 2001). When the IC debonding fail-
ure mode occurs, the strength of the bond between the 
EBR and the concrete determines the beam’s maximum 
allowable strength (Smith & Teng, 2002), and the EBR is 
usually at a low-stress level at the ultimate state. To fore-
cast the EBR–concrete interface’s behavior, two models 
are suggested: bond-slip and bond-strength (Chen et al., 
2011, 2015). EB debonding not only induces early brit-
tle failure but also restricts the enhancement of beam 
stiffness in the serviceability limit state. This is due to 
the fact that the stress activation occurs only after crack 
propagation on the concrete beam (Oehlers et al., 2013). 
In accordance with the results of previous EBR investi-
gations, Table  1 offers a comprehensive comparison. It 
is worth noting that the majority of prior research was 
carried out using embedded lengths that ranged from 5 
to 40 times the diameter of the bar. These lengths were 
determined to be less than the standard bonded length as 
specified by national regulations/codes.

While previous research has highlighted the consider-
able benefits of employing externally bonded systems 
(EBRs) to strengthen concrete beams (Abdalla et  al., 
2020; Foraboschi, 2022; Salmi, 2024; Slaitas, 2024; Taie 
et  al., 2024), their widespread adoption is impeded by 
several challenges associated with the lack of clarity 

regarding the durability of EBR-based repairs. Considera-
tions about the durability of the composite-to-structure 
bond under harsh environmental conditions, includ-
ing freeze–thaw cycles, high temperatures, and dry–wet 
conditions, are important when considering the use of 
EBR for civil structure repair (Albuja-Sánchez et  al., 
2024; Kadhim et al., 2021; Subramaniam et al., 2008). To 
address the drawbacks of the EB method, other alterna-
tives have been considered and investigated. Improv-
ing the bond quality is the first strategy. By using the 
near-surface mounted (NSM) method, strips or rods are 
affixed to the concrete surface via grooves (De Lorenzis & 
Teng, 2007). For design and analysis, bond strength and 
bond-slip models were also suggested (Zhang & Teng, 
2013). To further improve the bond quality, anchors may 
be placed on the bonded interface to provide additional 
anchorages (Yang et al., 2018). Furthermore, confinement 
serves to diminish the deterioration of the steel rein-
forcement’s bond and restricts the extent of damage to 
the concrete inside the confined area. Consequently, this 
results in an enhanced capacity of the structure to absorb 
and dissipate energy (Harajli, 2009).

Employing the pre-stress technique is another  crucial 
method for enhancing the effectiveness of strengthen-
ing (Aslam et  al., 2015; Seręga & Faustmann, 2022). In 
combination with EB or NSM approaches, the pre-stress 
system may be pre-tensioned, post-tensioned, or anchor-
ing systems may be implemented concurrently (Wang 
et  al., 2012, 2013). Two fixed anchors are included in 
the strengthening system in addition to a tensioning 
mechanism. Applying epoxy glue to the bond surface 
comes before pre-stressing. To apply the tension stress, 
a hydraulic jack is then positioned between the fixed 
anchor and the response plate. Once the desired level of 
jacking force is achieved, the nuts inside the tensioning 
device are securely tightened. When the hydraulic jack is 
finally released, the plate’s stress is controlled by the two 
fixed anchors. Despite ongoing approval, this approach 
needs further improvement (Seręga & Faustmann, 2022; 
Yang et  al., 2022). First, there is a restriction on design 
flexibility due to the size of the tensioning device. A short 
pre-stressed beam length could cause local shear failure 
if the tensioning mechanism is too close to the beam sup-
port. Second, the application of the strengthening tech-
nique requires epoxy adhesives, which generally have a 
curing period of at least 72 h (Wang et al., 2012, 2013). 
This curing time might lead to negative externalities, par-
ticularly when it comes to strengthening transportation 
infrastructures. In a related context, Hussein et al. (2013) 
proposed a novel technique for shear strengthening of 
reinforced concrete (RC) beams using carbon fiber-rein-
forced polymer (CFRP) sheets, which involves applying a 
temporary compressive force parallel to the beam depth 
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in the cracking shear zone prior to CFRP installation. 
This approach aims to close existing shear cracks, gener-
ate tension in the CFRP strips upon force removal, and 
develop compression in the internal stirrups, thereby 
delaying crack formation and improving the effective-
ness of the strengthening system. The authors validated 
their technique through experimental testing on seven 
RC beams and compared the results with predictions 

from existing guidelines, demonstrating the potential 
advantages of this novel strengthening method over con-
ventional CFRP strengthening approaches. The review 
by Albuja-Sánchez et  al. (2024) evaluates various fiber-
reinforced polymers (FRPs) used in civil infrastruc-
ture, including CFRP, BFRP, GFRP, and natural FRPs. It 
highlights the superior mechanical properties of CFRP 
while noting the cost-effectiveness and environmental 

Table 1  Summary of earlier investigations on external strengthening techniques of reinforced concrete elements with substandard 
lap splices

where db is the main steel diameter of bar reinforcement. GFRP: Glass Fibre Reinforced Concrete; CFRP: Carbon Fiber Reinforced Polymer; SFRC: Steel Fiber Reinforced 
Concrete; NSM: Near Surface Mounted; UHPC: Ultra-High-Performance Concrete; FRC: Fiber Reinforced Concrete; FRP: Fiber Reinforced Polymers; ECC: Engineered 
Cementitious Composite; UHP-SHCC: Ultra-High-Performance Strain Hardening Cementitious Composites; TLS: tension lap splice. ΔP is the increase ratio in the 
strength due to strengthening

References Element type Number of 
observations

Test configuration Length of TLS Employed method ΔP (%)

Tepfers (1988) Beams with TLS 10 4-Point flexural test 32.2db Spiral confining Approx. 50%

Melek et al. (2003) Columns 12 Cyclic loading 20db Confined with steel stir-
rups at splice regions

50–60%

Hamad et al., (2004a, 
2004b)

Beams with TLS 22 4-Point flexural test 20–30db GFRP wrap 8–34%

Breña and Schlick (2007), 
Bousias et al. (2007), Karay-
annis et al. (2008)

Columns 
with TLS in full-
scale

34 Cyclic loading 20–25db Confined with FRP layers 
at splice regions

30–70%

Bournas and Triantafillou 
(2011)

Columns 6 20db Composite jacket confine-
ment (FRP and textile 
reinforced mesh—TRM)

Approx. 35%

Garcia et al., (2014, 2015) Beams with TLS 20 4-Point flexural test 25db Externally confined using 
steel stirrups and/or CFRP 
sheets

14–65%

Helal et al. (2016) 10 10db Post-tension method 
utilizing strap (PTMS) 
at splice regions

58%

Makhlouf (2019) 12 26.67–45.80db NSM stirrups, CFRP, 
and GFRP strip layers 
(lengths: 45.80 to 66.67db)

9.70–117%

Etman et al. (2019) 9 20, 30, and 55db Jacketing of UHP–SHCC 
with embedded vertical 
stirrups

6–57%

Assaad (2021) Pull-out 32 Both monotonic eccentric 
and central pull-out load-
ing tests

5db Internal confinement 
by stirrups and external 
confinement by CFRP 
sheets, and a combination 
of the two methods

Approx. 40%

Mousavi et al. (2022) Beams with TLS 8 4-Point flexural test 16.67db NSM and NSM–CFRP 
confinement methods

19.95–46.76%

Ejaz et al. (2022) 19 20–35db Hollow steel section (HSS) 
collars

10.3–82.6%

Elsanadedy et al. (2023) 22 40db Externally attached CFRP 
(carbon FRP) U-wraps 
versus confining steel 
stirrups

Up to 106%

Abbas et al. (2023) 6 65db Full-scale glass
FRP (GFRP) reinforced 
beam

2–30%

Abdallah et al. (2024) 11 10db ECC ferrocement layers 
(lengths: 60db, 80db, 
and 100db)

114–164%
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advantages of BFRP and GFRP. The review summarizes 
experimental studies demonstrating the effectiveness of 
FRPs in strengthening structures, resulting in improved 
load capacity and ductility. It also discusses challenges 
such as bonding issues and the need for standardized 
guidelines, and suggests future research directions to 
enhance the performance and sustainability of FRP appli-
cations in infrastructure.

Based on the literature review, using the pre-stressing 
technique, minimal studies have dealt with strengthen-
ing reinforced concrete beams, especially those with 
substandard tension lap splices. In addition, to fur-
ther improve and eliminate the drawbacks of the afore-
mentioned strengthening systems, the paper aims to 
strengthen reinforced concrete beams with substandard 
tension lap splices using a novel pre-stressing technique. 
The technique involves the use of bolts, load-transferring 
brackets, and bearing plates, and it is designed to be fast 
and easy to apply without the need for hydraulic jacks or 
adhesive materials. To evaluate the effectiveness of the 
proposed method, a series of experimental tests were 
conducted using eleven test specimens. These specimens 
consisted of one beam without a tension lap splice, one 
with a tension lap splice equal to 60db, and nine beams 

with tension lap splices equal to 25db. The investiga-
tion considered three main variables: the length of the 
strengthening plate (Ls), the number of bolts (Nb), and 
the pre-stress level in the bolts (PL).

2 � Experimental Testing Program
2.1 � Materials
2.1.1 � Concrete
Normal concrete (NC) has been employed to cast eleven 
RC beams. NC was composed, as stated in Table  2, of 
the following: sand as the fine aggregate, graded crushed 
basalt dolomite with a maximum nominal size of 15 mm 
as the coarse aggregate, 42.5 grade Portland cement, 
water, and superplasticizer. The grain  size distribution 
curves of the employed fine and coarse aggregates are 
shown in Fig. 1. Table 3 details the physical specifications 
of the NC components. By using Sikament-163  M as a 
superplasticizer, the workability of fresh concrete was 
enhanced. The superplasticizer used in our concrete mix 
is primarily based on polycarboxylate ether (PCE). The 
chemical structure of PCE includes a backbone of poly-
ethylene glycol (PEG) that is modified with carboxylic 
acid groups.The superplasticizer’s composition includes 
72% active components (comprising PEG and carboxylic 
acid groups) and 28% water. This formulation is designed 
to ensure optimal performance in enhancing the prop-
erties of the concrete. The active components facilitate 
improved dispersion of cement particles, which in turn 
enhances workability and reduces the water–cement 
ratio without compromising the mix’s consistency.

The water-to-cement ratio was 0.5. The concrete com-
pressive strength was determined from 150 × 150 × 150 

Table 2  Mix proportions of normal concrete

Water Cement 
(C)

Sand Basalt 
dolomite

Superplasticizer Water–
cement ratio 
(W/C)

kg/m3 –

150 300 650 1290 2 0.50

Fig. 1  Particle size distribution of sand and basalt used
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mm3 concrete cubes taken from the mix, which had an 
average 28-day compressive strength of 30 MPa. As well 
as three cylinders (150 × 300 mm2) were taken to specify 
its tensile splitting strength.

2.1.2 � Internal Reinforcing Steel
In this study, normal mild steel (NMS) and high tensile 
steel (HTS) were used as internal steel rebars. NMS was 
a circular bar with a smooth surface and 8.0 mm diam-
eter. Meanwhile, HTS was a circular bar with ribs on its 
surface and was 10.0 mm in diameter. For casted beams, 
NMS was used as secondary reinforcement as well as 
transversal reinforcement (stirrups), while HTS was 
employed as primary reinforcement. To ascertain the 
employed steel bars’ mechanical characteristics, tension 
tests were carried out. The stress–strain curves for both 
NMS and HTS bars  and the tension test are shown in 
Fig. 2.

2.1.3 � External Pre‑stressed System
The proposed technique consists of bolts, load-transfer-
ring brackets, and a pair of bearing plates. All these parts 
are made of steel. Fig. 3 indicates the components of the 
proposed strengthening system. Mild steel bolts with a 
diameter of 6.0  mm and a yield stress of 270  MPa have 
been used (Fig. 3). The dimensions of the load-transfer-
ring brackets were 50 × 10 × 220 mm3. In addition, the 
load-bearing plates were 100 mm in width and 8 mm in 
thickness and employed in three different lengths: 600, 
800, and 1000 mm (60db, 80db, and 100db), with a yield 
stress of 350 MPa. The 8 mm thickness of the plates was 
chosen to balance strength, durability, and manufactura-
bility. This plate is necessary to withstand the anticipated 
loads and enhance the structural integrity of the beams 
being reinforced. The added weight increases the self-
weight of the member; however, the benefits gained in 
terms of strength and performance significantly outweigh 
the drawbacks. Fig. 3 depicts the stress–strain curves of 
the bolts and the load-bearing plates.

2.2 � Specimen Preparation
The test specimens consist of eleven beams distributed 
as follows: one specimen without tension lap splice, one 

specimen with tension lap equal 60db, and nine speci-
mens with tension lap spliced equal 25db.

The designation of "substandard" or "insufficient lap 
length" refers to an embedded length that does not meet 
the minimum requirements set by relevant codes (Akın 
et al., 2022). According to the Egyptian Code (E.C.P-203, 
2018), the acceptable length for reinforcing bars under 

Table 3  Physical properties of basalt, sand, and cement

Material Maximum nominal size Fineness modulus Unit weight (kg/m3) Specific weight

Diameter (mm) Percentage (%)

Basalt 15 2.51 2.11 1233.7 2.43

Sand 1.18 3.34 6.07 1302 2.67

Cement 0.075 13.8 NA 1206 3.13

Fig. 2  Tension test of employed steel bars
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tension ranges from 40 to 60 times the bar diameter (db), 
while for compression, it is 20 to 40 times db.

In this study, a lap splice length of 60db was chosen to 
represent the minimum adequate length as specified by 
the Egyptian Code, while the 25db length reflects a com-
mon range of insufficient lap lengths found in existing 
literature. As shown in Table  1, which reviews previous 
research on the external strengthening of reinforced con-
crete (RC) beams with insufficient tension lap splices, the 
range of insufficient lap lengths reported in prior stud-
ies varies from 10 to 45db, with a mean of 26.17db and a 
median of 26.0db. This supports the selection of 25db for 
our specimens as a representative value of insufficient lap 
length, allowing us to investigate the effects of both suf-
ficient and insufficient splice lengths. Fig. 4 illustrates the 
statistical distribution of tension lap splice lengths based 
on the data compiled in Table  1, further justifying the 
selection criteria.

Table  4 summarizes the details of specimens and 
strengthening parameters. According to that, all the stud-
ied specimens had the same geometrical dimensions, 
with 100 mm width, 200 mm depth, and a span of 1500 
mm. All the specimens have a 15 mm concrete cover. 
Two 10 mm-diameter deformed HTS bars were used 
as bottom reinforcement, whereas two 8.0 mm-diam-
eter smooth NMS bars were used as top reinforcement. 
Stirrups with a diameter of 8.0 mm were arranged at a 
center-to-center spacing of 50 mm within the total length 
of the beam span to prevent the shear failure (Meng et al., 

2023). All specimens were classified into four groups. 
Group GI consists of five specimens; BC-0 (without lap 
splice), BC-L60 (with sufficient tension lap = 60db), BC-L25 
(with insufficient tension lap = 25db), BC-P60 (with insuf-
ficient tension lap = 25db and strengthened with two 
plates using adhesive material and shear connectors), 
and specimens B1. The purpose of this group is to study 
the effect of tension lap splice length, as well as to com-
pare external strengthening using the adhesive material 
and external strengthening proposed pre-stressed tech-
nique. The remaining three groups, namely, GII, GIII, and 
GIV, include specimens strengthened using the proposed 
pre-stressed technique. Each group represents a differ-
ent combination of variables including the length of the 
strengthening plate (GII), the number of bolts (GIII), and 
the pre-stress level of bolts (GIV).

Fig.  5 depicts the beams’ dimensions and reinforce-
ment details. The specimens were cast by pouring the 
concrete mixture layer by layer along the vertical axis. 
This process helps in achieving uniform compaction and 
eliminates potential voids or air pockets within the con-
crete. After 24 h, when the concrete had gained sufficient 
strength, the specimens were carefully removed from the 
mold. The de-molded specimens were then transferred to 
a curing room with a controlled environment. This cur-
ing room maintained a temperature of 20℃ ± 2℃ and a 
relative humidity of 95% RH. Following the initial cur-
ing period, the specimens were stored in a fog room. The 
fog room is maintained at a temperature of 23 ± 2℃. This 

(a) Image from the lab. (b) Stress-strain curves of bolts and plates.

0

100

200

300

400

500

600

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Steel plate 8.0 mm

Bolts 10.0 mm

S
tr

es
s,

 (
M

P
a)

Strain

load-transferring brackets

Bolts

load-bearing plates

8
0
0
 m

m

100 mm

6
0
0
 m

m

1
0
0
0
 m

m

6.0

Fig. 3  Components of the pre-stressed technique



Page 8 of 28Osman et al. Int J Concr Struct Mater  (2025) 19:45

additional storage period allows for further hydration and 
the development of strength in the concrete before test-
ing. Fig. 6 indicates images from specimen perpetration.

2.3 � Strengthening Procedures
As was already stated, this research study focuses on 
three main variables. These variables included the 
length of the strengthening plate (Ls), number of bolts 
(Nb), and pre-stress level in bolts (PL). The bearing 
plates are steel plates positioned adjacent to the rebars 
in the lap zone, typically a fraction of the diameter 
of the tension rebar (e.g., 60db, 80db, and 100db). The 
selection of plate lengths (60db, 80db, and 100db) was 
based on previous research, such as that conducted by 
Abdallah et al. (2024), which provides a foundation for 
our choices. The study aimed to align this study with 
established methods to ensure consistency and com-
parability in the results. They are typically installed 
on the top and bottom surfaces of the specimens. The 
primary function of the bearing plates is to distribute 
the applied loads more evenly across the surface of the 
specimen. The bolts are tensioned to a predetermined 
stress level, typically a fraction of the yield strength of 
the bolts (e.g., 0.1fy, 0.2fy, and 0.3fy). By applying this 
pre-stress to the bolts, they generate a compressive 
force that acts perpendicular to the direction of the 
tension in the specimen.

For specimen BC-P60, the strengthening plates were 
bonded to the concrete surface using shear connectors 

and epoxy resin material (Fig.  7). In this investiga-
tion, Kemapoxy 165 epoxy resin was used. As an adhe-
sive mortar, Kemapoxy 165 bonds steel to concrete 
(Fayed et  al., 2022). Kemapoxy 165 has many advan-
tages, including accepted  adhesion between steel and 
concrete, high mechanical strength, high chemical 
resistance, and no shrinking (Fayed et  al., 2022). The 
specifications of BS EN 12004 (2017), ASTM C 881 
(2003), and BS12 (1978) are all met by this adhesive. As 
shown in Fig. 7, the shear connectors were employed to 
enhance bonding and prevent sliding. The diameter of 
the connector is 6 mm, and the length of the straight 
section is 50 mm. Two identical halves, one threaded 
and one smooth, make up the 50 mm straight length 
(Fayed et  al., 2022). In accordance with the supplier, 
these screws have 250 MPa yield strength and are man-
ufactured from NMS. Specimens B1, B6, and B7 had the 
same strengthening configuration except for the pre-
stress level in the bolts (Fig. 7). The length of the plates 
for these specimens is 600 mm. Before the strengthen-
ing process started, the specimens were examined to 
make sure their top and bottom surfaces were level and 
horizontal. Any obstacles affecting the surface’s level or 
the contact between the concrete and the plates were 
removed.

To achieve the desired prestressing levels of 10%, 
20%, and 30% of the yield stress (with a yield stress 
of 270 MPa for the bolts), calculations were per-
formed to determine the expected pressure under the 

(a) Lengths of TLSs (b) Average values of TLS

Tepfers (1988)

Melek et al. (2003)

Hamad et al. (2004a, 2004b)

Hamad et al. (2004a, 2004b)

Garcia et al. (2014, 2015)

Helal et al. (2016)

Makhlouf (2019)

Makhlouf (2019)

Makhlouf (2019)

Etman et al. (2019)

Etman et al. (2019)

Mousavi et al. (2022)

Ejaz et al. (2022)

Ejaz et al. (2022)

Ejaz et al. (2022)

Elsanadedy et al. (2023)

Abdallah et al. (2024)

0 10 20 30 40 50

R
ef

er
en

ce

Tension lap splice length (as a function in db)

10

15

20

25

30

35

40

45

Te
ns

io
n 

la
p 

sp
lic

e 
le

ng
th

 

Fig. 4  Statistics and values of insufficient tension lap splices based on previous studies



Page 9 of 28Osman et al. Int J Concr Struct Mater  (2025) 19:45	

Ta
bl

e 
4 

D
et

ai
ls

 o
f s

pe
ci

m
en

s 
an

d 
st

re
ng

th
en

in
g 

pa
ra

m
et

er
s

w
he

re
 W

 re
fe

rs
 to

 w
id

th
, D

 re
fe

rs
 to

 d
ep

th
, L

 re
fe

rs
 to

 le
ng

th
, +

 ve
 s

te
el

 re
fe

rs
 to

 m
ai

n/
bo

tt
om

 re
in

fo
rc

em
en

t, 
−

ve
 s

te
el

 re
fe

rs
 to

 s
ec

on
da

ry
/t

op
 re

in
fo

rc
em

en
t, 

St
 re

fe
rs

 to
 s

tir
ru

ps
, a

nd
 A

M
 re

fe
rs

 to
 a

dh
es

iv
e 

m
at

er
ia

ls
 

(K
em

ap
ox

y 
16

5 
an

d 
3 

sh
ea

r c
on

ne
ct

or
s 

fo
r b

ot
h 

to
p 

an
d 

bo
tt

om
 s

tr
en

gt
he

ni
ng

 p
la

te
). 

d b 
is

 th
e 

m
ai

n 
st

ee
l d

ia
m

et
er

 o
f b

ar
 re

in
fo

rc
em

en
t. 

25
d b, 

60
d b, 

80
d b, 

an
d 

10
0d

b 
ar

e 
eq

ui
va

le
nt

 to
 2

50
, 6

00
, 8

00
, a

nd
 1

00
0 

m
m

, 
re

sp
ec

tiv
el

y.
 0

.1
f y, 

0.
2f

y, 
an

d 
0.

3f
y e

qu
at

es
 to

 p
re

-a
pp

lie
d 

st
re

ss
 in

 e
ac

h 
bo

lt 
of

 2
7,

 5
4,

 a
nd

 8
1 

M
Pa

, r
es

pe
ct

iv
el

y

N
um

be
r

G
ro

up
 ID

Sp
ec

im
en

 ID
Sp

ec
im

en
 

di
m

en
si

on
s

St
ee

l r
ei

nf
or

ce
m

en
t

St
re

ng
th

en
in

g 
pa

ra
m

et
er

s

W
D

L
 +

 v
e

−
ve

St
La

p 
sp

lic
e

Pl
at

e 
le

ng
th

N
o.

 o
f b

ol
ts

Pr
e-

st
re

ss
 le

ve
l

N
ot

es

m
m

m
m

m
m

m
m

Pa
ir

s
–

1
G

I
B C

-0
10

0
20

0
15

00
2φ

10
 (d

ef
or

m
ed

 H
TS

 
ba

rs
)

2φ
8 

(s
m

oo
th

 N
M

S 
ba

rs
)

φ
8@

 5
0 

m
m

 (s
m

oo
th

 
N

M
S 

ba
rs

)
–

–
–

–
–

2
B C

-L
25

25
d b

–
–

–
–

3
B C

-L
60

60
d b

–
–

–
–

4
B C

-P
60

25
d b

60
d b

–
–

A
M

5
B 1

60
d b

3
0.

1f
y

–

6
G

II
B 2

80
d b

3
0.

1f
y

–

7
B 3

10
0d

b
3

0.
1f

y
–

8
G

III
B 4

60
d b

2
0.

1f
y

–

9
B 5

60
d b

4
0.

1f
y

–

10
G

IV
B 6

60
d b

3
0.

2f
y

–

11
B 7

60
d b

3
0.

3f
y

–



Page 10 of 28Osman et al. Int J Concr Struct Mater  (2025) 19:45

loading plates based on the bolt diameter (6 mm), the 
selected stress levels, and the number of bolt pairs. This 
approach enables effective determination of the load-
to-area ratio.The prestress level in the bolts was con-
firmed by measuring the pressure beneath the upper 
and lower bearing plates using small-sized pressure 
transducers, capable of measuring pressures up to 10 
MPa. These transducers were installed under the plates 
and connected to a data logger, facilitating accurate 
monitoring of pressure distribution during the appli-
cation of prestress. Hydraulic torque wrenche was uti-
lized to achieve the necessary tightening of the bolts. 
This wrenche provides high torque output from a com-
pact tool, operating from a 10,000 PSI hydraulic pump. 
It offers torque capacities of up to 100,000 ft/lbs while 
maintaining critical accuracy (± 3%) and repeatability 
(± 1%).

Considering the previously mentioned precautions, 
specimens B2 and B3 were strengthened, as indicated in 
Fig.  7, with different plate lengths (800 and 1000 mm, 

respectively) and the same pre-stress level (0.1fy). In 
addition, Fig.  7, f shows the strengthening configura-
tion of B4 and B5 specimens.

2.4 � Testing Setup and Measurements
2.4.1 � Compressive Strength Test
In this study, the 28-day compressive strength of 
the concrete specimens was determined using 
150 × 150 × 150 mm3 cube samples, with an average 
strength of 30.5 MPa. This value represents the average 
strength achieved by the concrete after the 28-day cur-
ing period.

2.4.2 � Tensile Strength Test
The 28-day tensile splitting strengths were examined 
using 150 × 300 mm sample cylinders, and the average 
tensile strength of three 150 mm cylinders was 2.94 MPa.

Fig. 5  Beams’ dimensions and reinforcement details
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2.4.3 � Four‑Point Loading Test
A laptop was paired to a UCAM-550A strain data log-
ger device, which automatically captured all test data. To 
conduct the flexure test, the specimen was placed on a 
hinge at one end and a rolling support at the other. The 
force-controlled vertical application of the load was per-
formed using a load cell. Two smooth steel rollers, one-
third, and two-thirds of the span apart from one end, 
transferred the vertical load P from the central span to 
the specimen (Fig. 8). A linear variable differential trans-
ducer (LVDT) was employed to measure the mid-span 
deflection of the specimen. Fig. 8 depicts the experimen-
tal test setup. The loading rate of 0.5 kN/s was used. First 
crack, failure mode, and the maximum failure load were 
documented.

3 � Test Results and Analysis
3.1 � Failure Modes
Fig.  9 illustrates observations on the crack’s formation 
and the failure mechanism of the tested specimens under 
a four-point loading test. The specimen BC-0, which 
did not have a tension lap splice, exhibited a particular 
behavior during the experimental testing. According to 
Fig.  9, as the load on the specimen gradually increased 
towards its ultimate value, vertical crack damage started 
to propagate at the midspan in the tension zone. These 
cracks then spread out between the two points of load-
ing. This behavior is commonly observed in reinforced 
concrete beams subjected to bending forces. At the ulti-
mate load, as expected, the failure pattern of the BC-0 

specimen was characterized as a typical flexure failure 
pattern in the pure bending region.

For the specimen with the substandard tension lap-
splice region (BC-L25), flexure cracks initially appeared at 
the ends of the lap zone. These cracks then widened, but 
their number did not increase significantly. The failure 
was characterized by a limited number of wide flexural 
cracks in the concrete near the end of the lap, indicating 
slippage of the tension rebars, as shown in Fig.  9. This 
could be explained by the fact that the lap splice length 
or the embedment length of the rebar is insufficient; 
accordingly, it led to inadequate bond strength between 
the rebar and the concrete, resulting in slippage. This 
slippage can cause a localized stress concentration at the 
ends of the lap zone, leading to the formation and widen-
ing of flexure cracks. The limited number of wide flexural 
cracks observed in the concrete near the end of the lap 
zone indicates the occurrence of such slippage.

The findings from this study regarding control sam-
ples with sufficient and insufficient lap lengths align well 
with the results of Teguh and Mahlisani (2016). Their 
research emphasized the significant impact of lap splice 
lengths on crack patterns and failure modes. Specifically, 
control beams in both studies exhibited typical flexural 
cracking, characterized by cracks originating at the mid-
span. For specimens with insufficient lap splice lengths, 
localized cracking was observed at the ends of the splice 
due to slippage, indicating a failure in bond strength. 
Conversely, beams with adequate splice lengths dem-
onstrated extensive and well-distributed cracks, which 

(a) Steel configuration of tension lab spliced specimens.

Tension lap splice

2 Ф 8

2 Ф 10

Ф 8 /50 mm

(b) Reinforcements used within the forms. (c) After concrete pouring.

Wooden Framework

Reinforcement installing

Specimens after casting

Fig. 6  Images from specimen perpetration
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highlighted effective load transfer and a more favorable 
structural performance. This consistency between the 
studies underscores the critical role of lap splice length in 

influencing the structural integrity of reinforced concrete 
beams.

The steel plate strengthening method in specimen 
BC-P60, which involved adhesive material and shear 

(a) BC-P60
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Kemapoxy 165 Shear connector

(b) B1, B6, and B7 (pre-stress level: 0.1fy. 0.2fy, and 0.3fy, respectively)
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Fig. 7  Strengthening configuration of tested specimens (all dimensions in mm)
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connectors, successfully mitigated the slippage of ten-
sion rebars in the lap zone. This indicates that the bond 
between the rebars and the concrete was improved, pre-
venting slippage. However, the failure mode observed in 
the strengthened specimen was characterized by tensile 
splitting cracking in the concrete near the ends of the 
strengthening plates. This cracking resulted in the sepa-
ration of the concrete cover, as depicted in Fig. 10 of the 
research paper. The strengthening caused a shifting of the 

cracked region towards the supports. Although the steel 
plates themselves did not rupture or fail under the applied 
load, the concentrated stress near the ends of the plates 
caused tensile splitting cracking due to the high tensile 
forces in those regions. This cracking and separation of 
the concrete cover led to a decline in the load–deflection 
curve, indicating a reduction in the load-carrying capac-
ity and stiffness of the specimen. The absence of cracks 
in the midspan of the beam suggests that the steel plates 

Fig. 7  continued

Fig. 8  Four-point loading test setup
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effectively transferred the applied load and prevented 
flexural cracking in that region. However, the concen-
trated stress near the ends of the plates resulted in the 
observed failure mechanism. Elsanadedy et al. (2023) and 
this study emphasize the critical role of bond strength 
and stress distribution in influencing crack patterns and 
failure modes in reinforced concrete beams. In this study, 
the steel plate strengthening improved load transfer and 
prevented midspan cracking, while localized tensile split-
ting occurred at the edges due to concentrated stresses. 
Similarly, Elsanadedy et  al. (2023) highlighted that the 
initial failure in their beams was related to bond issues, 
specifically the debonding of CFRP at the free corner, 
which directly impacted the beam’s performance. Both 
studies demonstrate that adequate bonding is essential 
for maintaining structural integrity under load.

Flexure cracks initially appeared at the ends of the lap 
zone in the BC-L60 specimen (Fig.  9). These cracks then 
propagated towards the tension zone (mid-span) and 
increased in size and number as the load was increased. 
In this case, the length of the lap splice did not have a 
negative effect on the behavior of the specimen; instead, 
it improved the behavior, because the length of the lap 
splice was sufficient. An extensive number of wide flex-
ural cracks in the concrete near the end of the lap charac-
terized the failure of the BC-L60 specimen. This pattern of 

cracks further confirms the flexural failure mode. In sum-
mary, the key difference in behavior between the speci-
men with a sufficient lap splice length (BC-L60) and the 
one with an insufficient lap splice length (BC-L25) lies in 
the effectiveness of the bond between the rebars and the 
concrete. A sufficient lap splice length ensures a stronger 
bond, leading to improved load transfer and more desir-
able flexural failure behavior. Conversely, an insufficient 
lap splice length compromises the bond, resulting in a 
different failure mode and potentially premature failure.

The proposed pre-stressed technique has proven effec-
tive in preventing the slippage of tension rebars in the 
lap zone. By introducing pre-stressed bolts and bearing 
plates, the technique has provided additional strengthen-
ing to the specimen. In the case of specimen B1, which 
utilized a pair of bearing plates measuring 600 mm in 
length and three pairs of pre-stressed bolts with stress 
levels equal to 0.1fy, the first crack appeared near the 
edge of the bearing plate (Fig. 10). The stress concentra-
tion at the edge of the plate likely influenced this initial 
crack. Notably, no cracks appeared in the midspan of 
the beam due to the compression stress exerted by the 
bearing plates. The compression stress counteracted the 
tensile stress in this region, preventing the formation of 
cracks. However, as the vertical load increased, the cracks 
began to spread and widen towards the supports. The 

Fig. 9  Failure patterns and cracks of tested specimens (BC-0, BC-L60, and BC-L25)
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higher load likely exceeded the capacity of the structure 
to resist bending, leading to the propagation of cracks. 
The cracks primarily extended from the edge of the bear-
ing plate towards the supports, indicating a shifting of 
the cracked region. Ultimately, the final failure mode 
observed was flexure with slipping or small separation of 
the bottom bearing plate’s edges. The failure observed in 
the specimens utilizing the pre-stressed technique was 
more ductile than the conventional method. This means 

that the failure exhibited more deformation and energy 
absorption capacity before finally reaching the ultimate 
failure point. When the pre-stressed level in the bolts 
increased in specimens B6 and B7, the initial crack for-
mation occurred at a similar location as in specimen B1 
(Fig.  10). However, there were some notable differences 
in the crack propagation and failure behavior. First, the 
ultimate strength of the specimens with increased pre-
stressed levels showed a slight improvement compared 

Fig. 10  Failure patterns and cracks of tested specimens (BC-P60, B1 to B7)
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to specimen B1. The increased pre-stress levels in speci-
mens B6 and B7 have improved the load-carrying capac-
ity of the tested beams. As a result, the tested beams 
were subjected to higher applied loads before reaching 
their failure point. The increased loads lead to additional 
cracking and the distribution of cracks over a more con-
siderable beam length. Accordingly, a combination of 
shear and flexure cracks was observed in specimens B6 
and B7, in contrast to the predominantly flexural cracks 
observed in specimen B1. This indicates that the higher 
pre-stress levels in the bolts introduced more complex 
crack mechanisms.

In the case of specimens B4 and B5 (Fig.  10), which 
had different numbers of pairs of bolts but the same pre-
stress level of 0.1fy, there were some notable differences 
in their behavior compared to specimen B1. The presence 
of more pairs of bolts in specimen B4 resulted in a stiffer 
load–deflection curve and prevented the separation of 
the plate edges during failure. This means it required a 
higher load to achieve a similar deflection. On the other 
hand, the larger spacing between the bolts in specimen 
B5 led to plate separation and facilitated crack distribu-
tion to the mid-span of the beam.

When comparing specimens B2 and B3 (Fig.  10), 
where the length of the bearing plate was increased 

while maintaining the same pre-stress level of 0.1fy, 
there were several notable effects on the behavior of 
the specimens. In both specimens B2 and B3, cracks 
formed along the length of the beam, starting from the 
pure moment region. This means that the initial crack 
initiation occurred in the area of the highest bending 
moment. The cracks propagated and extended towards 
the two supports as the load increased. This behavior is 
typical in flexural failure modes. The increased length 
of the bearing plate in specimens B2 and B3 resulted in 
more distributed cracks along the span of the beam com-
pared to other specimens. The extended bearing plate 
length contributed to a larger area over which cracks 
could propagate, leading to a wider distribution of cracks. 
As the ultimate load was approached, the combination 
of the longer bearing plate length and increased dis-
tance between the pairs of bolts led to slippage between 
the bearing plate and the tested beams. This slippage 
occurred both in the middle of the span and at the edges. 
The slippage caused the cracks to widen and increased 
the number of cracks in the middle span of the beam.

The findings of El-Hacha and Gaafar (2011) regard-
ing the use of prestressed near-surface-mounted CFRP 
bars demonstrate a clear relationship between prestress-
ing and crack behavior in reinforced concrete beams. 

Fig. 10  continued
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In their study, the strengthened beams exhibited a typi-
cal flexural crack pattern, with initial cracks forming at 
midspan and new cracks appearing at stirrup locations 
as load increased. The absence of longitudinal cracks at 
the epoxy–concrete interface indicates the effectiveness 
of prestressing in maintaining bond integrity. In con-
trast, the results from the current study highlight a dif-
ferent but complementary approach, focusing on the use 
of pre-stressed bolts and bearing plates to enhance struc-
tural performance. The initial crack in the tested speci-
mens appeared near the edge of the bearing plate, with 
no midspan cracks due to the counteractive compres-
sion stress. While El-Hacha and Gaafar observed failure 
primarily through the rupture of CFRP bars, the current 
research identified a more ductile failure mode charac-
terized by a combination of shear and flexural cracks, 
particularly in specimens with increased pre-stress levels. 
This suggests that the proposed pre-stressing technique 
not only improves load-carrying capacity but also alters 
the crack propagation mechanisms, resulting in a more 
resilient structural response under loading conditions. 
Both Rezazadeh et al. (2014) and the current study agree 
on several key points: both emphasize that prestressing 
enhances the load-carrying capacity of reinforced con-
crete beams, leading to improved structural performance. 
They observe that the predominant crack patterns are 
flexural in nature, and both highlight that effective bond-
ing between the reinforcement and concrete is crucial 
for optimal performance, with no instances of debonding 
reported. In addition, both studies note that prestressing 
contributes to improved ductility, allowing for greater 

deformation and energy absorption before failure. Col-
lectively, these findings underscore the critical role of 
prestressing in enhancing the integrity and performance 
of reinforced concrete structures, despite employing dif-
ferent reinforcement methods.

3.2 � Load–Deflection Relations
The experimental evidence in this section focuses on 
cracking behaviors and load–deflection relationships 
of the tested specimens. The load–deflection analy-
sis yielded several important findings, which are sum-
marized in Tables  5 and 6. These findings include 
parameters, such as ultimate load (Pult), peak mid-span 
deflection (Δp), ultimate final mid-span deflection (Δuf), 
first crack load (Pc), and deflection corresponding to Pc 
(Δc), crack patterns, failure type, deflection ductility, flex-
ural toughness (ψ) and elastic stiffness (k).

Furthermore, Fig.  11 displays the load–deflection 
curves for the four groups. These curves visually repre-
sent the relationship between the applied vertical load 
and the corresponding mid-span deflection for each 
group. These curves typically exhibit three distinct stages: 
elastic, elastic–plastic, and softening. In the elastic stage, 
the load increases linearly with deflection. This stage 
indicates that the specimen’s behavior is initially elastic, 
meaning it can resist the applied load without significant 
deformation or damage. As the displacement contin-
ues to increase, the load starts to increase nonlinearly, 
marking the elastic–plastic stage. During this stage, the 
specimen undergoes deformation and experiences some 
degree of permanent deformation, indicating a transition 

Table 5  Details of critical and ultimate stages

Pult is the ultimate vertical load, Δp is mid-span deflection corresponding to peak/ultimate load, Pc is the first cracking load, and Δc is the deflection corresponding to 
Pc. IFC refers to intermediate flexure cracks; STP refers to slippage of tension rebars; SSP refers to limited slipping or separation of the bottom bearing plate; EFC refers 
to edge flexure cracks; CCS refers to concrete cover separation; CSFC refers to the combination of shear and flexure cracks; and FF refers to flexure failure

Group ID Specimen ID Cracking stage Ultimate stage Crack patterns Failure mode

Pc Increase in Pc Δc Pult Increase in Pult Δp

kN % mm kN % mm

GI BC-0 21.6 22.37 1.42 58.11 37.77 7.64 IFC FF

BC-L25 17.65 0.00 0.91 42.10 0.00 4.66 IFC FF + STR

BC-L60 23.21 31.50 1.39 61.52 46.13 9.12 IFC FF + STR

BC-P60 28.45 61.19 1.51 69.05 63.90 9.05 EFC FF + CCS

B1 30.57 73.20 1.65 74.12 76.06 9.52 EFC FF + SSPGII
B2 36.32 105.78 1.15 100.94 139.76 8.44 CSFC FF + SSP

B3 39.6 124.36 0.95 134.15 218.65 6.02 CSFC FF + SSP

GIII B4 25.12 42.32 1.81 68.02 61.52 9.41 IFC FF + SSP

B5 39.7 124.93 1.44 78.32 86.03 8.61 EFC FF

B1 30.57 73.20 1.65 74.12 76.06 9.52 EFC FF + SSPGIV
B6 35.5 101.14 1.72 80.46 91.12 13.64 CSFC FF

B7 43.22 144.87 2.01 86.31 105.01 14.48 CSFC FF
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from elastic to plastic behavior. The load–deflection 
curve rises until it reaches the peak load, representing the 
specimen’s maximum capacity to resist the applied load. 
After reaching the peak load, the load gradually decreases 
as deflection increases. This stage is known as the soften-
ing stage, where the specimen experiences a reduction 
in load-carrying capacity and may exhibit a decrease 
in stiffness. The softening behavior is typically associ-
ated with the development of cracks, damage, or failure 
mechanisms within the specimen. The findings presented 
in Fig.  11 indicate that the implemented pre-stressed 
technique has significantly improved the load–deflec-
tion response of the tested specimens. The post-peak 
response, ultimate load, and deflection response were 
enhanced due to the proposed pre-stressed technique. 
The enhancement in the load–deflection curves proves 
that the proposed technique effectively increased the 
ductility and load-carrying capacity of the specimens.

3.2.1 � First Crack and Ultimate Loads
The outcomes of the critical and ultimate stages are dis-
played in Table 5. Fig. 12 shows increasing ratios in the 
first crack and ultimate loads relative to the values of the 
unstrenghened control specimen (BC-L25). The range of 
percentage increase values varied from a high of 144.87% 
for specimen B7 to a minimum of 42.32% for specimen 
B5. For all strengthened specimens, the first cracking load 
increased on average by as much as 101.05%, 80.15%, and 
106.40% relative to the control specimen (BC-L25) values 
for groups GII, GIII, and GIV, respectively. According to 

Fig. 12, the level of pre-stress in the bolts, the length of 
the strengthening plate, and the number of bolts play 
important roles in delaying the occurrence of the first 
crack in a prestressed system. Applying pre-stress to 
the bolts creates a compressive force within the beam, 
effectively redistributing the stresses and reducing ten-
sile stresses at critical locations. This pre-compression 
increases the load-carrying capacity of the beam, allow-
ing it to resist higher loads before reaching its crack-
ing threshold. By reducing stress concentrations and 
enhancing load distribution, pre-stress helps delay crack 
initiation.

Similarly, the length of the strengthening plate influ-
ences load distribution and stress concentrations. A 
longer plate provides a larger area over which the loads 
can be distributed, reducing stress concentrations and 
minimizing the likelihood of crack initiation at specific 
locations. The increased stiffness resulting from a longer 
plate also limits the deflection of the beam under loading, 
further delaying crack initiation. Both factors, pre-stress, 
and plate length, contribute to improving the structural 
behavior and delaying the occurrence of the first crack in 
a prestressed system. By redistributing stresses, increas-
ing load-carrying capacity, reducing stress concentra-
tions, and enhancing stiffness, they collectively enhance 
the crack resistance and overall performance of the 
specimen.

The lowest percentage of increase in Pc was for speci-
men B5, in which 2 pairs of bolts were utilized, and this 
ratio was increased to 124.9%, in which 4 pairs of bolts 

Table 6  Details of deformability, ductility ratios, and toughness

where μp is the peak ductility index; μuf is the ultimate ductility index; Δp is the mid-span deflection at peak load (Pult), Δy is the mid-span deflection of the element at 
the yielding load; Δuf is the mid-span deflection at the ultimate failure state, k is the elastic stiffness which was equal slope of the initial linear part of the curve tan (α), 
and Ψ is the toughness specified as the area under the curve, ΔΨ, Δk, and Δμ is the increase ratios in toughness, stiffness and ductility index, respectively

Group ID Specimen ID Ultimate deflection Flexure 
toughness

Elastic stiffness Ductility

Δp Increase in Δp Ψ ΔΨ Tan (α) Δk Δy Δuf μuf μp Δμuf Δμp

mm % kN.mm % – % mm mm – – % %

GI BC-0 7.64 63.95 720 105.71 1.60 27.22 3.4 13.71 4.03 2.25 47.17 39.85

BC-L25 4.66 0.00 350 0.00 1.26 0.00 2.9 7.95 2.74 1.61 0.00 0.00

BC-L60 9.12 95.71 905 158.57 1.78 41.67 3.3 15.21 4.60 2.76 68.21 72

BC-P60 9.05 94.21 930 165.71 1.89 50.00 3.25 15 4.61 2.78 68.44 73.3

B1 9.52 104.29 1055 201.43 1.92 52.38 3.6 16.70 4.63 2.64 69.30 64.58GII
B2 8.44 81.12 1205 244.29 4.13 227.78 2 14 7.0 4.22 155.47 162.63

B3 6.02 29.21 920 162.86 5.32 322.22 1.8 8 4.44 3.34 62.21 108.14

GIII B4 8.61 84.76 705 101.43 1.56 23.97 4.55 13.8 3.03 1.89 10.58 17.77

B5 9.41 101.93 1075 207.14 2.58 105.08 2.15 16.2 7.53 4.38 175.0 172.39

B1 9.52 104.29 1055 201.43 1.92 52.38 3.6 16.7 4.63 2.64 69.30 64.58GIV
B6 13.64 192.70 1170 234.29 1.96 55.71 3.5 16.8 4.8 3.90 75.18 142.54

B7 14.48 210.73 1430 308.57 2.31 83.33 3.3 19 5.75 4.39 110.13 173.08
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Fig. 11  Load–deflection curves (mid-span deflection for all specimens)
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were utilized for the same plate length and prestressed 
level. This can be attributed to that a smaller bolt spacing 
helps to distribute the applied loads more evenly across 
the strengthening plate and the beam. This reduces stress 
concentrations, increases stiffness, prevents the occur-
rence of plate slippage, and lowers the likelihood of crack 
initiation at specific locations.

After the first crack, the cracks increased, and the 
contribution of concrete in resisting the applied loads 

reduced with the increase in the role of external pre-
stressed strengening and internal steel in resisting the 
applied loads. According  to  Table  5, the ultimate load 
for the unstrengthened specimen (control specimen, 
BC-L25) was recorded at a vertical load of 42.10 kN. 
By employing the proposed pre-stress method, the 
increase in the ultimate load (ΔPult) ranged between 
61.52% and 218.65% compared to the control speci-
men BC-L25. For group GII, the average values of ΔPult 

Fig. 11  continued

Fig. 12  Increase ratios in the first crack and ultimate loads of all specimens referenced to the control specimen (BC-L25)
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were recorded as 144.82%, compared to BC-L25 (Fig. 12). 
In summary, the length of the strengthening bearing 
plate in the proposed pre-stress method affects the ulti-
mate vertical load by improving load distribution, load 
transfer, reducing stress concentration, and enhanc-
ing the stiffness of the specimen. These factors collec-
tively contribute to increasing the specimen’s capacity 
to carry loads and withstand higher ultimate vertical 
loads. Group GIII (Fig.  12) gave values of ΔPult with a 
mean value of 74.53% with a range between 61.52% 
and 86.03% compared to BC-L25. In general, increasing 
the number of pairs of bolts in the proposed pre-stress 
system has a slight increase in the ultimate load capac-
ity of the beam. However, it is important to note that 
this parameter is particularly crucial for the first crack 
load rather than the ultimate load capacity. The bolts 
act as connectors, effectively joining different struc-
tural components together. By adding more bolts, the 
overall stiffness of the system increases, which can help 
resist deformation and distribute loads more evenly. 
However, it is worth noting that the primary purpose 
of the pre-stress system is to induce compressive forces 
in the concrete, which helps to counteract the tensile 
forces and prevent or delay crack formation. However, 
increasing the number of bolts alone may not signifi-
cantly affect the magnitude of the compressive forces 
induced in the concrete. In the case of group GIV 
(Fig.  12), the value of ΔPult, on average, the ultimate 
load capacity of the tested specimen was 90.73% higher 
compared to the reference specimen BC-L25. The range 
of ΔPult values varied from 76.06% to 105.01%, indicat-
ing some variability in the performance of individual 

specimens within the group. Overall, the findings sug-
gest that increasing the pre-stress levels in the bolts of 
the proposed pre-stress system had a positive impact 
on both the ultimate load capacity and the delay of first 
crack loads in the tested specimens. In general, these 
results demonstrate the effectiveness of the pre-stress 
system in enhancing the structural performance and 
load-carrying capacity of the specimens.

According to Table 1, which reviews previous research 
on the external strengthening of RC beams with tension 
lap splices using external methods, the range of insuffi-
cient lap length is 10 to 55 db, with a mean and median 
of 25 and 27 db, respectively. In the present study, the 
tension lap splice equals 25 db. The proposed pre-
stress method for strengthening RC beams with tension 
lap splices is effective in significantly improving their 
strength. This improvement is demonstrated by com-
paring the maximum increase ratios of beam strength 
achieved through previous research methods and the 
present study. Fig. 13 shows that the maximum increase 
ratio obtained with the proposed prestress method is 
significantly higher than the ratios observed in previous 
research. This provides further evidence that the pre-
stressing technique proposed here successfully increases 
the strength of RC beams that include insufficient tension 
lap splices.

3.2.2 � Ultimate Final Deflection and Ductility
Ultimate final deflection (Δuf) is the deformation (mid-
span) corresponding to 85% of the maximum force on the 
load–deflection curve’s descending branch (Cohn & Bar-
tlett, 1982; Mousavi et al., 2022). The peak deflection (Δp) 

Fig. 13  Comparing the present study’s and earlier research’s improvements in the bending strength (4-point flexure load) due to external 
strengthening
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is the deformation corresponding to the peak/ultimate 
load. Brittle failure caused by sudden fracture of the spec-
imen should be avoided to assure large ultimate deforma-
tion (high enough ductility). According  to  Table  6, and 
Fig. 13 the Δp and Δuf for the unstrengthened lap spliced 
specimen (control specimen, BC-L25) were 4.66 mm, and 
7.95 mm, respectively. There was a significant improve-
ment in the deformation behavior for all the strength-
ened specimens. The average values of the increase in Δp 
were recorded as 71.74%, 97 and 169.24% for GII, GIII, and 
GIV, respectively, with a mean value of 112.60% compared 
to specimen BC-L25 (Fig. 14). In addition, on average, the 
increase in Δuf was 62.26% for GII, 95.00% for GIII, and 
120.12% for GIV, with a mean value of 97.33% when com-
pared to specimen BC-L25.

The determination of ductility and flexural toughness 
can be achieved by analyzing flexural load–deflection 
curves. Ductility is measured by analyzing the deflec-
tion in the post-peak phase, whereas flexural toughness 
is computed as the area under the whole load–deflection 
curve (Low & Beaudoin, 1994). The ductility analysis of 
the strengthened beams involves the calculation of two 
ductility indices: the peak deflection ductility index (μp) 
and the ultimate deflection ductility index (μuf). These 
indices are derived from three key deflection values: the 
yield deflection (Δy), the peak deflection (Δp), and the 
ultimate deflection (Δuf). The purpose of this analysis is to 
assess the effect of the proposed pre-stressed technique 
on the ductility of the strengthened beams. The find-
ings of this analysis are displayed in Table 6 and Fig. 14. 
The peak deflection ductility index (μp) is determined by 

dividing the peak deflection (Δp) by the yield deflection 
(Δy) (Yoo et al., 2017; Abbas et al. 2019). This index pro-
vides a measure of the ability of the beams to undergo sig-
nificant deflection beyond the yielding point. A higher μp 
value indicates greater ductility, as the beams can sustain 
larger deformations before failure. The ultimate deflec-
tion ductility index (μuf) is calculated by dividing the ulti-
mate deflection (Δuf) by the yield deflection (Δy) (Abbas 
et al., 2019; Elrakib, 2013; Hasgul et al., 2018; Yang et al., 
2010; Yoo & Moon, 2018; Yoo et  al., 2017). This index 
quantifies the ability of the beams to sustain deflection 
beyond the peak load and into the post-peak phase. A 
higher μuf value indicates a higher capacity of the beams 
to undergo large deformations and absorb energy before 
failure. In general, the results presented in Table  6 and 
Fig. 14 show that the proposed strengthening technique 
significantly enhanced the strengthened beams’ ductil-
ity. The increase in the ductility index ranged between 
69.3% and 175%, with a mean value of 94% relative to the 
control specimen BC-L25. The deflection ductility indices, 
μp, and μuf of strengthened RC beams were higher than 
non-strengthened specimens. In the present study, the 
increase in μuf (Δμuf) ranged between 10.58% and 175%, 
with a mean value of 94% relative to the control speci-
men BC-L25. In comparison with the control specimen 
BC-L25, the values of Δμp varied from 17.77% to 173.08%, 
averaging 120.16%. However, the ultimate deflection duc-
tility index (μuf) considers the sustained load-carrying 
capacity of the beams beyond the peak load (at least 85% 
beyond the peak load), preventing sudden brittle failure 
and enhancing their structural integrity (Elrakib, 2013; 

Fig. 14  Increase ratios in the ultimate final deflection (Δuf), peak deflection (Δp), peak deflection ductility index (μp), and ultimate deflection ductility 
index (μuf)
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Shin et al., 1989). The average values of Δμuf were 95.66%, 
84.96%, and 84.87% for GII, GIII, and GVI, respectively, 
compared to specimen BC-L25. Specimen B4, which had 2 
pairs of bolts, had the lowest improvement in the deflec-
tion ductility index, with a value of 10.58% for μuf and 
17.77% for Δμp.

3.2.3 � Elastic Stiffness (k)
The resistance of a beam to initial deformation is mostly 
related to its elastic stiffness, but its ability to absorb 
energy before failure is represented by its flexure tough-
ness, which is measured during bending. Elastic stiffness 
(k) is the curve’s initial slope (the linear part). Table 6 and 
Fig. 15 show a considerable increase in elastic stiffness (k) 
for all the strengthened specimens. The range of increase 
in elastic stiffness (Δk) varies, with the lowest value being 
23.97% (in specimen B4 with two pairs of bolts) and the 
highest value being 322.22% (in specimen B3 with a plate 
length of 1000 mm) compared to the control specimen 
BC-L25. In comparison with specimen BC-L25, the average 
values of Δk for GII, GIII, and GIV were 200.80%, 60.47%, 
and 63.80%, respectively, with an average of 101.35%. 
Overall, the increased elastic stiffness in the strength-
ened specimens improves their structural performance 
by enhancing rigidity, load distribution, crack resistance, 
and serviceability. These benefits contribute to a more 
robust and reliable structure that can withstand applied 
loads more effectively. This proves that the pre-stress 
strengthening technique employed in the paper was ben-
eficial and effective.

3.2.4 � Flexural Toughness (ψ)
As an indication of the specimens’ capacity to with-
stand the formation of cracks, toughness has been pro-
posed as a metric for assessing deformability (or fast 
fracture)  (Smart & Jensen, 1997). In this study, flexural 
toughness (Ψ) is defined as the area under the load–
deflection curve. Notably, all curves were finished at 0.8 
fbu after the peak.

As presented in Table 6 and Fig. 16, the flexural tough-
ness (Ψ) of the control specimen BC-L25 was measured to 
be 350 kN.mm. However, for all the strengthened speci-
mens, there was a notable increase in flexural toughness 
(ΔΨ). The increase in flexural toughness ranged between 
101.43% and 308.57%, with an average increase of 205% 
compared to the control specimen BC-L25. Specifically, the 
average increase in flexural toughness (ΔΨ) was found 
to be 202.76%, 170%, and 248% for the GII, GIII, and GIV 
strengthened specimens, respectively, when compared 
to specimen BC-L25. These findings suggest that the pro-
posed strengthening method successfully enhanced the 
deformability and crack resistance of the specimens. The 
reinforced specimens exhibited significantly higher flex-
ural toughness values, indicating their improved ability to 
withstand crack growth and resist fast fracture compared 
to the control specimen.

3.3 � Applicability and Future Outlook
The classification of this technique as a prestressing 
method is based on the principle that applying com-
pressive forces through the bolts alters the internal 
stress distribution within the beam. The compressive 
forces exerted through the bolts translate into pres-
sure under the reinforcement plates, delaying crack 

Fig. 15  Elastic stiffness and the ratios of its increases relative to BC-L25
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formation and increasing the overall resistance of the 
section. The methodology successfully demonstrates 
the ability to induce significant prestressing in the 
beams, which is a fundamental characteristic of pre-
stressing techniques.

The proposed pre-stressing technique presents sev-
eral advantages over traditional strengthening methods, 
such as externally bonded (EB) or near-surface-mounted 
(NSM) systems. Unlike traditional methods that often 
rely on adhesive materials and hydraulic jacks, this tech-
nique utilizes bolts, load-transferring brackets, and bear-
ing plates, allowing for a faster and more straightforward 
application process. This is particularly advantageous 
in situations, where time-sensitive repairs are necessary. 
The ease of implementation enhances the technique’s 
practicality for engineers and contractors, making it a 
viable alternative for enhancing structural integrity.

The study yielded promising results, demonstrat-
ing significant enhancements in various performance 
metrics of the strengthened beams. The ultimate load 
capacities increased by 61.52–218.65%, and first crack-
ing loads improved by 80.15–106.40% compared to 
control specimens. In addition, the strengthened beams 
showed notable improvements in elastic stiffness and 
flexural toughness, with average increases of 205.5% 
and 101.35%, respectively. These results indicate that 
the pre-stressing technique not only increases load-
carrying capacity but also enhances ductility and crack 
resistance, contributing to overall structural resilience.

Looking ahead, the future outlook for this pre-stress-
ing technique is promising. Ongoing research will focus 
on further optimizing the method through parametric 

studies to explore different configurations and materials. 
Establishing comprehensive guidelines for implementa-
tion will enhance its applicability across various struc-
tural scenarios. As the construction industry increasingly 
prioritizes efficiency and sustainability, this technique 
could play a crucial role in modern reinforcement prac-
tices, offering a robust alternative to traditional methods. 
Continued validation through field studies and long-term 
performance assessments will be essential to solidify its 
standing as a reliable solution for reinforced concrete 
strengthening.

4 � Conclusion
The paper aims to strengthen RC beams with substandard 
tension lap splices using a novel pre-stressing method. 
To evaluate the effectiveness of the proposed method, a 
series of experimental tests were conducted using eleven 
test specimens with dimensions 100 × 200 × 1500 mm3. 
The investigation considered three main variables for 
eight strengthened specimens: the length of the strength-
ening plate (Ls = 60db, 80db, and 100db), the number of 
bolts (Nb = 2, 3, and 4 pairs), and the pre-stress level in 
the bolts (PL = 0.1fy, 0.2fy, and 0.3fy). The effects of the 
proposed strengthening technique on ultimate load (Pult), 
first cracking load (Pc), deformation behavior, failure 
pattern, cracks distribution, deflection ductility, flexure 
toughness, and elastic stiffness were investigated. Based 
on the results and analyses of this research, the following 
conclusions are drawn:

1)	 Insufficient lap splice length resulted in slippage of 
tension rebars and limited, wide flexural cracks near 

Fig. 16  Flexure toughness and the ratios of its increases relative to BC-L25
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the end of the lap zone. The results show that the 
proposed pre-stressed technique affects positively 
the load-carrying capacity, the beams’ crack pattern, 
and the failure conditions. The increased length of 
the bearing plate in specimens B2 and B3 resulted in 
more distributed cracks along the span of the beam 
compared to other specimens.

2)	 The strengthened specimens showed a substan-
tial increase in both peak deflection (Δp) and ulti-
mate final deflection (Δuf) compared to the control 
specimen (BC-L25). The average increase in Δp for the 
strengthened specimens was 112.60%, while the aver-
age increase in Δuf was 97.33%, demonstrating the 
effectiveness of the strengthening technique.

3)	 The proposed pre-stress technique significantly 
increased both the first crack and ultimate loads of 
the strengthened specimens compared to the con-
trol specimen. The first crack load increased by an 
average of 80.15–106.40% for different groups of 
strengthened specimens. Similarly, the ultimate load 
showed an increase ranging from 61.52% to 218.65% 
compared to the control specimen.

4)	 The ductility of the strengthened RC beams was 
greatly enhanced by the proposed strengthening 
method. In comparison with the control specimen 
BC-L25, the values of the increase in peak deflection 
ductility index (μp) varied from 17.77% to 173.08%, 
averaging 120.16%, while the increase in the ulti-
mate deflection ductility index (μuf ) ranged between 
10.58% and 175%, and averaging 94%.

5)	 The strengthened specimens exhibited a notable 
increase in flexural toughness, ranging from 101.43% 
to 308.57%, with an average increase of 205% com-
pared to the control specimen. This improvement 
signifies enhanced deformability, increased crack 
resistance, and improved ability to withstand crack 
growth and resist fast fracture.

6)	 The range of increase in elastic stiffness (Δk) var-
ies, with the lowest value being 23.97% (in specimen 
B4 with two pairs of bolts) and the highest value 
being 322.22% (in specimen B3 with a plate length 
of 1000  mm) compared to the control specimen 
BC-L25.
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