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A B S T R A C T

The insufficient lapped splice length of reinforcing bars due to the design or construction errors reduces both the
flexural strength and ductility of Reinforced Concrete (RC) beams. The defected RC beams need to be
strengthened to allow structures to be ductile and robust in their design life. This paper reports experimental and
numerical investigations into the flexural behavior of RC beams having insufficient lapped splice length of
reinforcing bars strengthened by various techniques. Eleven RC beams have been tested to examine the effects of
strengthening techniques and anchorage lengths of the strengthening materials on the performance of the beams.
The test program and results are described on RC beam specimens strengthened by using the externally bonded
stainless-steel (EBSS) sheets, the near surface mounted (NSM) steel bars, and the external prestressing system.
Finite Element (FE) models are developed using ABAQUS to simulate the responses of strengthened RC beams in
which the lapped splice length of reinforcement is inadequate. A parametric study is conducted using the vali-
dated FE models to examine the effects of the length of EBSS sheets and steel anchor bolts at the ends on
structural behavior. An analytical model is proposed for calculating the ultimate capacity of beams strengthened
by NSM technique. Experimental results reveal that the proposed strengthening methods can significantly
improve both the cracking and ultimate loads of the defected beams. The application of the external prestressing
method results in the largest increase in the cracking and ultimate loads of the defected beams calculated as 222
% and 213 %, respectively compared to the defected control beam. The ultimate load of the defected beam
strengthened with EBSS sheet, NSM steel bars, and prestressing system with a length of 100D increases by 50 %,
109 %, and 182 %, respectively. It is shown that the developed FE models can accurately predict the behavior of
strengthened beams having inadequate lapped splice length of reinforcing bars. The parametric study demon-
strates that strengthening the entire clear span of the beam B-ESS-65D with EBSS sheet increases its ultimate load
by 207 %. The failure mode of strengthened beams is ductile bending without debonding. The proposed
analytical model is shown to yield accurate calculations of the ultimate loads of strengthened RC beams.

1. Introduction

The lapped splices of reinforcing bars are frequently used in rein-
forced concrete (RC) members that are longer than the supplied length
of reinforcing bars [1–3]. To effectively transfer the stress in a structural
lapped splice, the length of the lapped splice of reinforcing bars must be

adequate. Empirical equations for determining the required lapped
splice lengths were developed based on test data [4,5]. AS3600–2018
[6] requires that the lapped splice length of reinforcing bars must be
greater than 1.25 times the development length of the bar. ACI 318–19
[7] also specifies the minimum lengths of lapped splices as well as
provides a formula for calculating the lapped splice length based on the
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required anchorage length of the bar. However, reinforced concrete
beams might be constructed with insufficient lapped splice length of
reinforcing bars due to either the design error or the construction error.
The insufficient lapped splice length leads to a reduction in the strength
and ductility of reinforced concrete beams. These defected beams need
to be strengthened to restore their strength and ductility. Therefore,
there is an urgent need to undertake experimental and numerical studies
on the behavior of strengthened RC beams having inadequate lapped
splice length of reinforcement.

Some studies have been performed previously to evaluate the
effectiveness of various strengthening methods for reinforced concrete
beams with insufficient lapped splices [4,8–10]. Juntanalikit et al. [11]
studied experimentally and numerically the strengthening of
non-ductile RC columns with andwithout lapped splice. The observation
revealed that a lapped splice having inadequate length leads to a
reduction in the strength of RC columns and a sharp decline in the
post-peak curve. Additionally, the lapped splice contributes to the
expansion of the damaged zone. The bond performance of substandard
lapped splices in RC beams externally confined with CFRPwas examined
by Garcia et al. [12]. They reported that the confinement provided by
CFRP improved the bond strength of lapped splice by up to 65 %
compared to unconfined beams.

A variety of techniques have been employed previously to strengthen
concrete elements with defects. One of the commonly used techniques is
the Externally Bonded Reinforcement (EBR), including bonding steel
plates [13–15], fiber-reinforced polymer sheets, or other materials [16,
17]. The strengthening materials provide additional flexural and shear
strength to the beam [18]. The application of Stainless-Steel Sheets
(SSSs) is considered one of the best sustainable strengthening techniques
that significantly improve the performance of structural elements
[19–22]. Design rules for the use of SSSs in construction can be found in
international building codes [23–25]. Franco et al. [26] studied the
behavior of concrete T-beams which were strengthened by using SSSs.
The study explored the effectiveness of bonding techniques using EBR
and Near Surface Mounted (NSM) in strengthening RC T-beams. The
results revealed that the NSM strategy demonstrated superior perfor-
mance, achieving a maximum bond stress that was 147.7 % higher than
the EBR one. The SSSs were used to strengthen RC curved beams by
researchers [27,28]. It was shown that the SSSs enhanced the elastic
index and absorbed energy by about 50–150 % compared to the control
specimen.

The NSM strengthening technique has gained significant attention in
recent years as an effective method to enhance the structural perfor-
mance of existing concrete elements. One of the key advantages of the
NSM technique is its ability to provide improved bond behavior between
the strengthening material and the surrounding concrete [29,30]. The
NSM approach promotes a more efficient load transfer mechanism,
thereby enhancing the resistance against various types of loading, such
as flexure [31] and shear [32]. Experiments and numerical studies
demonstrated that the NSM strengthening technique increased the
load-carrying capacity, stiffness, and ductility of RC beams [33–35]. It
was found that the NSM technique effectively mitigated premature
failure modes of RC beams, such as debonding and splitting, which were
commonly observed in beams repaired by the EBR techniques [36].
Furthermore, the NSM technique offers advantages in terms of aesthetics
and durability [37]. Al-Issawi and Kamonna [38] studied the perfor-
mance of RC deep beams strengthened by NSM steel bars. The test
findings demonstrated a substantial increase in the ultimate strength of
the tested beams by 7.35 % to 20.6 %.

The use of prestressing systems to strengthen RC beams has gained
significant attention in structural engineering [39]. This technique not
only significantly enhances the load-carrying capacity and ductility of
RC beams but also reduces their deflections and cracking [40,41]. In
addition, the prestressing technique can counteract tensile stresses and
provide a more balanced stress distribution [42]. Miao et al. [43] uti-
lized prestressed NSM steel wire ropes to improve the flexural

performance of stone slabs. The technique was found to improve the
flexural strength of the strengthened specimen. The improvement of the
flexural strength of the slabs increased with an increase in the pre-
stressing force.

A number of researchers studied the strengthening of RC beams
having lapped splices with insufficient length of reinforcing bars. Sayed
and Elrakib [44] experimentally studied the behavior of RC beams with
insufficient lapped splice length of longitudinal reinforcement that were
strengthened using transverse and longitudinal FRP sheets. One of the
tested specimens was strengthened with longitudinal FRP sheets while
five beams were retrofitted with transverse FRP sheets; Four control
beams were tested for comparison purposes. The study variables were
the compressive strength of concrete, the type of FRP sheets, the length
of the strengthened zone as a proportion of the internal lapped splice
length, and the configuration of the FRP. The test results showed that the
use of transverse FRP sheets increased the confining stress on the con-
crete, which improved the stress transfer between the reinforcing bars
and the concrete and ultimate loads of the beams which experienced
ductile collapse pattern.

Beiter [45] tested four RC beams, two of which were control ones.
The first beam had sufficient lapped splice length of longitudinal rein-
forcement to meet the requirement of ACI 318–71 [46]. The lapped
splice length of longitudinal rebars in the second beam was half of that
in the first beam. Two other beams similar to the second beam were
strengthened using different layouts of post-installed anchors. It was
observed that strengthening using post-installed anchors increases the
ultimate capacity and ductility of defected beams.

Dagenais and Massicotte [47] used ultra-high-performance fiber--
reinforced concrete (UHPFRC) to strengthen tension lapped splices in
RC beams made of normal strength concrete. They investigated the ef-
fects of various parameters on the performance of strengthened RC
beams, including the length of the splice, the diameter of the inner
reinforcing bar, the depth of the strengthening zone, and the location of
the inner reinforcing bars. It was reported that strengthening the splice
zone with an appropriate depth of UHPFRC can increase the bond
stresses of the reinforcing bars in the splice zone and avoid collapse by
splitting.

Abdallah et al. [48] conducted a study on strengthening RC beams
where the lapped splice length of reinforcing bars was not adequate.
This was achieved by adding a ferrocement Engineered Cementitious
Composite (ECC) layer of varying lengths, utilizing different techniques
such as a cast-in-situ layer, a cast-in-situ layer reinforced with steel
anchors, and a precast layer reinforced with steel anchors. The study
revealed that the use of an anchored cast-in-situ ECC ferrocement layer,
with an anchorage length of 50D (where D is the diameter of the
embedded reinforcing bar in the splice), increased the cracking load by
137 % and the ultimate load by 164 % compared to control beam. The
failure pattern also changed from slippage of the bars in the splice to
flexural failure.

However, there is still a deficiency in the study of the responses of
strengthened RC beams containing insufficient lapped splice length of
reinforcing bars. This paper is concerned with the strengthening of RC
beams where the lapped splice length of reinforcing bars is not adequate.
Debonding is the most common failure mode of RC beams strengthened
using the EBR technique. To overcome this problem, previous studies
have shown that additional steel anchors or longer strengthening sheets
can be used. Therefore, in the current study, the effects of various
strengthening techniques on the performance of RC beams with lapped
splices are investigated.

The current study presents alternative methods that address the
shortcomings of other strengthening techniques in previous studies. One
of these methods involves using SSSs externally bonded to the beam
surface at the defective lap splice, either with or without steel shear
connectors using an epoxy adhesive. This method has several advan-
tages, including: (1) its fire resistance when using steel shear connectors
compared to the use of FRP [44], and (2) not increasing the dimensions
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of the beam section as a result of the strengthening process compared to
casting an additional layer of ferrocement composites [48]. However, a
drawback of the strengthening method using SSSs, similar to that of FRP
strengthening, is the occurrence of debonding failure of these sheets.
Therefore, other alternative methods were presented, such as the
strengthening method using NSM, which involves embedding additional
steel bars with bent ends (not included in [47]) into a layer of ECC. The
previously mentioned strengthening methods, whether using SSSs, NSM,
or those mentioned in [44], [47], [48], require a sufficient length of
strengthening to transfer bonding stresses between the strengthening
material and the beam without debonding. Therefore, the final method
presented in the current study uses a technique that does not require a
large strengthening length, namely, the use of externally post-tensioned
steel bars.

Tests on eleven defected RC beams under three-point loads have
been conducted to quantify the effects of anchorage lengths and various
strengthening methods on the structural behavior. The paper is struc-
tured as follows. The experimental program is described in detail in
Section 2 and the results obtained are discussed in Section 3. In Section
4, nonlinear finite element (FE) models are developed by using ABAQUS
to simulate the performance of tested beams and verified by test data.
Section 5 presents a parametric study of strengthening using EBR tech-
nique, using different lengths of SSSs and adding steel anchor bolts at the
ends. Section 6 presents an analytical model to calculate the ultimate
capacity of RC beams with insufficient lapped splice length of rein-
forcing bars strengthened with NSM technique. Important concluding
remarks are provided in Section 7.

2. Experimental program

2.1. Specimen details

The experimental program was designed to study the flexural
behavior of RC beams with insufficient lapped splices strengthened with
different techniques. Eleven beams were tested up to collapse with
specifications summarized in Table 1. The beam specimens were
strengthened by either the externally bonded reinforcement (EBR)
stainless-steel sheets, the near surface mounted (NSM) steel bars, or the
external prestressing system.

All tested beams had identical dimensions with cross-section of 100
× 200 mm and a length of 1500 mm, as shown in Fig. 1. Two deformed
steel bars with 10-mm diameter were placed at the top and bottom of the
beam as longitudinal reinforcement. The master beam was reinforced
with continuous longitudinal bars without lapped splices as shown in
Fig. 1(a). When designing beam B0, it was considered that the collapse
load in shear should be four times the collapse load in bending. Based on
AS3600–2018 [6], the required minimum lapped splice length of 10-mm
diameter reinforcing bars with yield stress of 360 MPa in the concrete
with fʹc = 25.35MPa was calculated as 339 mm. A lap length of 100 mm
for the bottom reinforcing bars was used in both the defected beam and
the nine strengthened beams as illustrated in Fig. 1(b). Therefore, the
lapped splice length of 100 mmwas not adequate for the reinforcing bar
to develop its yield strength.

As shown in Table 1, the first Group consisted of two beams, one was
a master beam (non-defected) and the other was the defected RC beam
with insufficient lapped splices. In Table 1, ‘DB’ refers to defected beam;
‘SS’ refers to stainless steel sheet; ‘S′ refers to steel bar; ‘Pr’ refers to
beams prestressed and ‘40D/50D/60D’ refers to the anchorage lengths
(La) measured from the mid-span to the end of the strengthening bars/
sheet, where D is the bar diameter. The total length of the strengthening
bars/sheet were 800 mm, 1000 mm, and 1200 mm. All strengthened
beams were named A-B-C where A is the type of beam; B is the
strengthening technique; and C is the anchorage length. For example,
DB-SS-50D, strengthening of the defected beam with SSSs used herein
with La of 500 mm. The second Group consisted of three beams with the
same geometry to study the impact of the EBR strengthening strategy
using SSSs as shown in Fig. 2(a). Three beams, namely DB-SS-40D, DB-
SS-50D, and DB-SS-60D, were prepared to have a La of 400 mm,
500 mm, and 600 mm, respectively, as depicted in Fig. 2(a) and Table 1.
The third Group was designed to investigate the NSM strengthening
scenario using additional deformed steel bars. The fourth Group focused
on the effect of applying the post-tensioning system as an external
strengthening technique. As presented in Fig. 2(c), three tested beams
were examined, which were DB-Pr-40D, DB-Pr-50D, and DB-Pr-60D.

2.2. Material properties

Two concrete mixes namely Normal Concrete (NC) and Engineered
Cementitious Composite (ECC) were used to cast the test specimens. The
mix proportions for each type were the same as the one reported earlier
[28]. All tested beams were cast with NC while the ECC was used as
filling material to cover the NSM steel bars tested in G3. The ECC mix is
characterized by high-strain hardening performance.

Three concrete cylinders with 150 × 300 mm were tested to obtain
the compressive strengths (fʹc) for each concrete mix on the same day of
the beam testing. The compressive strength of NC and ECC concrete was
measured as 25.35 and 45.25 MPa, respectively. In order to capture the
tensile strength for the two concrete blends, uniaxial tensile tests were
undertaken with dog-bone specimens with doubling dimensions given
by ACI recommendations [7] as shown in Fig. 3(a). The tensile strength
of NC and ECC was measured as 2.61 and 6.25 MPa, respectively. The
measured stress-strain relationships for both concrete mixes were
idealized as shown in Fig. 4 using the recommendation given by Ge et al.
[49].

Fig. 5 presents the uniaxial tensile test that was prepared to measure
the material properties of the used steel elements. The actual stress-
strain curves are shown in Fig. 6.

2.3. Casting and strengthening preparation

All beams were cast with normal strength concrete using wooden
formworks as shown in Fig. 7(a). In the preparation of the beam with
SSSs, the bottom surface of the beam was roughened, as depicted in
Fig. 8(a). Subsequently, Sikadur 31 epoxy was used to bond the SSSs to

Table 1
Details of the tested specimens.

Group Beam Strengthening
technique

Anchorage
Length (La)

Size of SSSs / steel
bars diameter

G1 B0 Master beam —————— ——————
DB Defected beam —————— ——————

G2 DB EBR SSSs —————— ——————
DB-SS-
40D

400 mm 50 × 1.0 mm

DB-SS-
50D

500 mm

DB-SS-
60D

600 mm

G3 DB NSM steel bars —————— ——————
DB-S-
40D

40D (400 mm) 10.0 mm

DB-S-
50D

50D (500 mm)

DB-S-
60D

60D (600 mm)

G4 DB External
prestressing
system

—————— ——————

DB-Pr-
40D

40D (400 mm) 10.0 mm

DB-Pr-
50D

50D (500 mm)

DB-Pr-
60D

60D (600 mm)
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the concrete externally, as shown in Fig. 8(b). These SSSs were sym-
metrically placed 50 mm wide in the center of the bottom face of the
beam with length La varied from 40D to 50D, and 60D. For beams in
Group G3, the NSM deformed steel bars were used to strengthen the
beams. A wide groove with a width of 50 mm was made in the cover
concrete. The additional deformed steel bars were then inserted in the
cover concrete using a chemical epoxy adhesive material with a 50 mm
embedded length, as depicted in Fig. 9(a). Then ECC was employed to
cover, shape, and level the outer concrete cover. For beams strengthened
with a simple post-tensioning technique, two fixed-end rigid steel plates
with one hole at each end were positioned just upper the main steel bars
pathing the two sides of the beam as shown in Fig. 2(c). Screwed steel
bars were then positioned as shown in Fig. 2(c). The screwed steel bars
were inserted through the holes in the plates respecting to La summa-
rized in Table 1 as shown in Fig. 10. At each end of the bars, two nuts
were inserted and then tightened to initiate the prestressing force. A
strain gauge was used to determine the prestressing force, as depicted in
Fig. 10. The value of the prestressing force was 10.50 kN equal to the
cracking force of the master beam B0.

2.4. Loading arrangement, test setup, and instrumentation

All beam specimens were tested under three-point loads at the
structural laboratory of Kafrelsheikh University, Egypt. The schematic
diagram of the test setup is shown in Fig. 11(a). Fig. 11(b) illustrates the
configuration of the actual test setup. The load was applied to the top of
the beam at the mid-span with displacement control as shown in Fig. 11
(a). A hydraulic jack attached to a steel counterforce frame was
employed to apply the load. As shown in Fig. 11, a single Linear Variable
Displacement Transducer (LVDT) was attached to the mid-span of the

tested beam to measure the vertical deflection. A load cell with a ca-
pacity of 1000 kN was equipped with instrumentation to measure load.
A digital data logger was employed for the data acquisition. The load
was incrementally applied, and the occurrence and spread of cracks
were monitored until the specimen collapsed.

3. Test results and discussions

Table 2 summarizes the test results obtained from the experimental
program. In Table 2, Pcr refers to the first cracking load; Δcr refers to the
deflection at the first cracking load; Pu refers to the ultimate load;
ΔPurefers to the deflection at the ultimate load; K refers to elastic index; E
refers to absorbed energy; O refers to overlapping failure; F refers to
flexural failure; D refers to debonding.

3.1. Failure modes and crack patterns

During the initial loading phase, the master beam (B0) showed no
signs of deformation. The first hair crack was found to emerge at the
mid-span of the beam when a load of 10.50 kN (approximately 29 % of
the ultimate load capacity, Pu) was applied, as depicted in Fig. 12(a) and
summarized in Table 2. Subsequently, additional hairline cracks similar
to the first one appeared on the tension side. With the progression of the
load, these cracks extended and moved upward toward the top of the
beam. Furthermore, they widened and became more pronounced. Just
before the beam failed, the inclined shear flexural cracks developed at a
loading stage that corresponded to approximately 86 % of its ultimate
capacity, as shown in Fig. 12(a). Importantly, these inclined cracks
shifted diagonally towards the upper compression side, where the load
was applied. Ultimately, the beam could not sustain any further load,

Fig. 1. Geometric and reinforcement details of the beams: (a) Master beam; and (b) Defected beam. (Units: mm).
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resulting in the sudden crushing of the concrete in the loading region.
The ultimate load of the beam B0 was recorded as Pu = 36.55 kN as
provided in Table 2. The failure of the beam was purely due to tensile
stresses, and it was followed by crushing of concrete in the compression
zone, as depicted in Fig. 12(a). However, only a few crakes appeared on
the defected beam (DB) compared with the master counterpart, as
shown in Fig. 12(b). The first visible hair crack developed at the mid-
span of the beam when a load of 5.04 kN (about 33 % of Pu) was
applied, as tabulated in Table 2 and shown in Fig. 12(b). Another par-
allel vertical crack developed beside the first one from the tension side

upward toward the loading region. A horizontal hair crack appeared at
the overlapping zone of the main steel bars just before failure. Finally,
due to excessive tensile stresses, a sudden failure occurred at the lapping
zone. The ultimate capacity (Pu) of the beam was 15.20 kN which is
58 % lower than that of the master one.

The second Group was designed to examine the EBR strengthening
strategy using sustainable SSSs. The crack patterns of the three collapsed
beams are shown in Fig. 13 for collapsed beams DB-SS-40D, DB-SS-50D,
and DB-SS-60D. The initial occurrence of the first hair crack appeared at
the mid-span of the specimens when subjected to loads of 7.52 kN,

Fig. 2. Geometry of the tested beams: (a) Group G2, (b) Group G3, and (c) Group G4.
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7.86 kN, and 8.01 kN, respectively. The utilization of SSSs resulted in an
approximate increase of 49 %, 56 %, and 59 % in the cracking load (Pcr)
compared to the defected control beam. However, when compared to

Fig. 3. Uniaxial tensile test for concrete: (a) NC and (b) ECC.

Fig. 4. Stress-strain relationships of (a) NC, (b) ECC under compression, and (c) ECC under tension.

Fig. 5. Tensile coupon testing of (a) steel bar, (b) pre-stressing bar, (c) steel plate, and (d) SSS.

Fig. 6. Measured and idealized stress-strain curves of steel components.
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the control beam, the SSSs-treated beams did not exhibit a significant
increase in cracking load, as summarized in Table 2. Subsequently,
parallel vertical cracks of varying widths appeared alongside the main
crack under tension, as depicted in Fig. 13. These cracks propagated and
extended toward the upper surface as the load increased. It is note-
worthy that the SSSs beams exhibited more cracks than the defected
beam. Furthermore, at higher load levels, inclined cracks, along with the
occurrence of a horizontal crack, became evident on the outer surface, as
shown in Fig. 13. The presence of this horizontal crack in all failed
beamsmay indicate the initiation of overlapping failure of the main steel
bars. It should be noted that the failure predominantly occurred near
those cracks. Fig. 13 demonstrates that failure was observed in the
overlapping zone of the steel bars resulting in the debonding of the SSSs
with a concrete cover separation. The ultimate loads (Pu) of the beams in
the SSSs group were enhanced by approximately 40 % to 64 %, as pre-
sented in Table 2. Furthermore, the application of SSSs led to a more
ductile failure, as illustrated in Fig. 13. Additionally, the SSSs improved
the cracking behavior, particularly in terms of the number and width of
cracks, when compared to the defected beam.

Group G3 was used to investigate the efficacy of the NSM strength-
ening technique for beams reinforced with steel bars having insufficient
lapped splice length. According to Table 2, the application of strength-
ening measures delayed the occurrence of the first crack until the load
reached 11.23 kN, 12.52 kN, and 12.85 kN, respectively. The cracking
loads of B-S-40D, B-S-50D, and B-S-60D increased by 123 %, 148 %, and
155 % respectively, compared to that of the DB beam. The resulting
crack pattern closely resembled that of the intact reference beam, as
depicted in Fig. 14. As the load increased, the main vertical crack
widened. Moreover, a hairline horizontal crack appeared at the interface
between the beam’s body and the covering ECC layer when the load
reached approximately 82 % to 90 % of Pu. Fig. 14 also shows the for-
mation of numerous inclined diagonal cracks. Notably, unlike the SSSs
beams, no horizontal cracks occurred in the lapped zone. The presence
of additional NSM steel bars prevented this failure mode and improved
the beam’s performance in the final stage. Ultimately, the beam was
unable to withstand any further loads. The ultimate loads of B-S-40D, B-
S-50D, and B-S-60D were 30.12 kN, 31.75 kN, and 33.24 kN, respec-
tively, representing improvements of approximately 98 %, 109 %, and
119 % compared to the defected control beam as tabulated in Table 2.
The failure mode observed in all tested beams within this group was
characterized by pure flexural failure with concrete crushing in the
compression zone as illustrated in Fig. 14.

Group G4 was designed to examine the effectiveness of the external
prestressing technique. Fig. 15 displays the crack patterns observed in
all the beams tested within Group G4. The initial crack emerged at the
mid-span at the load values (Pcr) of 13.35 kN, 14.92 kN, and 16.25 kN
for beams DB-Pr-40D, DB-Pr-50D, and DB-Pr-60D, respectively. This
approach significantly prolonged the cracking stage, achieving en-
hancements of approximately 165 % to 222 % compared to the defected
beam as summarized in Table 2. Notably, the prestressing system

Fig. 7. Preparation of beam specimens (a) formworks, (b) all-prepared beams.

Fig. 8. Strengthening using SSSs: (a) surface adaptation and (b) positioning
of SSSs.

Fig. 9. Strengthening using steel bars at NSM: (a) removal of cover and
inserting of additional steel bars, (b) covering the NSM steel bars by ECC.
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Fig. 10. Strengthening using post-tensioning.

Fig. 11. Test set-up.
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improved the ultimate loads of the beams by 27 % to 54 % higher than
that of the beam without strengthening as summarized in Table 2. As the
load increased, all the beams exhibited noticeable diagonal cracks
propagating towards the upper side, as depicted in Fig. 15. Although
horizontal cracks were observed as occurred in the SSSs group, as pre-
viously mentioned in overlapping failure, failure did not occur in the
same region of the prestressed beams. The ultimate loads (Pu) of the
prestressed beams were recorded as 39.05 kN, 42.82 kN, and 47.55 kN,
respectively, increasing approximately 157 %, 182 %, and 213 %
compared to that of their counterparts in the defected beam.

3.2. Load deflection response and elastic index

Fig. 16 illustrates the load-deflection relationships obtained from
tests. Table 2 presents the key experimental findings for all tested
reinforced concrete beams at both the cracking and ultimate stages. For
the master beam without any defects, the load-deflection response
during the initial loading stage demonstrates a linear behavior until
reaching a load level ranging between 25–30 % of the ultimate capacity
(Pu), as shown in Fig. 16(a). Subsequently, a semi-linear response is
observed in the plastic stage, indicating a hardening behavior just prior
to reaching the ultimate capacity, followed by pure flexural failure
mode. This beam tends to exhibit a trend of variation with elastic,
hardening, and softening behavior, depending on the reinforcement
ratio and concrete type. The average elastic stiffness of this intact beam
is approximately 4.54 kN/mm, as summarized in Table 2, representing
an increase of approximately 60 % compared to the defected beam (DB).
On the other hand, the defected beam with a 100 mm lap length of
reinforcement shows a linear response during the initial loading stage
until a deflection of 1.3 mm. As the load increases, hardening behavior is
observed, accompanied by failure of the lap splices, as depicted in

Fig. 16(a). As expected, the beams strengthened using SSSs exhibit an
improved load-deflection performance compared to the defected beam,
as shown in Fig. 16(b). The beam with a 40D anchorage length does not
show any improvement in the elastic index value. However, the other
two EBR beams with La of 50D and 60D achieve an increase of 2 % and
19 % in the elastic index, respectively, compared to the defected beam,
as summarized in Table 2. The overall load-deflection response is similar
to that of the master beam, as depicted in Fig. 16(b). On the other hand,
the NSM strengthening strategy didn’t result in any improvement in the
Pu compared to the control beam. However, the values of the K for all
beams tested in this group were 24 % to 51 % higher than the defected
control beam, as presented in Table 2. Fig. 16(c) illustrates the load-
deflection response for the NSM beams, showing a significant
enhancement in both the cracking and ultimate stages compared to the
defected beam. This improvement can be attributed to the addition of
NSM steel bars. The elastic index increases by approximately 74 %,
85 %, and 115 % for La values equal to 40D, 50D, and 60D in the pre-
stressing system, respectively, compared to the defected beam, as sum-
marized in Table 2. Furthermore, the use of different anchorage lengths
in the prestressing system, as explored in the fourth group, leads to an
increase in both the cracking and ultimate loads, as shown in Fig. 16(d).

3.3. Absorbed energy

Absorbed energy (E) is a crucial factor in determining structural
behavior and serves as an important indicator of the efficiency of con-
crete elements. The E capacity of tested beams can be determined by
calculating the area under the load-deflection curves of the tested
specimens [50,51]. Table 2 presents the calculated E values for each
specimen. It is observed that the application of EBRwith SSSs results in a
significant improvement in the energy absorption capacity of the tested

Table 2
Test results of RC beams.

Group Specimen Cracking Stage Ultimate Stage K KC/KDB E Failure mode

Pcr
(kN)

PcrB
PcrDB

Δcr

(mm)
Pu
(kN)

PuB/PuDB ΔPu

(mm)

G1 DB 5.04 1.00 1.77 15.20 1.00 7.54 2.84 1.00 102.43 O
B0 10.50 2.08 2.31 36.55 2.41 19.51 4.54 1.60 796.25 F

G2 DB 5.04 1.00 1.77 15.20 1.00 7.54 2.84 1.00 102.43 O
B-SS-40D 7.52 1.49 3.30 21.25 1.40 11.80 2.28 0.80 267.79 F+D
B-SS-50D 7.86 1.56 2.70 22.86 1.50 12.35 2.91 1.02 258.42 F+D
B-SS-60D 8.01 1.59 2.38 24.85 1.64 17.14 3.37 1.19 404.19 F+D

G3 DB 5.04 1.00 1.77 15.20 1.00 7.54 2.84 1.00 102.43 O
B-S-40D 11.23 2.23 3.19 30.12 1.98 22.25 3.52 1.24 644.72 F
B-S-50D 12.52 2.48 3.43 31.75 2.09 24.11 3.65 1.28 846.95 F
B-S-60D 12.85 2.55 2.99 33.24 2.19 27.56 4.30 1.51 879.91 F

G4 DB 5.04 1.00 1.77 15.20 1.00 7.54 2.84 1.00 102.43 O
B-Pr-40D 13.35 2.65 2.70 39.05 2.57 23.85 4.95 1.74 978.58 F
B- Pr-50D 14.92 2.96 2.84 42.82 2.82 24.53 5.25 1.85 1055.42 F
B- Pr-60D 16.25 3.22 2.66 47.55 3.13 26.16 6.11 2.15 1002.79 F

Fig. 12. Failure modes of (a) B0 and (b) DB.
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Fig. 13. Failure modes of (a) Beam B-SS-40D, (b) Beam B-SS-50D, and (c) Beam B-SS-60D.

Fig. 14. Failure modes of (a) Beam B-S-40D, (b) Beam B-S-50D, and (c) Beam B-S-60D.
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Fig. 15. Failure modes of (a) Beam B-Pr-40D, (b) Beam B- Pr-50D, and (c) Beam B- Pr-60D.

Fig. 16. Load-deflection curves for tested beams.
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beams, ranging from approximately 2.6 to 3.9 times higher than that of
the defected beam. Table 2 clarifies that the E values of the beams in
Group 3 are approximately 6.2 to 8.5 times higher than that of the
defected beam. The prestressing method results in the highest
enhancement in E value.

4. Numerical simulation

The FE models have been developed using ABAQUS [52] to simulate
the responses of strengthened RC beams reinforced with steel bars
having insufficient lapped splices.

4.1. Material models

The Concrete Damaged Plasticity model (CDP), available in the
materials library in the ABAQUS program was used to simulate the
nonlinear behavior of concrete [53,54]. The parameters used to define
this model are shown in Table 3 [55]. To define the relationship between
stress and strain in both tensile and compression, the results of the direct

Table 3
CDP model variables used to model the nonlinear behavior of concrete.

Type Dilation
angle (ψ)

Eccentricity
(e)

Shape
parameter (Kc)

(fbo/
fco)

Viscosity
(μ)

NC 30◦ 0.1 0.667 1.16 0.00001
ECC 35◦

Fig. 17. FE models of strengthened RC beams.
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compression and tensile tests previously mentioned in Section 2.2 were
used, as shown in Fig. 5. The Poisson’s ratio of NC and ECC was taken as
0.2 and 0.22, respectively [56].

The actual stress-strain curves obtained from tensile coupon tests
were idealized as shown in Fig. 4 to facilitate the material properties
required for numerical modeling. The idealization process consisted of
four points those were: the initial loading point, the yielding point, the
ultimate point, and the failure one [57]. The Poisson’s ratio was 0.3 and
the modulus of elasticity (Es) was 2 × 105 N/mm2.

4.2. Elements, boundary conditions and interactions

C3D8R was used to model concrete beams [58–60], ECC concrete,
loading and supporting plates, the steel mechanism used for
pre-stressing, the bottom longitudinal reinforcing bars of the beam
(connected lower bars) and SSSs, while the element T3D2 was used for
the rest of the elements [61,62] including stirrups, the top longitudinal
reinforcement bars and strengthening bars.

The interaction between all steel reinforcements and concrete was
considered a full bond-embedded region constraint, except that between
the lapped splices of rebars and concrete. The model proposed by Gan
[63] was used to define the variables of the cohesive interaction between
the lapped splices of rebars and concrete in the ABAQUS program. The
cohesive interaction was also used to model the interaction between the
SSSs and the concrete, as well as the ECC concrete and the beam surface.
The values of the variables provided in references [64–66] were adopted
to define the variables of this interaction. The entire beam was modeled
without taking advantage of symmetry of the beam around the vertical
planes. The left support was considered as a roller while the right sup-
port was considered as a hinge as shown in Fig. 17(b). For beams sub-
jected to prestressing, the analysis was carried out in two steps. The first
step was applying the pretension force to the prestressing bars. This was
done by using the bolt load command available in the Abaqus program
as shown in Fig. 17(e). The second step was exposing the middle of the
load plate with a displacement loading pattern, as shown in Fig. 18.

The sensitivity analyses were conducted on the DB beam to quantify
the effect of mesh type, where the following elements were used: C3D8
(an 8-node linear brick element) and C3D6 (a 6-node linear triangular
prism element). Fig. 18(a) shows the effect of mesh type on the load-
displacement curve. It is clear that the C3D8 can be used to perform
numerical study. In addition, the effect of mesh size was studied. For this
purpose, the meshes with sizes of 10 × 10 mm, 20 × 20 mm, and
30 × 30 mm were examined. It is clear that the use of a size of
20 × 20 mm is appropriate when compared to the time consumed to
perform the analysis (see Fig. 18(b)).

4.3. Results and validation

Fig. 19 shows a comparison between experimental and numerical
load-deflection curves. The figure demonstrates that there is good
agreement between them. Table 4 shows the variance between experi-
mental and numerical values of Pcr, Δcr, Pu, and Δu, as well as the mean,
standard deviation, and coefficient of variation. An excellent match
between the test and numerical predictions can be observed. Fig. 20
shows the comparisons of the predicted failure patterns of some of the
analyzed beams with the experimental observations. The proposed nu-
merical model was found to capture well the experimental failure pat-
terns. The failure modes include the ductile bending pattern (Beam B0)
as shown in Fig. 20(a), the slippage of bars in the lapped splice (Beam
DB) as shown in Fig. 20(b), and the debonding of SSSs from the bottom
surface of the beam (Beam DB-SS-40D) as shown in Fig. 20(e). The
flexural failure mode for beams strengthened with NSM additional steel
bars can be seen in Fig. 20(c). Diagonal cracks generated from the two
fixed end plates as shown in Fig. 20(d), where the pre-stressing
strengthening technique was applied.

5. Parametric study

As explained previously, strengthening with EBSS sheets did not
succeed in increasing the capacity of the defective beam DB to reach the
capacity of the non-defective beam B0. The capacity of beam B-SS-60D
barely reached 68 % of the capacity of beam B0. This method of
strengthening also did not succeed in changing the failure pattern to the
preferred flexural pattern, as the three beams B-SS-40D, B-SS-50D, and
B-SS-60D collapsed due to the debonding of the sheets. This collapse
pattern is brittle and unfavorable. The collapse by debonding is due to
the use of sheets that have a small bond area with the bottom surface of
the concrete beam. Sheets with a width of 50 mm were used, even
though the total width of the beam is 100 mm, and no end anchors were
used.

To address this shortcoming, the FE model developed was employed
to study the behavior of RC beams with insufficient lapped splice length
of reinforcement strengthened by EBSS sheets. The EBSS sheets with a
width of 100 mm and a thickness of 1.57 mm were used. Four beams
were studied, which were B-ESS-40D, B-ESS-50D, B-ESS-60D, and B-
ESS-65D. The lengths of EBSS sheets were 800 mm, 1000 mm,
1200 mm, and 1300 mm. Two beams B-ESS-40D-A and B-ESS-50D-A
were simulated to assess the effects of end anchors as shown in Fig. 21.
The portion of the screw penetrating the concrete was modeled as a full
bond-tie constraint, while the hard contact allowing separation with a
penalty friction coefficient of 0.44 was relied upon to connect the
opposite surfaces of the steel screw and the SSS [48,67,68].

Fig. 22 shows the load-displacement curves of the analyzed beams. It

Fig. 18. The effect of the shape and size of the mesh on the load-deflection curve of the beam DB.
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can be seen from Fig. 22(a) that increasing the length of EBSS sheet
increases the ultimate load of strengthened RC beams. The ultimate
loads of beams B-ESS-40D, B-ESS-50D, B-ESS-60D, and B-ESS-65D are
32.98 kN, 39.80 kN, 45.02 kN, 47.90 kN, respectively. The ultimate
load of these beams increases by 111 %, 155 %, 189 %, 207 %,
respectively when compared with that of defected beam DB. They
represent 0.90, 1.09, 1.23, and 1.31 times the ultimate load of the non-
defected beam B0, respectively. Beams B-ESS-40D, B-ESS-50D and B-
ESS-60D collapsed by totally debonding of SSSs (see Fig. 23(a)), while
beam B-ESS-65D collapsed by flexure with partial debonding occurring
in the area between the ends of the sheet (see Fig. 23(b)).

The load-displacement curves for beams B-ESS-40D-A and B-ESS-
50D-A with anchors are provided in Fig. 22(b). The ultimate load of
beam B-ESS-40D-A is 45.40 kN, which increases by 191 % compared to
that of DB beam and 124 % compared to that of B0 beam. The beam B-
ESS-40D-A collapsed by debonding between the anchors, with bearing
failure of sheet around the anchor holes as shown in Fig. 23(c). The
ultimate load of the beam B-ESS-50D-A increases by 208 % when
compared with that of beam DB and 131 % when compared with that of
beam B0. The failure mode of B-ESS-50D-A is flexural which is ductile.
(see Fig. 23(d)).

It can be concluded that strengthening RC beams with insufficient
lapped splice length of reinforcing bars using EBSS sheets over the entire
clear span of the beams significantly improves their load-carrying ca-
pacities and ductility. It is suggested that when shorter EBSS sheets are
used, the end of sheet should be anchored by anchors.

6. Analytical model

The sectional analysis of a strengthened RC beam with insufficient
lapped splice length of reinforcing bars is undertaken to determine its
ultimate moment capacity, thereby the load-carrying capacity of the
beam can be computed. Fig. 24 shows the beam cross-section at its mid-

span, distribution of strains, stresses and resultant forces in the section
for a beam strengthened by NSM. It is assumed that at the ultimate limit
state, the strain of the additional reinforcing bars embedded within the
ECC layer reaches or exceeds the yield strain (εs,add ≥ εy), and the
compressive strains of the top fibers reaches the ultimate strain of the
concrete (εc = εcu).

The force equilibrium condition can be expressed as:

Cc +Cʹ
s = Ts,add +TECC +Ts (1)

where Cc and Cʹ
s are the compressive forces in the concrete and the

top steel; Ts,add,TECC, and Ts are the tensile forces in the additional steel
embedded within the ECC layer, the ECC layer itself, and the bottom
steel, respectively.

Eq. (1) can be rewritten as:

0.85fʹcλc b +Aʹ
sf

ʹ
s = As,addfy +AECCftu,ECC +Asfs (2)

where fʹs and fs can be obtained from the following equations:

fʹs =

⎧
⎪⎨

⎪⎩

εcu
(c − dʹ)

c
Esif έs < εy

fʹs = fyif έs ≥ εy
(3)

fs =

⎧
⎪⎨

⎪⎩

εcu
(d − c)

c
Es ≤ fyifqb ≤ qbu

fs = 0ifqb > qbu
(4)

where,

qb =
fs db
4 ls

(5)

qbu = (1.2+3
ć

db
+ 50

db
ls
+ kʹ

tr)

̅̅̅̅

fʹc
√

&kʹ
tr =

Atr fyt
500 s db

≤ 3.0 (6)

Fig. 19. Comparison of predicted and experimental load-displacement curves.
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Table 4
Validation of the finite element analysis results.

Specimen
ID

Pcr (kN) Δcr (mm) Pu (kN) Δu (mm)

EXP. FE FE/ EXP EXP. FE FE/ EXP EXP FE FE/ EXP EXP FE FE/ EXP

DB 5.04 5.15 1.02 1.77 1.72 0.97 15.2 15.56 1.02 7.54 7.45 0.99
B0 10.5 10.89 1.04 2.31 2.28 0.99 36.55 37.25 1.02 19.51 18.95 0.97
B-SS-40D 7.52 7.78 1.03 3.3 3.21 0.97 21.25 22.01 1.04 11.8 11.63 0.99
B-SS-50D 7.86 7.98 1.02 2.7 2.65 0.98 22.86 23.5 1.03 12.35 12.15 0.98
B-SS-60D 8.01 8.2 1.02 2.38 2.32 0.97 24.85 25.63 1.03 17.14 16.85 0.98
B-S-40D 11.23 11.52 1.03 3.19 3.12 0.98 30.12 31.25 1.04 22.25 21.65 0.97
B-S-50D 12.52 12.85 1.03 3.43 3.35 0.98 31.75 32.25 1.02 24.11 23.55 0.98
B-S-60D 12.85 13.24 1.03 2.99 2.89 0.97 33.24 34.36 1.03 27.56 27.12 0.98
B-Pr-40D 13.35 13.65 1.02 2.7 2.65 0.98 39.05 40.53 1.04 23.85 23.25 0.97
B- Pr-50D 14.92 15.36 1.03 2.84 2.77 0.98 42.82 43.55 1.02 24.53 24.11 0.98
B- Pr-60D 16.25 16.81 1.03 2.66 2.63 0.99 47.55 48.62 1.02 26.16 25.57 0.98
Avg 1.03 0.98 1.03 0.98
SD 0.007 0.007 0.008 0.006
CoV 0.007 0.007 0.008 0.006

Fig. 20. Numerical failure patterns: (a) Beam B0, (b) Beam DB, (c) Beam DB-S-40D, (D) Beam DB-Pr-40D, (e) SSSs beams, and (f) Slippage of bars in the lap splice.
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where: fʹc is the concrete compressive strength, λ is the ratio between
the length of the base of the rectangle equivalent to the compressive
stresses to the length of the base of the true stresses and is equal to 0.8
according to EN1992–1-1 [69], c is the neutral axis depth, b is the width
of beam section, Aʹ

s is the area of the reinforcement on the compression
side, fʹs is the stress of the reinforcement in the compression side, As,add is
the area of the reinforcement embedded within the ECC layer, fy is the
yield stress of the reinforcement embedded within the ECC layer, AECC is
the area of the ECC layer, ftu,ECC is the tensile strength of ECC, As is the
area of the splice reinforcement, fs is the stress of the splice reinforce-
ment, qb is the bond stress around the splice reinforcement, qbu is the
bond strength of concrete around the splice reinforcement, db is the
diameter of the splice reinforcement bars, ls is the splice length, cʹ is
smaller of clear side cover, bottom cover or half the clear spacing be-
tween bars, kʹ

tr is steel confinement index (kʹ
tr= 0 for no transverse

reinforcement), Atr is the cross-sectional area of transverse reinforce-
ment within spacing s and crossing the plane of splitting, s is the spacing
of transverse reinforcement within the splice zone, dʹ is the concrete
cover for compression steel, d is the original effective depth of the beam
section, d1 is the new effective depth of the beam section.

The neutral axis depth can be obtained from Eq. (2). The ultimate
moment capacity of the section (Mu an.) can be determined by taking
moments about the action line of Cc as follows:

Muan. =Cʹ
s (

λc
2

− dʹ )+(Ts,add+ TECC)(d1 −
λc
2

)+Ts(d −
λc
2

)

(7)

Fig. 25 shows a cross-section of one of the beams strengthened using
the post-tensioned bar technique. From this, it can be noted that Eqs. (2)

and (7) respectively become as follows:

0.85 fʹcλc b+ Aʹ
sf

ʹ
s = TPrt +Asfs (8)

Muan. = Cʹ
s (

λc
2

− dʹ ) + TPrt (dPr −
λc
2

)

+ Ts (d −
λc
2

)

(9)

where TPrt is the total tensile force in the bars at the ultimate loading
stage, calculated using the following equation:

TPrt = PPr + APrtEPrεcu
(dPr − c)

c
≤ APrt fy,Pr (10)

where PPr is the total initial tensile force of the bars assuming no
losses, APrt is the total area of the bars, EPr is the modulus of elasticity of
the bar material, dPr is the depth to which the bars are located, measured
from the fibers of the upper section in the compression direction, and
fy,Pr is the yield stress of the bar material.

Fig. 26 shows the cross-section of one of the beams strengthened by
SSSs. From this, it is clear that Eqs. (2) and (7) become as follows:

0.85fʹcλc b+ Aʹ
sf

ʹ
s = Assfy,ss + Asfs (11)

Muan. = Cʹ
s (

λc
2

− dʹ )+Tss (dss −
λc
2

)

+ Ts (d −
λc
2

)

(12)

where Ass, fy,ss, Tss, and dss are the area, yield stress, tensile force, and
effective depth of the SSS, respectively.

The ultimate load Pu an. of the beam can be determined by:

Puan. =
4 Muan.

L
(13)

where L is the effective span of the beam.
To ensure the validity of the proposed analytical model, the

maximum load obtained analytically (Pu an.) is compared to the
maximum load obtained numerically (Pu num.). The ultimate loads ob-
tained are given in Table 5. It appears that the proposed analytical
model accurately computes the ultimate capacity of RC beams
strengthened to resist insufficient lapped splice length of reinforcing
bars. The mean ratio of Pu an. / Pu num. is 0.98 with SD of 0.0147 and CoV
of 0.015.

7. Conclusions

This paper has presented an experimental study and finite element
modeling of strengthened RC beams containing insufficient lapped

Fig. 21. Beams strengthened by stainless-steel sheets bonded with epoxy ad-
hesive and steel screws. (Units: mm).

Fig. 22. Numerical load-displacement curves for parametric study beams.
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splice length of longitudinal reinforcing bars. Test results have been
reported on the defected RC beams, which were strengthened by using
the externally bonded stainless-steel (EBSS) sheets, the near surface
mounted (NSM) steel bars, and the external prestressing method. The
effects of the strengthening methods and anchorage lengths on the
structural behavior have been quantified. The FE modeling of
strengthened RC beams has been developed and verified by test results
presented in this paper. The following conclusions are drawn from this

study:

(a) The ultimate load of the defected beams strengthened by EBSS
sheets with an anchorage length of 400 mm, 500 mm, and
600 mm is 40 %, 50 %, and 64 % higher than that of the control
defected beam (DB), respectively. Attaching a EBSS sheet of
1200-mm length to the RC beam increases its elastic index and

Fig. 23. Numerical failure patterns of parametric study beams.
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Fig. 24. Details of the beam section, strains, stresses and forces.

Fig. 25. Cross-section of a beam strengthened using post-tensioned bars.

Fig. 26. Cross-section of a beam strengthened by external SSSs.
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absorbed energy by 19 % and 29 %, respectively, when compared
with the control defected beam.

(b) Strengthening the RC beams by NSM steel bars with an anchorage
length of 40D, 50D, and 60D increases the ultimate load of the
beams by 98 %, 109 %, and 119 %, respectively when compared
with the control defected beam.

(c) The ultimate load of the strengthened RC beams increases with an
increase in the length of the prestressing steel bars. It is recom-
mended that the anchorage length of the prestressing steel bars
should be greater than 40D. The elastic stiffness of strengthened
beams with prestressing bars of an anchorage length of 40D, 50D,
and 60D is 74 %, 85 %, and 115 % higher than that of the control
beam.

(d) The developed FE model can accurately simulate the stiffness and
strength performance of strengthened concrete beams reinforced
by longitudinal steel bars with insufficient lapped splice lengths.

(e) Strengthening RC beams with insufficient lapped splice length of
reinforcement using EBSS sheets over the entire clear span of the
beams significantly improves their load-carrying capacities and
ductility. This method increased the capacity of beam B-ESS-65D
by 207 % when compared with that of the control beam. It is
suggested that when shorter EBSS sheets are used, the end of
sheet should be anchored by anchors.

(f) For strengthened beams, the proposed analytical model can es-
timate the ultimate load with good accuracy.
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Table 5
Comparison of the ultimate capacity analytically and numerically.

Beam Pu an. (kN) Pu num. (kN) Pu an. / Pu num.

B-ESS-50D-A-(ASS=157 mm2) 46.34 47.92 0.97
B-ESS-50D-A-(ASS=235 mm2) 66.31 68.50 0.97
B-ESS-50D-A-(ASS=314 mm2) 88.21 89.80 0.98
DB-S-50D-(AS,add=2Φ6) 13.85 14.25 0.97
DB-S-50D-(AS,add=2Φ8) 21.34 21.74 0.98
DB-S-50D-(AS,add=2Φ10) 31.15 32.25 0.97
DB-S-50D-(AS,add=2Φ12) 45.95 46.54 0.99
B- Pr-60D-(PPr=10.5 kN) 49.35 48.62 1.02
B- Pr-60D-(PPr=21.0 kN) 54.73 55.70 0.98
B- Pr-60D-(PPr=31.5 kN) 61.78 62.59 0.99
Avg 0.98
SD 0.0147
CoV 0.015
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