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Abstract: Bar splicing is considered an essential part of the construction process of reinforced concrete
(RC) due to the ease of installation in construction, transportation constraints, and restricted length of
reinforcing bars. Splices serve the primary role of joining reinforcement bars in standard RC elements
such as columns, walls, beams, slabs, and joints. Bond behavior between the bars and the concrete
is one of the fundamental qualities required for appropriate RC structure design and analysis, as it
affects serviceability and ultimate limit states. The most common failure found in lap splice locations
is debonding, which occurs at the splice region and insufficient lapped length is considered as the
primary cause because of design or construction mistakes, design by outmoded code, and natural
catastrophes. As a result, strengthening existing substandard splices in RC structures is critical.
The purpose of this research is to analyze and summarize experimental strengthening solutions for
inadequate splices. The most common methods are confining spirals, confining with internal or
external steel stirrups or carbon fiber reinforced polymer (CFRP), concrete jacketing, fiber reinforced
polymers (FRP), post-tensioning prestressed RC, external confining with CFRP, near surface mounted
(NSM) techniques, ultra-high-performance concrete (UHPC), fiber reinforced concrete (FRC) and
combinations of two methods. Each method of strengthening is evaluated based on its performance,
benefits, drawbacks, application-specific elements, and variables influencing the design and scope of
applicability. A comparison of the key methodologies was also carried out. The most recent studies
and recommendations for improving inadequate lapped splices are provided.

Keywords: RC members; insufficient lap splice length; bonded length; strengthening methods; bond
strength; bond failure; confinement; UHPC; jacketing; CFRP; review

1. Introduction

Due to the restricted length of reinforcing bars and transportation constraints, rebar
splicing is an unavoidable challenge in RC constructions [1-3]. Indeed, the transferring
of loads from one rebar to another, and thereby confining the concrete, confer on splices
a very significant function in the reaction of RC components. Splices serve the primary
role of joining reinforcement rebars in standard structural elements such as connections
between the other elements, columns, walls, beams, and slabs. The most popular connection
method is the lap splice, which is employed more than other approaches such as welding
and mechanical solutions, due to its ease of usage [4—6]. As seen in Figure 1, this method
requires overlapping and clamping two parallel rebars and is classified as either a contacting
(Figure 1a) or a non-contacting splice (Figure 1b).
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Figure 1. Lap splice techniques: (a) contacting, or (b) non-contacting.

The performance of lap splices is highly dependent on numerous parameters including
lapped length, concrete cover, lapped rebar percentage, reinforcement rebar diameter,
transverse reinforcement consideration near the splice, concrete mechanical qualities, and
casting location [7-9]. One of the fundamental requirements for the appropriate analysis
and design of RC buildings is the bond behavior between the reinforcing steel and the
surrounding concrete. This has an impact on the serviceability and eventual limit states of a
reinforced concrete structure. The behavior is significant for analyzing the sites where bond
characteristics become the governing element for the structure’s stability and integrity. The
ribs of a non-contacting lapped rebar under tensile stress (such as tensile rebars in a RC
beam) carry an angled compressive force induced by the surrounding concrete (Figure 1).
This mechanism is responsible for splitting fractures [10-12]. The movement of bar ribs
adds lateral stress to contact lap splices, while diagonal compression links between the
rebars transfer stresses between the rebars. Research indicates that transverse reinforcement
and surrounding concrete create restricting tensile forces [13]. In general, crucial bond
behavior areas include (i) at the contra flexure point or the continuous supports, (ii) at
deep beam supports, (iii) at connections between the beam and the column, and (v) at the
mid-span of simply supported beams. Strengthening of inadequate lap splices could lessen
the earthquake susceptibility of old, inadequate RC structures, lowering economic and
social hazards. Thus, this paper discusses a variety of techniques for enhancing the binding
strength of RC components with inadequate splices. Almost all strengthening techniques
will be thoroughly detailed in the following sections.

This study focuses on earlier investigations on short, insufficient splices and joints
that fall short of code requirements for strengthening which were conducted on a variety
of concrete components, including pull-out samples, spliced beams, columns, and beam—
column joints. This study is significant because it lists, summaries, contrasts, and identifies
the benefits and drawbacks of each strengthening technique that was utilized to restore
the damaged area in the existing concrete elements, which comprised short splices. The
research also uncovers fresh areas that are worth exploring. Debonding, which occurs at
the splice region (and is primarily caused by inadequate lapped length as a result of design
or construction errors, design based on outdated codes, or natural disasters), is another
common failure encountered in lap splice locations. Therefore, it is necessary to strengthen
existing subpar splices in RC structures. The goal of this study is to review and analyze
experimental strengthening techniques for poor splices. Therefore, the following topics
are examined in this research: bond failure modes; the most popular confining techniques,
such as spiral confining; other confining methods including with internal or external steel
stirrups, or with CFRP; concrete jacketing; FRP; post-tensioning of prestressed concrete;
external confining with CFRP; near surface mounted (NSM) techniques; UHPC; fiber rein-
forced concrete (FRC); and combinations of two techniques. Each method of strengthening
is assessed according to its effectiveness, advantages, disadvantages, application-specific
elements, and factors affecting the design and scope of applicability. In addition, a compari-
son of the most prominent methodologies was conducted. We provide the most up-to-date
research and recommendations for improving subpar lap splices.
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2. Test Methods of Splices

Numerous specimens have been utilized to-date to test bond characteristics, as de-
picted in Figure 2. Pull-out specimens (Figure 2a), beam end samples (Figure 2b), Rilem
beams (Figure 2c) and lap-spliced beams (Figure 2d) are specimens typically used in
splice testing.
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Figure 2. Several patterns of samples utilized to perform bond response tests: (a) pull-out sample,
(b) beam end sample, (c) Rilem beam, and (d) lap-spliced beam.

The pull-out specimens were used in the majority of the bond-slip investigations. The
simplicity of altering their characteristics, such as the cover, diameter of the bar, material,
confinement, and development length, as well as the fact that they are affordable and
portable, are the key reasons why pull-out specimens are popular within the research
community. However, because the concrete is pressed during examination while the steel
stays in tension, pull-out samples do not accurately depict the actual state of stress in
structural materials under flexure. The splice beam specimen, depicted in Figure 2d, is a
much more realistic beam sample that has been extensively used to research bond behavior.
The splice beam specimen is heavily represented in the ACI data set for the development
of the design formulas in ACI 408 R [14] and ACI 318 R [15].

Although the limited length assures equal bonding stresses throughout the bonded
distance, local irregularities generated by disintegration in concrete under environmental
influence may considerably alter bond behavior. As a result, the pull-out sample does
not adequately depict bonding behavior and, consequently, investigators have recently
preferred beam samples for studying bonding-slippage behavior. The recommended
developed (bonded) length of splices in steel rebars according to international norms will
be thoroughly detailed in the following sections.

3. Bond Failure Modes

The most common failure reported in lapped splice zones is bond loss, which occurs
in the lapped area and is mostly caused by insufficient lapped length. Longitudinal
bars glide along each other during lap splice debonding, causing longitudinal fractures
(Figure 3a). When debonding worsens, longitudinal fissures spread in the concrete cover,
causing concrete spalling and reducing the flexural strength of the components. The spliced
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bars eventually separate, and then the element collapses totally. The collapse pattern of
lapped splices in RC columns is depicted in Figure 3. Furthermore, several disastrous
collapses in these structures during the latest major earthquakes, such as Kashmir 2005
(Figure 3a) and Loma Prieta earthquake (Figure 3b) have been attributed to the weakness
of inadequate quick lapped rebars—which have been generally offered at high-demand
places like the column—-footing interaction or above the beam~-column joint. These lapped
splices generally have distances of L, = 20-24 d}, (d, = bar diameter), which are shorter than
the splice distances suggested by bond benchmarks of the latest design standards [16-18]
(which generally require Ly, to be greater than 40-60 d},) and thus insufficient to mobilize
the full capacity of the spliced bars. The failure location always occurred at the end of a
lapped splice (Figure 3c) and took placed at the column bottom end (Figure 3d). The failure
mechanisms of the bond reaction will be thoroughly explored in the following sections.

(d)

Figure 3. Lapped splice failures of the columns: (a) Kashmir earthquake, (b) Loma Prieta earthquake,
(c) collapse at lapped splice end, and (d) collapse at the column bottom end.

Figure 4 depicts many common bond reaction failure patterns during pullout or spliced
beam specimen testing. The bonding collapse mechanisms of the samples are classified
into three kinds based on embedded length, concrete cover thickness and concrete type:
pull-out, bonding splitting collapse, and bar rupture collapse. First, the majority of pulling
out collapses occur in specimens with insufficient anchoring length, which is related to
bond failures. There are no noteworthy phenomena on the concrete surface throughout the
slow pullout procedure of the test rebar. As the testing force is increased, the bar is pulled
out without any fractures on the surface of the concrete (Figure 4a). Second, bond-splitting
failure is most common in splice-beam specimens with insufficient anchoring lengths and a
thin concrete cover at the beam soffit, as shown in Figure 4b. Third, broken-bar failure: this
occurs primarily in specimens with sufficient embedded lengths and no visible phenomena
on the concrete’s surface. This may be explained by the fact that the bar is implanted for a
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significant length, causing the bond force to surpass the ultimate tensile force of the bar
and causing it to break (Figure 4c). Moreover, there is another type of bar failure that
is commonly seen in FRP bars, called interlaminar shear failure between the bar resin
surface and internal fibers, as reported in [19]. Adequate bonding between the bar and the
concrete through the lapped zone is critical for the RC structure’s construction. As the most
susceptible portion of the member, it is critical to avoid splits and pullout collapses in the
lapped regions. Various strategies for stabilizing such structures were examined.
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(a)
Figure 4. Bond failure patterns: (a) pull-out, (b) splitting in concrete, and (c) rupture in bar.

4. ACI Design Provision for Lap Splice Lengths in Tension and Compression

Substandard bonded length is defined as the distance of embedded length that is
shorter than the code-recommended distance. This ideal length is equal to 40-60 times
dy, when the reinforcing bars are under tension and 20—40 times di, when they are under
compression, according to the Egyptian Code [18]. Tensile developed (bonded) length (L4)
in ACI318-19 [9] could be estimated with regard to the general Equation (1):

)

40 otk
A/ f c/ dp

L { 3 f wtwewswg] ;

where ki, = 40A4,/S;

£/ is the concrete cylindrical compressive strength; Ay, is the area of all transverse
reinforcement through spacing S; S is the spacing of lateral bars through Lg; n is the number
of bars being lap spliced along the plane of splitting; 1;, ., s and 1, are factors varied
from 1 to 1.3 according to ACI, 318-19 [9]; c; is the lesser of one-half of the rebar distance
and the length from the closest surface of the concrete; b, must not exceed 1.7; and f;, is
yield strength of the reinforcing bar.

In addition, as stated in the ACI guideline [9], the bonded length of a smaller ribbed
bar of less than 19 mm in diameter, in tension, can be evaluated as:

L [W] . "
214/ f/

where 1, is the position indication—which is 1.3 when the rebars are fixed horizontally
above a concrete thickness of more than 300 mm; or is 1 in all other cases.

According to ACI 318-19 [9], compression lap splice length is limited by the
following conditions:

For f, < 420 MPa: Lg, is the larger of 0.071 f,d;, and 300 mm; while for f, larger than
420 MPa: Lg, is the larger of (0.13 f,-24)d), and 300 mm.
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The recommendations of Eurocode 2 [20] are: (1) lap splices should not be positioned
at high moment or plastic hinge, (2) net distance between lapped rods should not be
larger than 4 times bar diameter or 50 mm, (3) the longitudinal distance between two
adjacent rebars should not be less than 0.3 times the lap length, (4) in adjacent laps, net
distance between adjacent bars should not be less than 2 times bar diameter or 20 mm,
(5) permissible percentage of spliced rebars in tension is 100% and 50% when the bars are
in one or several layers, respectively, and (6) minimum lapped distance is 200 mm.

The recommendations of UBC [21] are: (1) minimum diameter of lap-spliced bar
should be larger than no. 11, (2) minimum lapped distance in tension is 305 mm, and
(3) minimum lapped distance in compression is 0.0005 f,d; for f, larger than 60,000 Psi.

5. Strengthening Approaches

Strengthening of inadequate lapped spliced elements could lessen the earthquake sus-
ceptibility of present inadequate RC structures, lowering social and economic hazards. The
improvement of structural elements is complex and costly, but is necessary in construction.
Causes of structural members’ insufficient capability include design with now-obsolete
code rules, natural calamities, and environmental influences. As a result, structural el-
ements are weakened and must be reinforced. In order to improve defective structural
elements, all available building materials must be utilized in strengthening procedures.
Prior to strengthening, deteriorated structural elements must be evaluated and thoroughly
studied to determine their in situ state. As a result, strengthening indicators must be
estimated based on the structural condition in situ.

Numerous methods, including spiral confinement [20], concrete jacketing with interior
and exterior steel ties [21-23], other jacketing using metal [24-26], fiber reinforced concrete
(FRC) and concrete jacketing [27-29], and externally confined by using FRP [29-33], have
been performed for enhancing RC members provided by tight lapped splices.

Eight reinforced concrete columns with inadequate lap splice length were investigated
for their behavior [34]. Five columns were evaluated after retrofitting with CFRP; one
column was tested after retrofitting with a traditional steel jacket; and two columns were
tested as reference specimens. All test specimens were put through cycles of increasing
lateral displacement and constant gravity load. The test specimens had 1.5 or 2.0 aspect
ratios and rectangular cross sections. Low-cycle fatigue rupture of the longitudinal bars
instead of lap splice failure and/or flexural failure was the mode of failure due to CFRP
and steel jacketing. The gap between the jacket and the column base was the main area of
damage in all of the modified examples. The upgraded columns maintained their lateral
strength at displacement ductility coefficient values of 7 or above. The ductility levels
attained by each of the retrofitted specimens were 1.1 to 1.4 times higher than those of the
as-built specimens.

All of the following strengthening approaches have been shown to improve the
adhesion capacity of inferior splices. In the following sections, each strengthening technique
will be explained and evaluated based on its performance, benefits, drawbacks, application-
specific elements, and variables influencing the design and scope of applicability.

5.1. Confining Spirals

Tepfers [22] investigated the impact of steel reinforcement spirals around splice areas
under tension, as seen in Figure 5. These experiments were carried out on lap-spliced beams
utilizing a four-point bending flexure test. The main factors included concrete strength,
existing spirals at the splice, spiral diameter, and splice length. It was discovered that both
concrete strength and confining spirals had a remarkable effect on the structural behavior
of the beams. As the diameter of the spirals increased, the bonding performance improved,
clearly indicating that the number of reinforcing spirals had a major effect on the splice’s
bond strength, and that the increase in contact area between spirals and concrete positively
affects the bonding performance.
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Figure 5. Tensile reinforcing splice inside spirals subjected to tension.

5.2. Confining with Internal/External Steel Stirrups or CFRP

Concrete confinement is one of the most successful methods for enhancing perfor-
mance under monotonic and seismic loads. Confinement of the concrete inside the crucial
hinging zones of structures in high seismic hazard locations improves the splice behavior
of the reinforcing rebars under tensile force and hence the seismic response of structures.
The usage of lateral ties made from close stirrups is one of the most prevalent methods of
concrete confinement [35-39]. Assaad [40] (Figure 6) conducted experiments on bonding be-
havior resulting from the effects of actively confining RC using exterior lateral compression
plus passively confining, carried out by one of the following methods: (i) lateral reinforce-
ment stirrups, (ii) CFRP jacketing, (iii) combination of lateral reinforcement stirrups and
CFRP jacketing and (iv) combination of CFRP jacketing and connectors made from CFRP.
All specimens displayed three separate bond failure mechanisms: splitting mode related to
concrete cover splitting, pull-out type corresponding to steel bar withdrawal, and a combi-
nation of splitting and pullout forms. In comparison to unconfined concrete, confinement
of the concrete using each method enhanced the local bond strength considerably, changed
collapse from split concrete cover to another mode, and increased the deformability of the
bonding stress-slippage relationship. These enhancements were strongly reliant on the
kind and amount of confinement employed, along with the ratio between the cover and
rebar diameter.

325

270 65 270

TRANSVERSE BARS OR
CFRP ANCHORS

~ UNBONDED REGION | BONDED REGION | UNBONDED REGION

A

Figure 6. Location of transverse bars or CFRP anchors, (prepared according to [40]).

5.3. Concrete Jacketing with UHPFRC

The usage of RC jacketing is the first and most common way to strengthen splice
connections. These jackets are typically made of high-strength concrete. RC jacketing
is a reinforcing technique that, despite its shortcomings, is commonly used before or
after strengthening [41-44]. Because it has been demonstrated that RC jacket methods
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do provide enhanced spliced mechanical performance, can change the failure to outside
the spliced region, and improve overall strength and energy dissipation, the procedure
has been proven to be the most preferred option for engineers in seismic-prone areas
over the last decades [45,46]. For example, using ultra-high-performance fiber reinforced
concrete (UHPFRC) improved the column—footing connection [47] (Figure 7). The obvi-
ous drawbacks of concrete jacketing systems are the labor-intensive operations required.
Furthermore, jacketing expands member sizes, reducing available floor space while increas-
ing mass and changing stiffness. As a result, jacketing procedures modify the dynamic
properties of the structure. Changes in dynamics may result in increasing demands in
unexpected places [43,44], necessitating an effect on the overall performance of the entire
system. Karayannis [48] studied a unique reinforced concrete jacketing to rehabilitate cycli-
cally deformed reinforced concrete external beam—column connections. The considered
jacket is exceedingly thin and features steel bars with tiny diameters. The benefits of the
suggested thin and locally applied reinforced concrete jacketing over generally utilized
reinforced concrete jacket are centered on the fact that the dimensions of repaired pieces
minimally vary in comparison to their original dimensions, and their applications are
not significantly limited by space constraints. Indeed, the hysteretic property of repaired
samples was completely restored or enhanced with reference to the property of the original
samples in the starting loading. In addition, the suggested jacketing technique appears to
be a straightforward, reliable, and effective method for mending and rehabilitating faulty
connections. In comparison to the original specimens, the retrofitted specimens exhibited
enhanced maximum load and distortion rates, greater energy dissipation and stiffness, and
a substantial improvement in strength characteristics. The thinner and locally implemented
RC jacket in question either improves the damage performance of the beam—column junc-
tion by transitioning from a brittle to a ductile collapse type, or does not change the original
joint’s failure characteristics if they are ductile.

UHPFRC

/ COVER

COLUMN
FLEXURAL ]
BAR FOOTING
DOWEL BAR
b
8 8 8 s s\ s & s 8 8 8

Figure 7. Using ultra-high-performance fiber reinforced concrete (UHPFRC) for improving the
column—footing connection.
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All of the specimens that initially exhibited joint shear failure were retrofitted with
schemes that moved the damage to flexural hinging at the beam area. In the retrofitted
specimens, thin diagonal fractures were observed across the joint region of the jacket, but
there was no evidence of the cover sliding off. Similarities in the harm level advancement
during testing between the retrofitted samples with reinforced thin jacketing and their
original samples revealed that the suggested jacket is an effective maintenance method, as
the reconditioned joints had smaller collapse indicator variables than the original specimens.
Furthermore, the proposed use of thick reinforcement in the suggested jacketing may be
classified as a strengthening strategy because the retrofitted specimens demonstrated
significantly lower failure levels than the originals at the same load levels in the majority of
the tested cases.

5.4. FRP and TRM

The advantageous features afforded by these materials include corrosion resistance,
ease and speed of installation, a high strength to weight ratio, and little change in di-
mensions. In addition, the usage of FRPs has acquired substantial popularity among all
jacketing procedures. In general, FRP confinement causes an external force on the strength-
ened element (Figure 8). Many investigations [48,49] have shown enhanced behavior in FRP
confined lap-spliced zones. FRP jackets offer confinement in areas with straight lap-spliced
rebars, increasing friction strength between lapped splice and preventing slippage of the
bar. Slippage is not activated in the lapped splice of a simple rebar with a 180° hook, and is
thus not an issue [49]. Additionally, several challenges for strengthening were overcome
when FRP (fiber-reinforced polymers) became available to the building business. Fakharifar
et al. [50] employed FRP sheets as stirrups to enhance the behavior of RC constructions.
FRP stirrups enhanced strength, stiffness, and energy dissipation, according to the find-
ings. FRPs offer higher strength development and durability performance, according to
Siddika et al. [51], whose study also gives a clear outlook for increasing the application
and performance of RC beams by FRP strengthening. In addition, Hamad et al. [52,53]
investigated the effect of FRP on the strengthening of lapped and spliced RC beams. They
discovered that employing one or two wraps made from GFRP boosted bonding resistance
by 8% and 33%, respectively. In other investigations on normal reinforced concrete beam
specimens, it was discovered that the effects of wraps made from CFRP on normal and high
strength concrete beams are similar. The use of several CFRP wraps over normal concrete
enhanced bonding resistance by 11-34%. According to Bournas [32], the confinement of
composite jackets (FRP and textile reinforced mesh, or TRM) adds to the bonding strength
of lapped rebars and the concrete. The bond stress evolution at crucial sections of full-size
columns under cyclic load was studied. In contrast to pullout bonding experiments, the test
system used in the work in question accurately represented almost all bonding responses
between lapped spliced rebars and the concrete in the plastic hinge area of seismically
loaded columns. The findings revealed that a small lapped spliced distance of 20 d, is
insufficient for bonded length of longitudinal bar yield strength, but a longer lapped length
of 40 d}, is enough for bonded length of bar yield stress. As TRM and FRP jacketing reduced
the formation of longitudinal splitting cracks, the bonding resistance between lapped
spliced rebars and concrete was enhanced. In general, external confinement with composite
jackets and improved bonding-slippage relationships throughout the lapped splice zone
improved constrained columns’ global reaction as measured by deformation capacity and
strength upon failure.
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Figure 8. Typical configuration of FRP jacketing: (a) FRP jacketing, and (b) external forces due
to confinement.

5.5. Post-Tensioning

Post-tensioning is a technique nearly universally employed in prestressed concrete
constructions to improve performance by subjecting the concrete to compression stress
prior to loading. Historically, this approach began by strengthening spliced structural
elements such as columns and spliced beam specimens. The tension force is often provided
using high tensile steel bars or straps. Following post-tensioning, the bars or straps are
secured mechanically using push-mode seals and jaws to retain the tension force. This
actively confines members, enhancing their capacity and ductility even before loads. The
post-tensioning method utilizing strap (PTMS) strengthening provides benefits over other
strengthening procedures: for example, simplicity and application speed, cheapness, ease
in release or in replacement of damaged straps, and flexibility to reinforce several types
of structural parts. The PTMS may be easily strengthened around reinforced concrete
columns [54,55], but where metal straps cannot be installed due to an existing slab, anchor-
ing plates are needed to fasten the PTMS to the surface of beam—column joints or beams.
PTMS strengthening on a substandard full-scale RC building was successfully secured
using such an anchoring strategy [32]. In general, it is anticipated that employing PTMS
to reinforce weak structural elements will result in faster and more affordable solutions
than other traditional repair techniques, especially in poorer countries where material costs
make up the majority of repair expenditures. Helal [56] used the PTMS technique and steel
confinement to strengthen short splices in RC beams (Figure 9). For a short length, the major
flexural reinforcement of the beams was lap spliced (10 bar diameters). The results revealed
that: (i) unconfined control specimens with tight splices failed in a brittle manner due to
splitting of the concrete cover around the splice; (ii) steel confined beams collapsed by
splitting at similar or slightly greater loads (up to 12% greater) and bond capabilities (up to
14% greater) than unconfined speciments; (iii) PTMS confinement slowed lap splice splitting
collapse, and PTMS confinement increased bond capacity by up to 58%; (iv) despite the
strap losses, the suggested PTMS strengthening approach proved exceptionally efficient
at retaining beam integrity even after significant splitting occurred; (vi) the experimental
results of this work show that PTMS confinement improves the behavior of reinforced
concrete elements under monotonic loads. The behavior of structural components has been
examined in a range of studies [57-72].
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Figure 9. Post-tensioning method utilizing straps for spliced beams: (a) spliced beams with short,
lapped tension rebars, and (b) using post-tensioning straps at the splice region.

5.6. External Confining with CFRP

Concrete strength can be effectively enhanced by external FRP confinement [73]. In
the past 2 decades, externally bonded FRP has been routinely used to enhance response
to seismic activity of vulnerable building parts. Compared to all other reinforcement
technologies, FRP offers advantages such as excellent corrosion resistance, high strength
with respect to weight, application speed, and the capability of specifically enhancing
the seismically inadequate portions only. Several experiments [28,74-81] have shown
that FRP confining improves the behavior of columns with inadequate lengths of lapped
reinforcement (for example, Ly, = 20-35 dp,). Moreover, Garcia [82] examined the bond
strength of externally bonded CFRP in the lapped splice region of reinforced concrete
beam specimens. CFRP confines an increase in bonding resistance of 65%, because CFRP
confinement enhances the concrete strength, and thus the bond strength.

As a seismic retrofit measure for inadequate lap splices, Harries et al. [49] prompted
an investigation into the usage of carbon fiber-reinforced polymer (CFRP) jackets. Three
full-scale construction column specimens with lap spliced longitudinal reinforcing bars
were tested under combined axial and cyclic lateral loads. The columns were purposefully
made so that the lap splices would fail before they could stretch to their full capacity.
While the other columns had CFRP jackets installed, one column was examined as a control
specimen without any refitting. In addition, comparisons were made with the test outcomes
of comparable columns without lap splices. It was demonstrated that the column’s nominal
flexural capacity may be attained by retrofitting a CFRP jacket. However, the slide of the
spliced bars, which causes a splitting failure in the lap splice zone, limits the ductility of
the restored column.

In rectangular reinforced concrete (RC) columns, Harajli [81-85] experimentally exam-
ined the usage of external fiber-reinforced polymer (FRP) wraps for bond strengthening of
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spliced reinforcement and the ensuing impact on the seismic response of the columns. The
column specimens that were tested had lap-spliced reinforcement at the base that were fully
scaled, or were unconfined, or FRP-confined. Additionally, companion columns that met
the ACI building code criteria for areas with high seismic hazards (earthquake-resistant
columns) were tested for comparison. These columns included continuous reinforcement
and internal steel confinement. It was discovered that enclosing the spliced zone with
FRP wraps improved the spliced bars’ bond strength, decreased bond deterioration and
pinching under cyclic loading, and improved the columns’ lateral load resistance and
ductility. The upgrades were similar to those of the earthquake-proof columns. As the ratio
of concrete cover to splice diameter decreased and the area of FRP wraps rose, the lateral
strain in the FRP increased.

5.7. Near Surface Mounted Technique

When compared to other known approaches for strengthening bond strength, FRP
confinement and the near surface mounted (NSM) technique are both quite promising.
On lap-spliced beams, the effects of the NSM technique with steel bars and CFRP have
been explored. Some studies found that: (1) flexure capabilities of reinforced beams
improved by 73-91% compared to lapped spliced beams as well as 27-40% compared to
beam specimens with no lapped rebars, and (2) deformability that occurred due to the
NSM technique was larger than that in the external bonded reinforcement strengthening
(EBR) method, which was investigated by Allam [86]. Garcia et al. [82,87] evaluated the
lap-splice zone confinement effects utilizing stirrups (internally) and CFRP confinement
(externally). Stirrups enhanced bond strength by 14%, whereas CFRP confinement boosted
the former by 65%. Anagnostou et al. [88] conducted research on stiffening columns with
lapped rebar using FRP confining.

Garcia et al. [89] studied the efficiency of FRP in preventing bonding split collapse.
While research on the benefits of the NSM technique for enhancing lapped spliced rein-
forced concrete beams is limited, no studies have been identified that examine the effect of
combining the NSM and FRP technologies for the aforementioned task. Short splices in
unconfined control beams caused the concrete cover to fracture, leading to brittle failure.
Steel-confined beams failed by splitting at similar or slightly greater loads (13%) and bond
strengths (18%) as compared to unconfined specimens. However, bar slips went up by as
much as 590%. After splitting, steel-confined beams showed a slightly ductile behavior
and could resist considerable additional deformations with a progressive loss of strength.
The use of CFRP confinement that was externally bonded prevented the laps from splitting
prematurely. CFRP confinement also increased the bond strength and bar slip by up to
49% and 1200%, respectively, in comparison to unconfined specimens. Through increasing
the splice bond strength, strengthening treatments using one or two CFRP layers were
highly successful. Any more confinement than this appeared unnecessary—and therefore
uneconomical—for developing the full bond strength of the lap.

On lap-spliced RC beams with short lap-splice length, Mousavi et al. [90] exam-
ined NSM effects and combining NSM-CFRP approaches to confinement strengthening
(Figure 10). As well as enhancing the mechanism, the bottom concrete cover and NSM bar
length were parameters to consider. The findings revealed that strengthening techniques
improve the capacity ability, energy absorption capacity, and ductility of lapped and spliced
RC beam specimens. NSM rebar specimens with a longer length have a smaller ductility
than NSM rebar specimens with a short length. In contrast, longer NSM bar beams have
better energy dissipation capacity and flexure capacity. The addition of CFRP confining
to lapped spliced RC beam specimens reinforced with the NSM technique (NSM-CFRP
confinement) improves energy dissipation capability and ductility, as well as causing a
significant improvement in load-bearing capacity. Strengthening techniques have a signif-
icantly greater impact on boosting the flexure capacity of the specimens cast with more
concrete coverings. Additionally, the impact of CFRP wrap on enhancing energy dissipation
capacity and ductility is less than that of concrete cover.
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Figure 10. NSM-CFRP confinement strengthening approaches.

5.8. Ultra High Performance Concrete

Several methods for strengthening poorly defined lap splice joints in circular or square
columns by giving external confinement to the element have already been discussed and
implemented. These procedures, however, are not applicable to lap splices, which are not
rectangular structural elements such as beams and columns. In these cases, it is necessary to
investigate other methods for strengthening the bond of lap splices. Canbay and Frosch [91]
identify two failure modes associated with deformed bars under tension: pullout and
splitting. Fiber-reinforced concrete (FRC) can reduce or even eliminate concrete splitting,
helping to strengthen the binding mechanism in lap-splice zones (Harajli [92]). With the
recent availability of self-compacting FRC and, more recently, ultra-high-performance
fiber-reinforced concrete (UHPFRC), new prospects for reinforcing defective structures
have emerged (Habel et al. [93]). The capacity of FRC to control the opening of splitting
cracks caused by bond stress component pressure acting perpendicularly to the bar axis
seemed to be a solution for enhancing lap splice behavior (Harajli et al. [94]). UHPFRC had
an advantage over FRC because its compressive strength was higher. Additionally, UHPC
is stronger and has better material qualities than FRC built of regular concrete.

Vachon and Massicotte [95] investigated this route. Marc carried out an experiment
to assess the role of UHPFRC in reducing the splitting failure mechanisms of defective
tensile lap splices. Splice length, repair depth, and bar arrangement were the parameters
investigated. The results indicated that normal concrete specimens with shorter splice
lengths failed by splitting the concrete in the splice zone. Failures were unexpected and
characterized by a complete absence of resistance. UHPFRC was efficient in strengthening
the weak lap splice. Due to the high tensile strength and energy-absorption characteristics
of the UHPFRC utilized, failure by splitting in the lap splice zone was delayed or even
eliminated. Bond stresses in specimens enhanced with UHPFRC were found to be more
than double those of conventional concrete. Stirrups or transverse reinforcement might be
used to improve the behavior of lap splices even further.

5.9. Fiber Reinforced Concrete

Steel fiber (SF) and polypropylene fiber (PF) have been used for decades to enhance
the mechanical characteristics of concrete. Moreover, with the fast advancement of the
construction of structures, fiber reinforced concrete (FRC) comprising SF and/or PF has
gained widespread recognition for its effective improvement in energy dissipation, crack
resistance, and tension [96-98]. The bond resistance of the steel bar is mainly governed
by the concrete’s compressive strength, which is considerably altered by the addition of
the fiber to the concrete. The mechanical behavior of FRC constructions when subjected to
static or dynamic loadings is heavily influenced by the performance of the bond between
reinforcing bars and FRC. Furthermore, employing FRC as an option in key sections of a
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structure (for example, column bases, the centers of beams, and beam—-column interfaces)
has been recognized as a viable way to prevent premature bond breakdown [99]. Numerous
studies have been conducted in this area, with several positive outcomes [100-105]. Giiney-
isi et al. [100] found that utilizing SF greatly improved adhesion resistance. An increase in
slippage was also detected following the insertion of fibers [106,107]. In addition, a number
of studies [106-110] found that the usage of steel fiber reinforced concrete (SFRC) reduced
structural damage while increasing earthquake resistance. Huang [110] experimentally
studied the bonding behavior of the bar embedded in polypropylene/steel hybrid fiber
reinforced concrete. A pullout test was performed on 112 samples that were subjected to
cycling and static loads. He investigated the effect of slenderness ratio and content of steel
fiber, grade of the concrete and confinement using ties on bonding behavior. It was shown
that polypropylene/steel hybrid fiber significantly improved bonding behavior (increase
in ductility, ultimate bonding response, and ultimate slippage).

Others, however, observed an opposing outcome [111-114]: for example,
Harajli et al. [112] proved that a negligible rise could be credited to the inclusion of SF, and
the advancement was viewed as a by-product of the rise in concrete resistance. Moreover,
Dancygier et al. [114] found that fiber integration significantly weakened bonding, with
a reported 30% decrease in bonding resistance due to local matrix disruption near the
embedded bar, and no correlation was found between bonding and concrete resistances.

6. Summary of the Strengthening Methods

To perform a well-rounded comparison between different strengthening methods, a
comprehensive study is required on identical RC members such as columns and beams
with the same testing setup and similar samples that differ only in respect of the splice
strengthening approaches. This section makes a general comparison based on the find-
ings of the studies in this paper, as shown in Table 1. These findings were classified into
three categories: investigations into RC spliced beam specimens, investigations into RC
columns with short splices, and investigations into pullout specimens with poorly em-
bedded bar length. It is noteworthy that almost all previous studies were conducted on
embedded lengths varying from 5 to 32.2 times the bar diameter, which were found to
be less than the standard bonded length according to national codes. In addition, it was
clear that all strengthening methods enhanced the bond resistance of the short splices in
the different elements. When different strengthening methods are compared, the use of
UHPEFRC with different thicknesses at splice regions achieves the highest increase in bond
strength (100%) while the usage of GFRP wrap has the least increase in bond strength
(8-34%). When compared to uncontrolled splices, bond strength gains were reported to be
50-65% for construction joints confined with steel stirrups and 30-70% for splices confined
with FRP. Steel and concrete jacketing treatments are frequently invasive, labor-intensive,
time-consuming, and can disrupt building functionality. The concrete jacketing also adds
bulk to the structure, placing it under more seismic stress. The initial cost of FRP, on the
other hand, may dissuade its use as a strengthening option in low- and middle-income
developing countries. To replace and improve RC connections, epoxy repair, concrete
jacketing, steel jacketing, and fiber-reinforced polymer (FRP) composite solutions are all
employed. Each approach needs a distinct amount of creative elaboration as well as labor,
expense, disturbance of building occupancy, and a wide range of other considerations.
Almost all scientists studying the influence of fibers on bonding strength have concluded
that fibers have a favorable impact on bonding strength, increasing it by roughly 35%. In
contrast, a few studies found that using steel fiber reduced bonding strength by about 30%.
(i.e., Dancygier [114]). This unexpected decline occurred because the fibers generated local
disturbance of the concrete mixture which prevented proper compaction close to the rebar
surface [114]. Table 2 summarizes advantages and drawbacks of each retrofitting approach
used for strengthening RC elements, including availability, cost, construction technology,
application, construction time and efficiency.
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Table 1. Previous studies on strengthening methods of RC elements with short lapped splices using
different techniques.
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Table 2. Advantages and drawbacks of each retrofitting approach used for strengthening of RC

elements.
Method Advantages Drawbacks
e  improves strength high electric conductivity
e  easy application high cost
FRP ° increases ductility strength enhancement is relatively
) corrosion resistance small
e  minimum disruption of occupancy e  low efficiency due to debonding
e  high strength-to-weight ratio e need to protection against fire
. . ° somewhat costly
° increases ductility . .
N ° shrinkage and creep corrosion
Post-tensmmng (] easy to apply
. ° anchorage problem
° reduces cracking . .
° high technology requires
high .
N nghenergy labor requirements
. . increases ductility . .
Confinement . . high disturbance
° increases flexural capacity .
. L high cost
° high energy dissipation
° expensive, labor intensive and
commonly used/available material time-consuming due to formwork
familiarity with the material of installation
Concrete jacketing practicing engineers e  change in size of element
ability of RC to take any shape ° leading to change in stiffness and
increases both strength and ductility seismic demand
° disruption of occupancy
I to debondi . .
€58 prone fo dehoncing e  costly material (but overall cost is
minimum modification to geometry
. low due to small cost of
and aesthetics of structure . . .
o transportation and installation)
e less prone to mechanical impact and . . .
Near-surface mounted FRP or steel . . e  comparatively more labor intensive
) accidental damage due to protection . .
reinforcement in comparison to externally bonded
e by concrete cover
5 ERP, but less than RC or
) aesthetics of the structure . .
. steel jacketing
° remain unchanged . . .
. not much increase in ductility
° enhances strength considerably
) fast installation
e  minimum modification to geometry costly material

Hybrid jacketing

of structure

high durability

significant enhancement in both
strength and ductility

comparatively labor intensive as it
combines two different
strengthening techniques.

Using recycled concrete powder (RP) as an alternative binder can effectively reduce

construction and demolition waste and contribute to developing eco-friendly repair materi-
als. The effect of RP on magnesium potassium phosphate cement has been studied by He
etal. [115]; and case study investigations on concrete wall drying process have been carried
out by Vertal et al. [116]. Moreover, the improvement mechanism of water resistance and
volume stability of magnesium oxychloride cement was studied (Ma et al. [117]).

It is crucial to discuss cost analysis and perform a comparison of the different strength-

ening methods which fall into two broad categories: internal approaches and external
approaches. Constricting spirals and constricting using internal steel stirrups are examples
of internal modes that are used before the element is built. The remaining methods are
considered external modes because they are used after the element is built. In comparison
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to any external approach, internal solutions are extremely inexpensive, quick, and simple
to install. Yet, when mistakes are made in the design and construction of the requisite
splice length, external reinforcing methods have to be used, even if though expensive.
All strengthening techniques that rely on CFRP are more expensive than others, such as
UHPC and concrete jacketing. Examples include externally confining with CFRP, externally
mounting CFRP sheets or rods, post-tensioning prestressed FRP, and externally confining
with CFRP. Notably, UHPC is more expensive than concrete jacketing. In addition, em-
ploying steel bars or sheets for near-surface mounting is less expensive than both concrete
jacketing and UHPC.

7. Summary and Conclusions

Splicing of reinforcement bars is an unavoidable issue that has a significant impact on
the overall performance of RC structures under static and dynamic loads at serviceability
and ultimate limit states. Debonding is the most prevalent failure discovered in lap splice
sites. It occurs at the splice region and is caused mostly by insufficient lapped length as
a result of design or construction error, design under an antiquated code, and natural
disasters. As a result, reinforcing existing poor splices in RC structures is critical—and the
purpose of this study was thus to provide a current review of the strengthening methods
used for inadequately connecting steel bars.

There are two categories of these strengthening techniques: internal approaches and
external approaches. Constricting spirals and constricting by means of internal steel stirrups
are examples of internal modes that are used before the element is built. The remaining
methods are considered external modes because they are effectuated after the element is
built. In comparison to any external approach, internal solutions are extremely inexpensive,
quick, and simple to install. However, when mistakes have been made in the design
and construction of the requisite splice length, external reinforcing methods have to be
used, even if they are expensive. All strengthening techniques that rely on CFRP are more
expensive than others, such as UHPC and concrete jacketing. Examples of these CFRP
techniques include externally confining with CFRP, externally mounting CFRP sheets or
rods, post-tensioning prestressed FRP, and externally confining with CFRP. Significantly,
UHPC is itself more expensive than concrete jacketing. In addition, employing steel bars or
sheets for near-surface mounting is less expensive than both concrete jacketing and UHPC.

Numerous strengthening techniques were presented in the current paper, each with
its own comprehensive definition, literature analysis, failure mechanisms, suggestions,
benefits, and drawbacks. Furthermore, the approaches were compared in terms of overall
performance, construction time and cost, and necessary equipment and expertise. The
following are the most noteworthy conclusions:

(1) Pull-out specimens, beam end specimens, Rilem beams, and lapped spliced beam
specimens can all be used to test steel splices.

(2) By default, there are three types of mechanisms in specimens with splices. First, there
is pull-out failure, which happens most frequently in specimens with insufficient
anchoring lengths. Second, bond splitting failure is most prevalent in splice-beam
specimens with inadequate anchoring lengths. Third, bar break failure occurs more
often in specimens with sufficient embedded lengths.

(3) Concrete strength and confining spirals has a considerable influence on beam struc-
tural performance. Furthermore, the number of reinforcing spirals has a significant
impact on the splice’s bond strength.

(4) The use of FRPs has increased in popularity across all jacketing techniques as a result
of the advantages these materials offer, including a high strength-to-weight ratio,
corrosion resistance, ease and speed of application, and little change in geometry.
Research results show that FRP stirrups enhance stiffness, strength, and energy dis-
sipation. Bond strength is enhanced by 8% and 33% by using one and two layers
of GFRP wrap, respectively, over the splices at the mid span of simply supported
beams. Additionally, according to research, the local bond strength is greatly raised,



Processes 2023, 11,1119

18 of 23

©)

(6)

@)

)

©)

the failure mode is altered from splitting to pull-out or mixed splitting/pull-out,
and the ductility of the local bond stress—slip response is improved by enclosing the
concrete in CFRP jackets.

Confining the spliced zone with FRP wraps improves the spliced bars’ bond strength,
decreases bond deterioration and pinching under cyclic loading, and improves the
columns’ lateral load resistance and ductility.

One of the clearest disadvantages of the concrete jacketing method is the labor-
intensive tasks that must be performed. Furthermore, jacketing reduces available floor
space by expanding member sizes while increasing mass and modifying stiffness.
As a result, jacketing methods alter the structure’s dynamic qualities. Changes in
dynamics may result in unanticipated increases in demand, with an influence on the
overall system. On the other hand, ultra-high-performance fiber-reinforced concrete
(UHPERC) technology can be used for lap splices of rectangular structural elements
such as beams and columns. UHPFRC can also decrease or eliminate concrete splitting.
The UHPFRC significantly reinforces the weak lap splice. Failure by splitting in the
lap splice zone is delayed or even prevented because of the high tensile strength and
energy-absorption qualities of the UHPFRC used.

The confinement of composite jackets FRP and textile reinforced mesh (TRM) increases
bond resistance between lap-spliced bars and concrete by preventing the formation of
longitudinal splitting cracks.

The post-tensioning technique using straps (PTMS) has advantages over other strength-
ening processes, such as ease of application and speed, low material cost, convenience
of removing/replacing damaged straps, and flexibility to reinforce various types
of structural elements. PTMS confinement reduces lap splice splitting collapse and
enhances bond capacity by up to 58%.

The effect of slenderness/content of steel fiber, grade of the concrete and confinement
using ties on bonding behavior of the concrete has been studied. It was shown that
polypropylene/steel hybrid fiber significantly improved bonding behavior (with an
increase in ductility, ultimate bonding response, and ultimate slippage).

8. Recommendations for Further Research

Despite the vast number of studies conducted on various strengthening techniques

for enhancing substandard splices in RC elements, there are still numerous concerns that
need to be examined and solved by further research. The following are some of the most
important areas that should be considered:

@

@)

®)

4)

©)

There are no design requirements that mandate treatments for RC components with
inadequate splices. Lack of research on the behavior of RC members with inadequate
splices in the plastic hinge region may be the root cause of this issue. In order
to provide recommendations on the usage of various strengthening strategies in
RC members, sections, beams, columns, and beam—column connections, extensive
research is required.

Studying ways of strengthening column—footing connections with short splices must
consider bar diameter, splice length, contacting and non-contacting splices, loading
type (monotonic and cyclic), and their geometry.

Different strengthening methods for the column-slab joint should be explored, with
all the previous parameters. In addition, the effect of transversely reinforcing bars
through splices must be considered.

The impact of hook and head at the splice end has not previously been studied
for any short splice strengthening procedure. This lacuna must now be addressed,
by examining the effect on bond reaction of the lateral bars perpendicular to the
spliced bar.

Although almost all researchers who studied the influence of fibers on bonding
strength discovered that fibers had a favorable impact on bonding strength, increasing
it by roughly 35%, a few studies found that using steel fibers resulted in a 30% decrease
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in bonding strength (e.g., Dancygier [114]): this is therefore an area that would also
benefit from further research.
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