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Abstract. This study concerns refined numerical modeling of dapped-end
beams subjected to corrosion and the assessment of the performance of an
external steel retrofitting system. Widely used in infrastructure heritage,
dapped-end beams face several challenges due to the complex stress flows
in the discontinuous zones caused by the abrupt change in section depth. To
gain a better insight into the impact of local stress transfer and overall per-
formance, extensive numerical investigations are essential. In this study re-
fined 3D solid models are built to complement previous experimental tests
on a steel retrofitting system for corrosion-damaged half-joints using the
STKO software platform for OpenSees. The results from the experimental
campaign are replicated numerically following a process of calibration of
material parameters. Then, additional numerical simulations are carried out
to examine the structural response of the retrofitted half-joint in different
configurations not previously assessed in the reference experimental cam-
paign. An improvement of the steel retrofitting system is finally proposed
and numerically simulated. The results aim to provide insights into the effi-
ciency and performance of retrofitted damaged half-joints, highlighting the
capability of numerical models to complement experimental tests and im-
prove the understanding of structural behavior, and strengthening strategies.

Keywords: Dapped-end beams, Half-joints, Bridges, Concrete, Retrofit-
ting, OpenSees, STKO.

1 Introduction

Reinforced concrete infrastructures have shown significant deterioration due to
aging, insufficient maintenance, and design flaws [1]. Issues such as carbonation,
reinforcement corrosion, and cover spalling severely reduce load-bearing capacity
in reinforced concrete bridges, requiring strengthening and retrofitting systems.
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Dapped-end beams, also known as half-joint beams, are a notable example of
structures often subjected to degradation especially because of corrosion of rein-
forcement (Fig.1). These structural elements, widely used from the 1960s to the
1980s for their design simplicity and settlement insensitivity, have shown early
degradation and brittle failures [2, 3]. Several studies have evaluated the perfor-
mance of dapped-end beams under both undamaged and damaged conditions,
employing Strut-and-Tie models (STMs) [4]. Recent research has focused on ex-
perimental and numerical investigation of the impacts of reinforcement corrosion
and retrofitting solutions for structural deficiencies [5-10].

Fig. 1. Degradation of dapped-end beam bridges caused by steel reinforcement corrosion.

Two common strengthening techniques are Fiber Reinforced Polymers
(FRP/CFRP) and external prestressing systems. While FRP/CFRP systems can
increase load-bearing capacity by 10-80%, their effectiveness depends on geomet-
ric details, reinforcement layout, and fiber orientation [11-14]. On the other hand,
external prestressing provides higher performance even if it is more difficult to
install [15]. Among recent innovations, precast strain-hardening cementitious
composites (P-SHCC) have demonstrated remarkable improvements, achieving up
to a 90% performance increment [16].

However, most research on dapped-end beams focused on rectangular cross-
sections, with limited attention to T-shaped sections, especially under severe dam-
age conditions. To close this gap, an experimental campaign [17] was conducted
to evaluate an innovative steel retrofitting technique consisting of L-shaped plates
and transverse prestressing to transfer shear forces through friction, thereby avoid-
ing damaged concrete sections. Tests carried out on scaled T-beams with two
reinforcement layouts revealed significant improvements in resistance but also
highlighted issues with the flange-web interface [17]. Based on this experimental
campaign, the current study incorporates advanced numerical modeling using
refined 3D solid models developed with the STKO software platform for Open-
Sees [18-19]. Numerical simulations replicate experimental results through mate-
rial calibration and extend the analysis to explore structural behavior under con-
figurations not previously tested. Based on the numerical results, an improved
retrofitting system is proposed and numerically validated.

This study contributes to the understanding of the retrofitting system's efficiency,
highlighting the synergy between experimental and numerical approaches, which
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may be useful for retrofitting corrosion-damaged half-joints and enhancing the
durability and safety of aging infrastructures.

2 Reference experimental campaign

The experimental campaign [17] involved two T-shaped dapped-end beam speci-
mens scaled to 1:3 of typical bridge girders. Each specimen was 75 cm deep, with
a flange width of 80 cm and an overall length of 490 cm, designed to replicate a
longitudinal bridge beam connected rigidly to a pier [17]. The beams were cast in
two stages: the flanges and webs were cast at different times to simulate the instal-
lation of half-joints in real structures. Both specimens had identical geometries but
differed in their reinforcement layouts. One beam featured orthogonal reinforce-
ment in the dapped-end region, while the other used inclined reinforcement, as

illustrated in Fig. 2.
o / (b)

Fig. 2. Reinforcement layout of the dapped-end beam specimens: (a) Beam A; (b) Beam B.

One half-joint of each specimen was designed with reduced reinforcement to sim-
ulate the damage due to steel bar corrosion (damaged zone). The other half-joint
was designed using the Strut-and-Tie (S&T) method and arranged with full rein-
forcement as a reference for comparison (undamaged zone). The damaged ends of
both specimens (beams A and B) were strengthened using a steel jacketing system
consisting of L-shaped steel plates with transverse prestressing bolts, as reported
in Fig. 3. The system was designed to restore the load-bearing capacity by trans-
ferring shear forces through friction between the plates and the concrete web,
bypassing weakened concrete areas. For the sake of brevity, additional details can
be found in Bertagnoli et al. [17], which presents the design of the specimens and
the retrofitting system.

Fig. 3. Steel-jacketing system designed by Bertagnoli et al. [17].
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The specimens were tested with vertical loads applied at midspan through a hy-
draulic jack. Both ends of the beams were supported at the half-joints to replicate
the boundary conditions of actual bridge beams. The test setup included two static
schemes: in the first configuration, both half-joints were loaded simultaneously,
while the second configuration focused on the failure of the undamaged half-joint.
Fig. 4 illustrates the static schemes adopted for the experimental tests of the two
beams: static scheme 1 (SS1) and static scheme 2 (SS2).

Damaged zone .&L Undamaged zone
|
(®
Damaged zone i Undamaged zone
+ (b)

Fig. 4. Static schemes adopted for the experimental program: (a) Static scheme 1 (SS1); (b)
Static scheme 2 (SS2).

Preliminary results of the experimental campaign are provided in [17].

3 Refined FE modeling of the dapped-end beams

3.1  Modeling strategy with OpenSees / STKO

A refined numerical modeling approach was employed to simulate the nonlinear
behavior of dapped-end beams by replicating the experimental campaign and ex-
tending the analyses to other configurations. The models were developed within
the STKO graphical interface for OpenSees [18-19], by using advanced damage
mechanics and 3D finite element modeling to consider the anisotropic response of
concrete and its interaction with the retrofitting system. A scheme of the model is
illustrated in Fig. 5.
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Fig. 5. Refined FE model of the dapped-end beam in OpenSees / STKO.

Concrete behavior was defined using the ASDConcrete3D constitutive model [20-
21], which applies distinct damage indices for tension (d*) and compression (d°) to
compute the update of the effective stress tensor o at each step of the analysis. The
latter is evaluated as follows:

o=(1-d")" +(1-d")o )

where 6"and ¢~ are the positive and negative components of the effective stress
tensors, respectively.

Steel reinforcement was modeled as 1D fiber-section force-based beam-column
elements with a Hysotropic material. The rebars are seamlessly connected to the
concrete beam using ASDEmbedded-node elements to simulate perfect bonding.
The steel jacketing retrofitting system, modeled with 3D solid elements, was
linked to the beam through Zero-Length-Implex-Contact elements simulating fric-
tional and shear interactions using a Coulomb friction law [22-23].

3.2 Analyses and model validation

The boundary conditions of the model replicated the experimental setup. Incre-
mental vertical loads were added to consider gravity, followed by monotonic dis-
placement to simulate failure. A quadratic mesh with an average element size of
30 mm was optimized for computational efficiency and accuracy. The analysis
outputs included load-displacement curves (Fig. 6) and crack propagation patterns
(Fig. 7), which provided detailed insights into structural behavior.
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Fig. 6. Comparison between experimental and numerical responses of beam A and beam B
in static schemes 1 (SS1) and 2 (SS2).
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Fig. 7. Comparison between experimental and numerical crack patterns of beams A and B
in static schemes 1 (SS1) and 2 (SS2).

The validated models demonstrated consistency with experimental results and
offered a useful tool to explore retrofitting system performance under different
configurations of those tested experimentally.

3.3  Additional numerical simulations

Further numerical investigations were performed to assess the actual response of
the retrofitted half-joints and make relevant comparisons. Specifically, the struc-
tural behavior of the two specimens (Beam A and B), was analyzed under three
configurations in static scheme 2:

- Undamaged half-joint designed using the S&T method,;
- Damaged half-joint;
- Retrofitted-damaged half-joint with the steel jacketing system.

Numerical simulations adopted the same mechanical properties and reinforcement
diameters used during the experimental campaign to be consistent with the already
validated models. Fig.8 shows a comparison of the behavior of beam A and beam
B under these configurations.
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Fig. 8. Numerical responses of dapped-end beams in three different configurations in static
scheme 2 (SS2): (a) Beam A; (b) Beam B.

Results indicate that the numerical models predict higher ultimate load-bearing
capacities for both undamaged and damaged half-joints than the one predicted
with the S&T method. In particular, the numerical predictions of the ultimate load
for the undamaged dapped-end beams (A and B) are 30% and 12.5% higher, re-
spectively, compared to the S&T estimations. For the damaged dapped-end
beams, the numerical failure loads exceed the S&T predictions by 23% for beam
A and 28.5% for beam B. This was because Strut-and-Tie models tend to underes-
timate the ultimate load, ensuring a conservative and safety-oriented solution.
Despite significantly enhancing the strength of the damaged half-joint, the steel
jacketing system does not fully restore the load-bearing capacity to match that of
the undamaged half-joint. The table below summarizes the failure loads across the
analyzed configurations.

Table 1. Comparison of the ultimate load determined experimentally, numerically, and
using the S&T method across three configurations of the dapped-end beams in SS2.

Failure load [kN]

Difference between

Half-joint configuration Experimental ~ Numerical ~ S&T numerical and S&T [%)]
< Undamaged half-joint 180 195 150 30%
% Damaged half-joint - 80 65 23%
@ Retrofitted damaged half-joint 120 140 - -
m Undamaged half-joint - 180 160 12.5%
% Damaged half-joint - 90 70 28.5%
@  Retrofitted damaged half-joint 120 130 - -

Failure in the retrofitted saddle occurs due to a block tearing mechanism, while the
unreinforced damaged beam fails through localized cracks near the saddle notch
without propagating through the entire web, as shown in Fig. 9.
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Fig. 9. Numerical crack patterns of the dapped-end beams (beam A and beam B) in three
different configurations in static scheme 2 (SS2).

4 Proposal for an alternative retrofitting system

The experimental campaign and numerical simulations highlighted the main limit
of the original retrofitting system: the stress concentration at the web-slab inter-
face, involving a block tearing failure mechanism. Given this, an alternative ver-
sion of the retrofitting system was proposed. The latter involves a rigid connection
of the steel reinforcement to the slab, using bolts anchored into the slab with a
chemical method (Fig.10a). It seeks to secure a non-invasive installation and im-
prove overall performance with less traffic disruption of roadway operations. The
anchors were designed based on the ultimate limit load (V4) of 200 kN, evaluating
the shear force (Tq) acting on the bolts. The latter was computed based on the
equilibrium of the damaged retrofitted half-joint, as reported in Fig. 10b, and ex-
pressed as follows:

Vy '(IR_%J:TD'(O'S'hR) (2

The shear resistance of the bolts was evaluated considering the instructions pro-
vided by the anchor manufacturers. Using M20 class 8.8 bolts, the design required
four anchors per reinforcement plate, with an anchorage length of 11 cm.
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Fig. 10. Alternative retrofitting system: (a) Three-dimensional view of the modified retro-
fitting system, (b) Scheme for the calculation of the shear force Tq acting on the bolts for a
given load Va.

The proposed reinforcement’s performances were assessed through numerical
simulations under static scheme 2 and compared with various configurations for
beams A and B, including damaged and undamaged half-joints (see Fig.11).
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Fig. 11. Comparison of the numerical responses of dapped-end beams under various con-

figurations, including the modified retrofitting system, in static scheme 2 (SS2): (a) Beam
A,; (b) Beam B.

Load-displacement curves demonstrate that the proposed reinforcement signifi-
cantly increased the failure load of damaged half-joints, exceeding the resistance
of the undamaged ones. The modified retrofitting system, involving chemical
anchoring, achieved a load capacity of 350 kN, while the original reinforcement
showed a resistance of 120 kN. Fig. 12 illustrates the crack pattern propagation in
the two retrofitting systems for beam A and beam B.
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Fig. 12. Comparison of the numerical crack patterns of dapped-end beams (Beam A and B)
with the original and modified retrofitting systems under static scheme 2 (SS2).

The alternative retrofitting systems effectively move the failure mechanism from
the damaged region to the undamaged one, causing the translation of crack propa-
gation from the web-slab interface to the beam’s midspan. Overall, anchorage
systems avoid block tearing failures, ensuring not only better distribution of the
applied load but also increased capacity and ductility. These advances showcase
what can be achieved using chemical anchoring and fully connected slabs to im-
prove structural response for retrofitted-damaged dapped-end beams.

5 Conclusions

This study provided insights into the structural behavior of corrosion-damaged
dapped-end beams, through a combined experimental-numerical approach. The
refined numerical models developed on the STKO software platform for Open-
Sees showed good agreement with the experimental campaign results and allowed
the generation of additional tests complementing the experimental program. The
models resulted in higher load-bearing capacities for the undamaged and damaged
half-joints compared to the value estimated with the S&T method. On the other
hand, the steel jacketing system, though increasing the capacity of the damaged
half-joint, was not able to fully recover the original load-bearing capacity and
ductility, thus requiring further optimization. For this purpose, a modified retrofit-
ting system incorporating anchoring connections to the slab was proposed. Nu-
merical simulation results indicated that the alternative system considerably im-
proved the retrofitted half-joint performance and shifted failure modes from the
web-slab interface to the beam's midspan, away from the damaged zone. The pro-
posed modified system shows great potential in mitigating block tearing failure
mechanisms, improving load distribution, and enhancing overall structural per-
formance while preserving the original system’s primary objective of minimizing
disruption to roadway traffic. These results emphasize how experimental data
combined with advanced numerical modeling allow obtaining better insight into
the behavior of retrofitted-damaged dapped-end beams, ensuring the safety and
durability of existing infrastructure.
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