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Dapped-end beams are critical regions in reinforced concrete (RC) bridges, since they can exhibit a brittle failure
mechanism and are prone to deterioration. This study investigates the effectiveness of a post-installed internal
diagonal steel bar as a strengthening solution for RC half-joints. Three specimens, one undamaged and two pre-
damaged, were strengthened by embedding an M18 threaded bar in a 45° drilled hole filled with epoxy resin.
Experimental results show that the strengthening method significantly increases the ultimate load and modifies

the failure mechanism. The ultimate load increased by 61% for specimens without diagonal bars (type T1) and
34-40% for specimens with diagonal reinforcement (type T2), with crack widths reduced by up to 60% at service
load levels. Strengthened specimens showed a change from localised splitting at the re-entrant corner to a more
distributed diagonal cracking pattern. The study discusses the underlying load-transfer mechanism through a
strut-and-tie interpretation and outlines practical application in existing bridge structures.

1. Introduction

Dapped-end beams in existing Reinforced Concrete (RC) bridges
represent critical elements as declared by the 2020 Italian Guidelines
[1], because they promote the accumulation of external deteriorating
agents in addition to being difficult to inspect. Deterioration can
compromise their load-bearing capacity and, in turn, that of the bridge
itself as observed in recent collapses [2,3]. In many cases, a repair or
retrofitting intervention is necessary. Moreover, existing bridges were
designed according to outdated regulations that considered traffic loads
lower than those prescribed by current standards, which could involve
the need for strengthening interventions. In the context of intervention
techniques on half-joints of existing RC bridges, the following strategies
can be identified [4]:

1. Techniques aimed at modifying the load transfer mechanism to
reduce or even eliminate the forces that existing half-joints must
withstand, thereby enhancing safety even in the presence of
damaged or deteriorated half-joints.

2. Repair or strengthen half-joints to restore or increase the load-
bearing capacity, i.e., increasing the maximum force that the half-
joint can transfer between the two deck segments by installing
strengthening elements.

3. The closure of the half-joints.

* Corresponding author.

Techniques of the first point include the temporary propping of the
deck, as well as the installation of steel supporting elements, such as
those used in the Acheregg Bridge near Stansstad, Switzerland [5]. A
half-joint located near a pier can be unloaded using a steel support
directly connected to the pier, as adopted in [6] for the helical ramp of
the Polcevera Viaduct in Genoa. In [7], external post-tensioned cables
have been installed to unload half-joints of a bridge in Japan. The
replacement of end bearings with continuous bearings to improve load
distribution at half-joints in two bridges on Haulbowline Island has been
proposed in [8].

Concerning the second point, the strengthening systems for half-
joints in existing bridges can be categorised as follows [4,9]: a) demo-
lition and reconstruction of the half-joint while maintaining the same
structural scheme, b) external or internal installation of ordinary or
post-tensioned bars, ¢) external plating.

The demolition followed by reconstruction, even using innovative
materials such as stainless-steel bars, high-performance concrete, and/
or fibre-reinforced concrete, represents the simplest method for
strengthening existing half-joints. However, this intervention is quite
complex and costly. An example is represented by the strengthening
project of the M2 motorway bridge over the River Medway in Kent, UK
[10], where the central RC spans were replaced by steel beams, and
half-joints were demolished and reconstructed.

Structural strengthening of half-joints in RC bridges can also be
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performed through the installation of ordinary or post-tensioned steel
bars. The effectiveness of this methodology has been demonstrated in
various interventions on existing bridges, such as the application on the
Scafa Bridge in Fiumicino [11], or the intervention on the bridge over
the Po River near Pieve Porto Morone [12], also investigated though
numerical analysis in [13]. In [14], the strengthening of half-joints of a
bridge over the Arno River has been performed through the
post-installation of internal diagonal bars, while in [15], the effective-
ness of the external prestressing technique has been investigated
through an experimental campaign on seven RC half-joints. The
near-surface-mounted technique for strengthening half-joints [16] in-
volves inserting steel bars into grooves made on the concrete surface,
which are then filled with epoxy resin to ensure force transfer. The
failure of beams strengthened with this technique always occurred due
to the sliding of the bars caused by a reduced anchorage length. In [17],
an experimental campaign on half-joints has been conducted, proposing
two strengthening techniques using steel bars: the first (ESA - Externally
Strengthened Angles) involves applying steel angle brackets glued with
epoxy resin, the second (USB - Unbonded Steel Bolt), uses threaded steel
bars, inserted diagonally through holes inclined at 45°, which limit
crack opening and increase beam ductility. For bridge decks with
half-joints isolated or connected by a crossbeam placed behind the nib,
the external jacketing technique can be utilized. In [17], an experi-
mental campaign on external steel jacketing bonded with epoxy resin
was conducted, showing resistance increases of 25-36% compared to
unstrengthened specimens. External jacketing with steel plates con-
nected to the existing concrete through bolted bars was also adopted in
the strengthening of the Generale Franco Romano viaduct in Piemonte
(Ttaly) along the A6 Highway [18,19].

In recent years, several studies have investigated the use of advanced
composite materials to enhance the structural performance of reinforced
concrete (RC) members. For instance, the study presented in [20]
examined the shear behaviour of RC beams strengthened with a
Fiber-Reinforced Geopolymer Matrix (FRGM) system consisting of
small-diameter FRP bars embedded in a geopolymer matrix, high-
lighting the potential of this solution to improve both the strength and
deformability of strengthened elements. Similarly, the study in [21]
investigated hybrid beams made of Engineering Cementitious Compos-
ite (ECC) and reinforced with longitudinal Steel-FRP Composite Bars
(SFCBs) together with FRP stirrups. The results demonstrated excellent
structural and durability performance in aggressive environments,
suggesting the suitability of these systems for marine and coastal engi-
neering applications. Furthermore, the enhancement of the seismic
performance of RC discontinuity regions through the application of
Textile Reinforced Mortar (TRM) systems was investigated in [22],
confirming the effectiveness of this strengthening technique. Finally,
experimental campaigns reported in [23] and [24] focused on the
behaviour of RC discontinuity regions strengthened with Carbon
Fiber-Reinforced Polymer (CFRP) strips, providing valuable insights into
the resisting mechanisms and effectiveness of CFRP-based strengthening
interventions.

The first applications of fibre-reinforced polymers (FRP) for the
external strengthening of half-joints were proposed in [17,25,26].
Nagy-Gyorgy et al. in [27] conducted a series of tests on RC roof
dapped-end beams, considering three different solutions with various
fibre orientations. In [28], both experimental and numerical analyses on
RC half-joints were conducted. After initial damage, the beams were
strengthened using CFRP in three configurations: a single layer of hor-
izontal fibres, a double layer of horizontal fibres, and crossed fibres, with
the crossed-fibre arrangement proving to be the most effective. Sas et al.
conducted a numerical study [29] to examine the effectiveness of
combining techniques. In [30], Shakir and Abd analysed the behaviour
of high-strength RC half-joints, strengthened with CFRP in different
configurations. Abdelmoniem et al. [31] conducted a numerical anal-
ysis, calibrated with the experimental results of Taher [17], to examine
the structural behaviour of half-joints strengthened with various
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techniques. Another external jacketing technique involves the use of
Fibre Reinforced Cementitious Matrix (FRCM) composites, which
combine the durability of cementitious mortars with the strength and
lightweight properties of strengthening fibres. An experimental study
has been conducted at the Polytechnic University of Milan by Flores
Ferreira et al. [32], who examined three different strengthening con-
figurations with FRCM to evaluate the influence of fibre orientation (0°,
45°, 0°+45°) in addition to the strengthening thickness. Baraghith et al.
[33] proposed a particular strengthening technique based on the use of
prefabricated plates made from Strain-Hardening Cementitious Com-
posite (SHCC), which were studied in an experimental campaign; the
proposed technique appears to be difficult to apply in common practice.

Finally, concerning the third point, when the strengthening of
existing half-joints is not feasible, an alternative is represented by their
closure, which also modifies the bridge’s structural scheme. This
approach has been documented in [5] regarding the bridge over the Seez
River in Flums (Switzerland) as well as in [6]. In the end, it’s worth
recalling that while simplified analytical approaches, such as the
strut-and-tie method, are commonly employed for the design and veri-
fication of dapped-end beams, recent advancements in computational
modelling provide a more comprehensive understanding of their com-
plex stress distributions and failure mechanisms [34].

1.1. Aim of the work

This paper presents the results of an experimental campaign carried
out at the Structures and Materials Testing Laboratory of the Depart-
ment of Civil and Environmental Engineering of the University of Flor-
ence. The experimental programme was divided into two parts. The first
part, reported in a companion paper [35], investigated the failure
behaviour of undamaged dapped ends with three different reinforce-
ment layouts (T1, T2, and T3) considered representative of the most
common configurations encountered in existing Italian small- to
medium-span bridge decks.

The second part, presented in this paper, focuses on the behaviour of
dapped ends strengthened by means of a post-installed diagonal steel
bar. The strengthened specimens have the same geometry, materials,
and reinforcement layouts as types T1 and T2 investigated in the first
part of the research.

The strengthening was applied to both initially undamaged speci-
mens and specimens intentionally pre-damaged prior to strengthening,
allowing evaluation of the proposed technique under different initial
conditions.

The strengthening system consisted of a post-installed diagonal steel
bar, anchored at the top with a nut and bonded to the concrete along its
anchorage length at the opposite end. This configuration reflects prac-
tical applications where bottom anchorage is often prevented by existing
longitudinal reinforcement. The solution is particularly suitable for
dapped-end beams connected by crossbeams, where external strength-
ening techniques are not feasible. However, its implementation requires
sufficient internal space and drilling accessibility; therefore, T3 speci-
mens were excluded due to severe reinforcement congestion. The
effectiveness of the proposed strengthening technique is assessed
through comparison with the results obtained for unstrengthened
specimens reported in [35].

The paper is organised as follows. Firstly, the geometrical charac-
teristics and structural details of specimens are described together with
the geometrical and mechanical characteristics of the strengthening bar
and the installation technique. Then the test setup, loading protocol and
mechanical properties of the materials are presented; in the subsequent
section, results are reported for each tested dapped end. Finally, the
discussion of results highlights the impact of the proposed strengthening
technique on the structural behaviour of half-joints, with particular
focus on crack patterns up to failure and load-carrying capacity.
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2. Experimental campaign
2.1. Reinforcement layout and strengthening configuration

Two types of strengthened full-scale RC half-joints (T1 and T2) were
tested. Unstrengthened specimens of the same types had previously been
tested up to failure in the first part of the research, with results reported
in the companion paper [35]. The first part also included tests on
specimens with a third reinforcement layout, named T3, characterized
by the presence of multiple layers of diagonal bars, which did not allow
the application of the proposed strengthening technique to T3 speci-
mens. Therefore, the present study is limited to strengthened specimens
of types T1 and T2.

The strengthening technique involves the post-installation of an
18 mm diameter threaded diagonal bar, inclined at 45°, embedded in a
22 mm diameter hole filled with epoxy resin. The total embedded length
is 750 mm, with the bottom end positioned just above the bottom
reinforcement bars. The geometry and reinforcement layout are shown
in Fig. 1. The choice of an 18 mm diameter for the post-installed diag-
onal bar was guided by practical geometric constraints of the dapped-
end region. Smaller diameters would have provided a limited contri-
bution in terms of additional tensile area, while larger diameters would
require drill holes that may interfere with existing reinforcement or
reduce the residual concrete section around the re-entrant corner.

In specimen T1-1B, the bottom longitudinal reinforcement bars were
welded to a steel end anchorage plate to prevent the slippage phenom-
enon noticed in the earlier phase of the experimental program described

Strangthaning bar M18
sterd o B
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in [35]. Besides the vertical stirrups at 75 mm spacing, in specimen
T1-1B, there are two 16 mm horizontal U bars; in T2 specimens, there
are two 8 mm horizontal U-bars and a pair of 12 mm diagonal bars
(Fig. 1), whose top ends are intentionally misaligned with the nib sup-
port, as usually found in existing half-joints. In all specimens, there are
two vertical 14 mm bars and the first stirrup is always positioned
120 mm from them to account for the potential presence of a cross beam
(dashed area in Fig. 1). The two chosen layouts resemble those of
existing Italian bridges [3,36].

Two beams for each dapped-end type have been cast for a total of
eight dapped ends; then, each dapped end has been labelled as follows:
Ta-pA-Q, where: a= 1, 2 denotes the type (T1 or T2); = 1, 2 denotes the
absence (1) or presence (2) of strain gauges on rebars; A=A, B distin-
guishes the two dapped ends of the same specimen (left side or right
side) and Q=D or S, where D denotes pre-damaged and S strengthened
specimens.

2.2. Specimen dimensions and test setup

Each dapped-end beam has an overall length of 4120 mm and a full-
depth rectangular cross-section measuring 250 x 600 mm? (Fig. 2). The
nib extends 200 mm in length and has a depth of 300 mm, which is half
the total depth of the beam. To prevent flexural failure, the flexural
reinforcements are oversized. Shear reinforcement consists of 8 mm
vertical stirrups, arranged at two different spacings: 75 mm near the
dapped end and 150 mm further away. Each specimen was subjected to
a three-point asymmetric bending test under simply supported
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Specimens T2-1B and T2-2B strengthened with M 18 threaded diagonal bar

Fig. 1. Geometry and reinforcement layout of the two dapped end types (the dashed area identifies the potential presence of a cross beam) with the post-installed

diagonal bar.
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Fig. 2. Three-point non-symmetric bending test with the identification of the reactions at external supports [mm] [35].

conditions, with an effective span of 3000 mm (Fig. 2). The vertical load
is applied 1100 mm from the support of the tested dapped end
(approximately one-third of the effective span), using two electrome-
chanical actuators, each with a maximum load capacity of 350 kN,
which provide a total load capacity of 700 kN.

The distance of 1100 mm between the applied load and the vertical
support beneath the nib corresponds to twice the effective depth of the
beam (550 mm), avoiding the formation of a direct concrete strut to the
support, as recommended in [11,12,26,31]. The applied force, F, is
transferred to the specimen through a rigid steel beam (HE 280 B)
(Fig. 2). Both supports, one located at the beam bottom and the other at
the tested dapped end, consist of welded steel cylinders with a 50 mm
diameter. The reactions at the supports are distributed as 11 F/30 (about
F/3) beneath the beam end and 19 F/30 (about 2 F/3) beneath the
dapped end.

The loading protocol consisted of a monotonic load applied up to
failure under displacement-controlled conditions. However, to evaluate
the effectiveness of the proposed technique on damaged dapped ends,
some specimens were pre-damaged before being strengthened.

The pre-damage protocol involved applying increasing loading steps
until reaching a peak load equal to approximately 98% of the ultimate
capacity of the corresponding unstrengthened reference specimen. This
stepped procedure allowed for a controlled accumulation of damage and
cracking, while preventing premature sudden failure.

After completion of the pre-damage phase, the specimens were
unloaded, strengthened with the post-installed diagonal steel bar, and
subsequently tested to failure. Pre-damage was induced by loading the
specimens using the same configuration adopted for the final failure
tests, ensuring that cracking and steel yielding developed along the same
load paths. The high threshold (98%) was deliberately selected to
simulate a severe near-collapse condition, representative of a worst-case
scenario for existing bridges. This approach enables a rigorous assess-
ment of the strengthening system and its effectiveness in restoring the
load-bearing capacity, even in the presence of extensive damage.

2.3. Strengthening of specimens

To install the strengthening diagonal bar, preliminarily, the top edge
of the dapped end was smoothed at 45°, then a 22 mm diameter hole
was drilled into the dapped end with the help of a steel custom-made jig,
designed to ensure accurate positioning of the hole and 45° inclination.
The hole was then thoroughly cleaned, initially using compressed air to
remove dust and debris, then washed with clean water, and residual

moisture was removed by vacuum extraction. Finally, the hole was filled
with epoxy resin, and the threaded bar was embedded, as shown in
Fig. 3, and anchored externally with a nut and a 50 mm diameter
washer.

The adopted strengthening solution (a diagonal bar with a diameter
of 18 mm) may be particularly suitable in the presence of crossbeams,
which can prevent the installation of external strengthening bars on
either side of the dapped end, as can be done for isolated dapped ends.
However, the use of internally embedded strengthening bars is feasible
only when sufficient internal space is available and drilling operations
are not hindered, as in the case of the T3 specimens, which were
excluded from strengthening due to their extremely high reinforcement
density. It is worth noting that an 18 mm bar diameter, with a 22 mm
drilled hole, was considered the minimum feasible size to avoid drilling
tool failure and drilling misalignment. At the same time, this diameter
was selected to ensure that the load-carrying capacity of the strength-
ened specimens remained within the capacity limits of the laboratory
testing equipment.

Regarding the long-term durability of the strengthening technique,
the epoxy resin utilized in this research is certified in the ETA—22/0001
[37] for a service life of at least 100 years within a wide temperature
range of —40°C to + 72°C. These performance values are valid when the
system is installed in compacted, non-carbonated concrete, respecting a
minimum concrete cover provided in [37]. This configuration also
benefits from a “reserve length” effect [38]: while the outermost
segment of the bar-concrete interface might experience minor environ-
mental degradation, the deep internal segment remains shielded,
ensuring the load transfer capacity is maintained.

2.4. Specimen material properties

All specimens were constructed using concrete of grade C25/30
(fox=25 N/mm?) and steel rebars of grade B450C (fy=450 N/mm?). The
compressive strength of concrete had been assessed through five uni-
axial compression tests on cylinder specimens (diameter x length =d x L
~ 100 mmx190 mm) according to EN 12390-3 [39] at testing ages
between 96 and 272 days. All tests provided remarkably similar values
of the cylinder compressive strength with an average value f,
~ 40.4 N/mm? and a standard deviation of 3.1 N/mm?. The concrete
compressive strength has also been evaluated at a testing age of 320 days
through compression tests on twenty-three core specimens drilled from
beams after completing tests on dapped ends. Results allow for esti-
mating an average cylinder compressive strength f, ~ 40 N/mm? with a
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Hole filling with epoxy resin and bar embedment
y ’ -_-.lf-"'

Fig. 3. Execution phases for the installation of the diagonal strengthening bar.

standard deviation of 3 N/mm? (COV=0.075), which is remarkably
similar to values from initial characterization compression tests. The
tensile strength is evaluated through five splitting tensile tests, accord-
ing to EN 12390-6 [40]. The average splitting tensile strength (f.y) is
4.27 N/mm? with a standard deviation of 0.58 N/mm?2 The elastic
modulus of the concrete holds 29045 N/mm? and is evaluated according
to EN 12390-13 [41].

The steel reinforcement consists of ribbed bars with a nominal yield
strength of 450 MPa and a ductility grade C (B 450 C). Uniaxial tensile
tests provided average values of the yield strength (f,) between 498 N/
mm? (8 mm bars) and 548 N/mm? (12 mm bars) and values of the ul-
timate strength (f,) between 602 N/mm? (8 mm bars) and 655 N/mm?
(12 mm bars). The results of all compression tests on concrete specimens
and tensile tests on steel rebars have already been reported in [28]. Two
additional uniaxial tensile tests were performed on 18 mm threaded bar
specimens, yielding average values of 664 MPa for yield stress and
801 MPa for ultimate stress, with coefficients of variation of 0.63% and
0.7%, respectively. The 18 mm threaded steel bars were anchored in
22 mm diameter holes in cracked concrete. According to the European
Technical Assessment ETA-22/0001 [37], the characteristic bond
resistance in uncracked concrete C20/25 for reinforcing bars in hammer
drilled holes is 14 MPa, referred to the lateral surface of the bar.

2.5. Specimen Instrumentation

The specimens were subjected to displacement-controlled loading at
a constant stroke rate of 1 mm/min and were monotonically loaded
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beyond the peak load. The structural response of the dapped ends is
monitored using instruments placed on both the right and left faces
along the main reinforcement bars (Fig. 4). To measure crack opening
displacements, linear variable differential transformers with a resolu-
tion of +0.01 mm (LVDTs) are installed on all specimens in various di-
rections: diagonal (LVDT5, LVDT10, LVDT11, LVDT6), horizontal
(LVDT2, LVDT7), and vertical (LVDT3, LVDT8). The distances between
the instrumented points are indicated in Fig. 4, which also shows the
exact positioning of all LVDTs.

Three wire encoders (F1, F2 and F3) are fixed to the ground to
measure the vertical displacement at the target point (dg), located at
the bottom of the loaded section, and the vertical displacements at the
supports (dp; and dgs3); the last have been removed from the recorded
value of dpp, according to the procedure described in [35], to account for
the deformability of the loading frame. Instrument data acquisition was
performed at 10 Hz. Strain gauges were installed on the stirrups near the
nib, and their position was depicted in [35].

3. Experimental tests
3.1. Experimental program

The experimental campaign was conducted on three dapped-end
specimens, all of which were first strengthened and then tested to fail-
ure; however, the strengthening was applied under different initial
conditions for the specimens. In the first investigated case, the
strengthening was applied to the undamaged specimen T2-1B, that is, to
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Fig. 4. Identification of the length and position of the linear variable differential transducers (LVDTs) a) Front face b) Backside face.
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the specimen in its original as-built condition with no prior loading
history. In the other two cases (specimens T2-2B and T1-1B), the
strengthening was applied to specimens that had been pre-damaged
through a stepwise loading and unloading process, up to reach about
the same ultimate load recorded during the failure tests conducted in the
first part of the study. The pre-damage procedure used for specimens
T2-2B and T1-1B is non-standardised. It involved a series of random,
load-controlled cycles up to 98% of the ultimate load previously recor-
ded for homologous specimens in the previous experimental campaign
[35]. Stabilization intervals of 60-90 s were incorporated to allow crack
stabilization. This protocol ensured a consistent level of damage repre-
sentative of in-service deterioration in dapped-end beams.

3.2. Test results

3.2.1. Specimen T2—1B

The undamaged specimen T2-1B is first strengthened with the di-
agonal 18 mm threaded bar and then tested to failure (test T2-1B-S).
The strengthened specimen exhibited a 34.32% increase in load capacity
compared to the unstrengthened specimen T2-1A, and a 39.66% in-
crease compared to the unstrengthened specimen T2-2A. The load-
displacement curve for the investigated specimen is compared with
the unstrengthened specimen of the same typology, i.e. with the same
reinforcement layout (Fig. 5). The crack pattern analysis provides a vi-
sual and qualitative understanding of how damage evolves in both
unstrengthened and strengthened specimens (Fig. 10). By comparing the
crack pattern at failure of the strengthened specimen T2-1B-S with the
unstrengthened specimens T2-1A and T2-2A, a completely different
failure mode is observed. In the unstrengthened specimens, no slippage
of the bottom reinforcement bars had been observed [28], and the
cracking had been primarily concentrated at the inner corner of the nib,
propagating diagonally at an angle of approximately 45° up to the top
concrete cover.

In the strengthened specimen, the addition of a threaded diagonal
bar produced such an increase in the ultimate load that it caused a
corresponding increase in the stresses of the bottom reinforcement bars,
leading to their failure by bar slippage. A series of distributed cracks
developed along the length of the bottom bars, eventually ending in a
main crack with an inclined orientation (about 55°), extending through
the entire height of the beam’s full-depth section. It can be assumed that
the presence of an anchorage plate at the end of the bottom bars could
have contributed to an increase in the ultimate load. However, this
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Fig. 5. Load-displacement curve of the test T2—1B-S and comparison with tests
on unstrengthened specimens T2—1A and T2—2A.
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hypothesis should be evaluated through further FEM modelling of the
test, considering both the actual configuration and a modified configu-
ration including an end plate. Concerning the crack width, Fig. 11 il-
lustrates the evolution of crack opening displacement (COD) as a
function of the applied load. In all measurement points, the COD in-
creases nonlinearly with the load, with significant differences in both
the rate and magnitude of crack opening between the unstrengthened
and the strengthened specimens. The strengthened specimen T2-1B-S
consistently exhibits the lowest COD values across all LVDT locations,
even at loads approaching the ultimate value P,. This behaviour in-
dicates improved crack control due to the redistribution of internal
stresses, due to the presence of the post-installed diagonal bar. The COD
in T2-1B-S remains below approximately 2 mm throughout the loading
process, confirming the effectiveness of the strengthening in limiting
deformation and delaying damage accumulation.

In contrast, the unstrengthened specimens T2-1A and especially
T2-2A show a much steeper increase in crack opening beyond
250-300 kN, with the latter reaching peak COD values of up to 6 mm,
particularly at LVDT positions 1-6. These results reflect an earlier onset
of cracking and a reduced capacity for crack diffusion in the absence of
the strengthening bar. Among the four measurement points, LVDT pairs
1-6 and 5-10 display the largest crack openings and the most pro-
nounced differences between the specimens, since these locations
correspond to the most critical zones, where the strengthening bar has
the greatest influence.

Although specimens T2-1A and T2-2A have the same reinforcement
layout, their load-displacement curves exhibit moderate differences.
Such variations are consistent with the expected scatter in full-scale
reinforced concrete elements and may be attributed to local differ-
ences in initial micro-cracking, small variations in aggregate distribu-
tion near the dapped-end region, or minor geometric imperfections in
the nib or the supporting boundary conditions. These differences fall
within the typical variability observed in large-scale RC tests and do not
affect the interpretation of the strengthening effectiveness.

3.2.2. Specimen T2—2B

Specimen T2-2B was first subjected to a pre-damage test under a
stepwise loading and unloading process to reproduce the cracking state
that might be produced by live loads in overloaded existing half-joints.
Then, it was strengthened and tested to failure (Fig. 6). During the pre-
damage test, the specimen was subjected to stepwise loading and
unloading until a value close to the ultimate load reached in failure tests
on as-built specimens with the same reinforcement layout (T2-1A and
T2-2A in [35]). Subsequently, the pre-damaged specimen was
strengthened using the diagonal 18 mm threaded bar, and finally, the
monotonic failure test (T2-2B-S) was carried out.

Fig. 7 shows the loading protocol, defined by the displacement
imposed by the hydraulic jacks, alongside the load-displacement curve.
During the pre-damage test T2-2B-D, the first two loading steps, at
101.42 kN and 104.82 kN (corresponding to 26.6% and 27.4% of the
ultimate load of the unstrengthened specimen T2-1A) resulted in the
initiation of a hairline crack, slightly visible at the inner corner of the
nib. Subsequently, the application of a 202.24 kN (52.9%) load caused
the opening of a 0.2 mm-wide diagonal crack, at approximately 45°,
originating from the same inner corner. After unloading, the specimen
was reloaded up to 290.92 kN (76.2%). At this loading level, the diag-
onal crack widened to 0.6 mm. Upon unloading, the crack partially
closed, maintaining a residual opening of 0.2 mm.

A further loading step up to 276.52 kN (72.4%) was then applied,
during which the diagonal crack continued to propagate, reaching an
opening of 0.67 mm. Once again, after unloading, the crack closed
partially, with a residual width of 0.2 mm. A subsequent load step up to
363.70 kN (95.2%) caused the formation of a second diagonal crack,
inclined at approximately 50°, originating from the edge of the bearing
plate.

The final two loading steps were applied up to 366 kN (95.8%) and
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Fig. 7. Loading protocol and load-displacement curve for the pre-damage test T2—2B-D.

376.8 kN (98.7%), respectively. The last value of 376.8 kN was between
the ultimate loads reached in the failure tests on specimens T2-1A and
T2-2A (366 kN and 381 kN). During these phases, the diagonal cracks
widened from 0.83 mm to 3.63 mm at the first peak and 5.31 mm at the
second peak. After the final unloading, the residual total width of the
two diagonal cracks was equal to 3.48 mm.

Fig. 8 illustrates the evolution of the crack opening displacement
(COD) as a function of the applied load during the T2-2B-D damage test.
The solid line represents the COD at the peak load of each loading step,
while the dashed line indicates the residual crack opening measured
after complete unloading. After the pre-damage test, the specimen was
strengthened using the diagonal threaded bar, and then the failure test
(T2-2B-S) was conducted. The load-displacement curve of T2-2B-S is
compared with the unstrengthened specimen of the same typology
(Fig. 9). The capacity curve of the strengthened specimen T2-2B-S
highlights about the same increase in load capacity. Specifically, it
exhibited a 28.86% increase in load capacity compared to the
unstrengthened specimen T2-1A, and a 33.98% increase compared to
T2-2A. By comparing the crack pattern at failure of the strengthened
specimen T2-1B-S and T2-2B-S with the unstrengthened specimens
T2-1A and T2-2A, a completely different failure mode is observed
(Fig. 10). In the unstrengthened specimens, no slippage of the bottom
reinforcement bars was observed, and cracks were primarily concen-
trated at the inner corner of the nib, propagating at an inclined angle of
approximately 45° toward the top concrete cover. In the strengthened

specimen, the installation of the diagonal bar led to increased stresses in
the bottom reinforcement bars, causing their failure by slippage. In this
case, a series of distributed cracks developed along the length of the
bottom bars, culminating in a dominant inclined crack, approximately
60°, that extended through the entire height of the beam, resulting in a
full-depth failure section.

Fig. 11 shows the evolution of crack opening displacement (COD) as
a function of the applied load for specimen T2-2B-S. In the test, per-
formed after strengthening with the diagonal threaded bar, COD values
increased more gradually and remained lower at the maximum load P,
compared to the unstrengthened specimens T2-1A and T2-1B, indi-
cating improved crack control and a more distributed damage pattern. It
is important to note that curves of T2-1B-S do not start from zero, but
from the residual values recorded at the end of the pre-damage test
(T2-2B-D). The comparison confirms that the strengthening effectively
reduced the damage state of the dapped end.

During the pre-damage test, the strain gauges SG1, SG2 and SG3
recorded increasing strains approaching or slightly exceeding the yield
strain of the bars (notably SG2 and SG3). All three sensors ceased
functioning near the yield strain due to damage.

Strain gauges SG4, SG5, and SG6, positioned on the first, second, and
third stirrups, respectively, remained functional throughout the test,
recording strains below the yield point. In the T2-2B-S test, SG4
exhibited a maximum strain approximately 20% lower than in T2-2B-D,
indicating a significant difference. For SG5, the difference was smaller,
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with the maximum strain in T2-2B-S about 4% lower than in T2-2B-D.
This reduction is attributable to the introduction of the diagonal rein-
forcement bar in T2-2B-S, which reduces the stress state in the stirrups.
SG6 recorded only modest strain variations, suggesting that the third
stirrup played a minimum role in the failure mechanism (Fig. 12).

3.2.3. Specimen T1-1B

Like specimen T2-2B, specimen T1-1B was first pre-damaged under
a stepwise loading and unloading process. After the pre-damage test, the
specimen was strengthened with the diagonal threaded bar and sub-
jected to a new monotonic test to failure (test T1-1B-S) as depicted in

Fig. 13.

Fig. 14 shows the loading protocol for the pre-damage test, along
with the corresponding response of the tested specimen. The figure
highlights the load levels attained during the test.

The pre-damage test was performed by initially applying a
101.14 kN (27.7%) load, followed by a complete unloading phase. No
crack formation was detected during the initial stage. Successively, a
load of 283.56 kN (77.6%) was applied, which led to the initiation of a
hairline crack at the inner corner of the nib. All percentages refer to the
maximum load of the unstrengthened specimen T1-2B.

This crack exhibited an inclination of about 45°, and its width pro-
gressively increased as the applied load increased. Following the
unloading, the crack closed partially, maintaining a residual width of
0.5 mm. Ultimately, two additional loading increments were applied up
to 324.40 kKN (88.8%) and 342 kN (93.7%), after each of which the
specimen was unloaded.

The pre-existing crack propagated in length and widened, but did not
extend to the upper concrete cover. Partial crack closure was observed
upon unloading, with a residual opening of about 1.0 mm. Fig. 15 il-
lustrates the evolution of the crack opening displacement (COD) as a
function of the applied load during the T1-1B-D damage test. The solid
line represents the COD at the peak load of each loading step, while the
dashed line indicates the residual crack opening measured after com-
plete unloading.

After the pre-damage test, the specimen was strengthened with the
diagonal threaded bar and then tested to failure (T1-1B-S). During the
test, a hydraulic circuit issue caused an interruption at a load of
approximately 539 kN. The specimen was subsequently reloaded,
reaching an ultimate load of 587 kN. The load-displacement curve of the
strengthened specimen (T1-1B-S) is compared with those of the
unstrengthened specimens of the same type (T1-1A and T1-2B) in
Fig. 16. The curves highlight clear differences in both peak load capacity
and stiffness. The strengthened specimen exhibits the highest ultimate
load, reaching 586.84 kN, and shows an intermediate peak of 538.58 kN
during the unloading and reloading sequence before attaining its final
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capacity.

Compared to the unstrengthened specimens, T1-1B-S shows a
63.96% and 60.54% increase in peak load relative to T1-1A and T1-2B,
respectively, demonstrating the effectiveness of the diagonal bar in
enhancing structural performance.

The crack patterns at failure are compared in Fig. 17. In the
strengthened specimen T1-1B-S, cracking is more distributed and finely
developed, with multiple inclined cracks starting from the inner corner
of the nib and propagating diagonally. In contrast, unstrengthened
specimens T1-1A and T1-2B show more localized and wider diagonal
cracks.

Fig. 18 illustrates the evolution of crack opening displacement (COD)
with increasing applied load, measured at four LVDT positions (1-6,
2-7, 3-8, and 5-10). The curve for specimen T1-1B-S is shown over two
steps (first and second loading phases), along with curves related to
unstrengthened specimens T1-1A and T1-2B. The data show that during
the first loading step of T1-1B-S, the COD remains consistently lower
than in the unstrengthened specimens, indicating effective crack control
and delayed damage development due to the presence of the diagonal
bar. In the second step, COD values increase more rapidly - particularly
at LVDT positions 1-6 and 3-8 - reflecting the influence of prior damage
accumulated during the first step. Nevertheless, in positions such as
LVDT 2-7 and 5-10, the COD values in the second step remain com-
parable to or even below those observed in the unstrengthened speci-
mens. Overall, the comparison highlights the beneficial effect of the
diagonal strengthening in reducing crack opening during the first
loading step.

3.2.4. Load-carrying capacities from all tests
Table 1 summarizes the load-carrying capacities registered in all the
failure tests, including those previously reported in [35]. The percentage

differences in ultimate loads between the strengthened specimens and
the unstrengthened specimens are also presented. The increase in ulti-
mate load was approximately 31+37% for the T2 specimens, which
were already equipped with a diagonal bar prior to strengthening,
whereas it reached about 62% for the T1 specimen, whose as-built
reinforcement layout consisted only of horizontal and vertical steel bars.

3.3. Analytical evaluation of the load capacity of strengthened specimens

The load capacity of the strengthened specimens was also evaluated
using analytical strut-and-tie (S&T) models developed in [42], which
assume that the tensile force in the reinforcing bars is equal to the
minimum of the bar yielding force and the bond-slip resistance force.
Furthermore, the reliability of the proposed analytical approach re-
quires verification not only of the strength and equilibrium of the
strut-and-tie model, but also of the concrete compressive strength, as
well as the equilibrium and load-carrying capacity of the nodes [42].
The contribution of the strengthening bar can be directly accounted for
in the strut-and-tie (S&T) model developed for the unstrengthened
specimen. If the strengthening bar is mechanically anchored at the
bottom of the beam, its contribution to the load capacity of the dapped
end can be assessed using the strut-and-tie (S&T) model shown in
Fig. 19a, as suggested in Eurocode 2 [43]. However, mechanical
anchorage of the diagonal bar is often impractical due to the presence of
the bottom longitudinal reinforcement, which prevents drilling through
the beam to the bottom, so the post-installed bar can only be bonded to
the concrete, as in the present study. In this case, the increase in the
ultimate load can be evaluated using the truss model shown in Fig. 19b,
where the truss geometry, particularly the inclination of the strut within
the full-depth beam section, is governed by the anchorage length of the
strengthening bar [44]. Differently from the truss model of Fig. 19a, it is
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evident that this truss model can develop only if horizontal reinforce-
ment in the nib and hanger vertical reinforcement is provided to ensure
static equilibrium and carry the associated axial forces.

3.3.1. Analytical model for the strengthened T1 specimen

For the strengthened specimen T1-1B, the load capacity is evaluated
by summing the contributions of the as-built horizontal and vertical
reinforcement, and the strengthening bar.

The horizontal bar in the nib and the hanger bars are considered
within a truss model identified through an iterative approach, as
described in [42], hereafter referred to as Truss A. The iterative calcu-
lation consists of progressively adding stirrups - whose maximum tie
force is limited by their yield strength - to the resisting mechanism,
starting from the one closest to the corner, until yielding of the hori-
zontal bar or crushing of the concrete occurs. In this case, the calculation
indicates that the first three stirrups are involved in the resisting
mechanism, with the first two yielding and the third remaining in the
elastic range. The maximum resisting load, equal to 402.7 kN, is reached
when the horizontal reinforcement in the nib yields (Fig. 20).

The contribution to the load capacity of the diagonal strengthening
bar, bonded to the concrete at its bottom end, could be evaluated using
the strut-and-tie (S&T) model shown in Fig. 19b, nevertheless this model
requires additional vertical reinforcement and horizontal reinforcement
in the nib beyond that already involved in Truss A. The increase in the
load capacity due to the post-installed bar is then considered using a
sectional approach [42,45]: the increase in the ultimate reaction at the
support is taken as the minimum of the ultimate shear strength (F) at
section S (Fig. 21a) and the vertical component of the ultimate eccentric
tensile axial force (N) at section S7, inclined at 45°. In turn the ultimate
axial force N is determined by the intersection between the
moment-axial force interaction curve of section S; and the line
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describing the relationship between bending moment and axial force,
M=N-dg, where the slope of the line is equal to the eccentricity dg
(Fig. 21a).

For specimen T1-1B, N is equal to 77.5 kN (Fig. 21) consequently,
the maximum reaction under the nib holds 109.5 kN [=77.5 / sin
(45°)1, which corresponds to an ultimate load of 173 kN. By summing
the ultimate loads provided by the Truss A and the sectional approach, a
total ultimate load of 402.7 kN + 173 kN = 575.7 kN is obtained. It is
worth noting that those values are calculated using the yielding strength
of reinforcements.

3.3.2. Analytical model for the strengthened T2 specimens

For specimens already equipped with diagonal reinforcement before
strengthening (type T2), the contribution of the hanger reinforcement
was evaluated using the Truss A [43] and the contribution of the diag-
onal bars with the Truss B shown in Fig. 22. In the Truss A, at the
yielding of the horizontal bar in the nib, only the first two 14 mm hanger
bars are activated in the resisting mechanism, remaining in the elastic
field; a maximum load of 126.8 kN is reached. The horizontal compo-
nent of the compression strut is equilibrated by the 14 mm C-shaped
bars. The contribution of the diagonal bars, represented by Truss B,
results in an external load of 242.7 kN.

The contribution of the diagonal strengthening bar can be taken into
account by using the sectional approach as in the previous case (Fig. 21).
However, in contrast to the aforementioned configuration, its influence
on the ultimate load is reduced due to slippage of the longitudinal
reinforcement, which is attributed to the absence of a longitudinal bar
anchorage plate (Fig. 1). Indeed, the addition of the strengthening bar
increases the maximum load capacity and the corresponding bending
moment, so inducing higher tensile forces in the longitudinal bottom
reinforcement.
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Fig. 13. Test phases of the specimen T1—1B.

Starting from the reaction R obtained through the sectional analysis
(R = 109.5 kN), attention is focused on the critical section correspond-
ing to the onset of slippage of the bottom reinforcement (section A-A in
Fig. 23). At this section, the bending moment is
M= 109.5-0.722 = 79.09 kNm, which induces a tensile force of
164.13 kN in the horizontal bottom bars (Fig. 23).

At failure, an engineering approximation of the tensile force in the
bottom horizontal reinforcement at section A-A is obtained assuming
that the ultimate capacities of the three distinct resisting mechanisms
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(Truss A, Truss B and the sectional mechanism) can be superimposed.
Since the bottom reinforcement is subjected to tensile forces of 150.7 kN
and 330.7 kN at the failure of Truss A and Truss B, respectively, and to a
tensile force of 164.13 kN at the failure of the sectional mechanism, the
superposition assumption yields a total tensile force of 645.6 kN. The
corresponding load capacity of type T2 specimens is 542.5 kN, obtained
by summing the individual contributions of each mechanism: 126.8 kN
from Truss A, 242.7 kN from Truss B, and 173 kN from the sectional
mechanism. This value exceeds the experimentally observed ultimate
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Fig. 15. Average crack opening displacements measured by all LVDTs as a function of the applied load (P) [kN] for the pre-damage test T1—1B-D.

loads of 491 kN (specimen T2-2B) and 512 kN (specimen T2-1B),
indicating that, due to slippage of the bottom reinforcement, the average
experimental capacity (=~ 500 kN) is approximately 8% lower than the
predicted value. The tensile force at which slippage of the bottom bars
occurs can be estimated by applying the same reduction factor (0.08),
giving 0.92 x 645.6 =~ 594 kN, while the anchorage length can be ob-
tained from the experimental cracking pattern as about L, = 600 mm
(Fig. 23). Finally, considering the total bond perimeter of the four
24 mm diameter bars, the force of 594 kN corresponds to a bond
strength = 3.28 N/mm?, close to the bond strength value provided by
UK Code CS 455 (t=3.52 N/mm?, assuming the partial safety factor for
bond equal to 1.0) [46], already utilized by Desnerck [47].

For the specimens without the strenthening bar, the maximum ten-
sile force can be estimated as the sum of the forces at failure of Truss A
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and Truss B (481.4 kN), corresponding to a bond stress of 2.65 N/mm?,
lower than the bond stength, which explain the absence of slippage in
the longitudinal bottom bars in the unstrengthened specimen [35] .

4. Discussion

The experimental campaign aimed to assess the effectiveness of post-
installed diagonal steel bars as a strengthening technique for both un-
damaged and pre-damaged RC dapped ends.

A primary finding is the substantial increase in the load-carrying
capacity observed in strengthened specimens. For the strengthened
specimen without pre-damage (T2-1B-S), the strengthening led to an
increase in the ultimate load capacity ranging from 34% to 39.6%
compared to the unstrengthened specimens of the same type. In
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contrast, the specimen that was initially pre-damaged under load and
then strengthened (T2-2B-S) showed an increase in load capacity be-
tween 28.3% and 34.1%. This suggests that the strengthening effec-
tiveness in enhancing the load capacity of the pre-damaged specimen
was only slightly lower than that of the specimen without pre-damage.
The ability to enhance performance even after pre-damage due to
overloading has significant implications for infrastructure rehabilitation
strategies, potentially extending the lifespan of ageing bridges and
reducing the need for costly and disruptive full replacements.

For the pre-damaged and strengthened specimen T1-1B, the increase
in load capacity exceeded 60%, about twice the increase observed for
the pre-damaged and strengthened specimen T2-2B. This result can be
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explained by the combination of the initial resisting mechanism, based
solely on horizontal and vertical bars for specimens of the type T1, with
the additional resisting mechanism activated by the presence of the
strengthening diagonal bar.

Regarding ductility, the results indicate that the introduction of the
strengthening bar, while significantly increasing the ultimate load ca-
pacity, led to a reduction in ductility. In particular, ductility evaluated
according to [48] is about 2.3 for the unstrengthened T2 specimens,
whereas values between 1.8 and 1.4 were obtained for the strengthened
T2 specimens. For the T1 specimens, ductility values ranging from 1.7 to
2.0 were estimated for the unstrengthened configuration, while a value
of approximately 1.6 was obtained for the strengthened specimen
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Fig. 18. Average crack opening displacements measured by all LVDTs as a function of the applied load (P) [kN] for the strengthened (T1-1B-S) and the

unstrengthened specimens (T1—1A and T1-2B).

Table 1
Load-carrying capacity (in kN) registered in all tests.

Specimen  Failure load of the as-built Failure load of the
unstrengthened specimen strengthened specimen
T1-1B 362* [35] 586.84 (+62.11%)**
T2-1B 374* [35] 512.26 (4+36.97%)**
T2-2B 374* [35] 491.42 (+31.40%)**

*Average ultimate load of tests on two unstrengthened specimens with the same
reinforcement layout [35].

" Percentage increment compared to the average ultimate load of the
unstrengthened specimens.

T1-1B-S. Nevertheless, considering the inherently brittle nature of
dapped-end regions, the observed increase in load-carrying capacity can
be regarded as more important for structural safety than the moderate
reduction in ductility.

Unlike the unstrengthened specimens, where the failure mode was
characterised by the formation and propagation of a dominant crack at
the re-entrant corner of the nib, the strengthened specimens (e.g.,
T2-1B-S) showed a more distributed crack pattern. This change denotes
a significant improvement in the structural reliability and safety, as it
provides a greater warning before collapse. The effective control of
crack opening displacements (COD) further supports this observation.
As shown by the LVDT measurements, the strengthened specimens
exhibited consistently lower COD values at various load stages
compared to corresponding unstrengthened specimens, indicating
enhanced stiffness and serviceability performance. The reduction in
crack width is crucial for long-term durability, minimising the ingress of
deleterious substances and extending the service life of the structure.

Although the results are promising, this study has some limitations
that point the directions for future research. The bond behavior between
the post-installed bars and the concrete was not directly tested. Future
work should therefore include dedicated pull-out tests to evaluate the
actual strength and anchorage of the system in both uncracked and
cracked concrete. Moreover, the study considered only a single
strengthening bar, and the proposed technique was evaluated for only
two specific reinforcement layouts. Further research is needed to
investigate the effects of different reinforcement ratios and alternative
bar detailing. To support future experimental tests, detailed numerical
modeling would also be very useful to better understand the interaction
between the new and existing reinforcement.

5. Conclusions

This experimental investigation successfully evaluated the effec-
tiveness of an innovative strengthening technique for RC half-joints
using post-installed diagonal steel bars. The study provides

valuable insights into the mechanical behaviour of these critical
components of bridges under enhanced conditions.

The key findings are summarised as follows:

— The proposed strengthening technique using a post-installed diago-
nal steel bar significantly increased the ultimate load-carrying ca-
pacity of RC half-joints. The ultimate load increased by 61% for
specimens without diagonal bars (type T1) demonstrating its high
efficiency in enhancing structural performance.

— The strengthening method proved to be highly effective also in
increasing the load capacity of dapped ends, which have been pre-
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Fig. 20. S&T model for the T1 unstrengthened specimens (Truss A).

damaged under a load like the ultimate load of the unstrengthened
specimen. The ultimate load increased by 34-40% for specimens
with diagonal reinforcement (type T2) showing its potential as a
viable repair solution for existing infrastructures.

The post-installation of the diagonal bar alters the failure mode of
half-joints, as evidenced by a more distributed cracking pattern

i
UL NN — _'_'Jl__f SN S S—

(a)

Fig. 21. Inclined section A-A identification (a) and section A-A moment-axial force interaction curve.

compared to the localized cracks observed in unstrengthened specimens.
Additionally, the diagonal reinforcement improves crack width control
(crack widths reduced by up to 60% at service load levels) which ulti-
mately enhances the serviceability and safety of the structure.

In conclusion, the study highlights that the post-installation of in-
ternal diagonal steel bars represents a good solution for strengthening
and repairing RC half-joints. Nevertheless, further investigation is
needed to investigate bond behavior at the strengthineg bar-concrete
interface, as well as the use of FRP materials for the strengthening bar
and alternative strengthening layout. Such investigations could further
enhance the reliability, durability and applicability of the proposed
strengthening technique.
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Table 2
Experimental and analytical ultimate loads.

Specimen  Ultimate load of Ultimate load of
unstrengthened specimen strengthened specimen
Experimental Analytical Experimental Analytical
[kN] [kN] [kN] [kN]

T1-1B 362 402 (+11%) 586 575.7

* (—1.76%)*

T2-1B 374 369 512 500%*

(—1.34%)* (—2.34%)*
T2-2B 374 369 491 500%*
(—1.34%)* (1.83%)*

—E
* Percentage differences between analytical and experimental load (AnETxp)

" Results obtained considering the slippage of the horizontal bottom bars.
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