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Abstract

The verification of dapped-end beams degraded by corrosion is a problem,

especially for existing bridges in service. This paper proposes a nonlinear

finite element (NLFE) modeling procedure and a simple strut-and-tie based

procedure for predicting the response of dapped-end beams subjected to

chloride corrosion. Firstly, the finite element modeling strategy, based on

the adoption of multilayer shell elements and the PARC_CL 2.1 crack

model is described. Then, the degradation effects on concrete, rebars, and

steel-to-concrete interaction are defined as a function of the propagation

period of corrosion. In particular, the effects of corrosion on the reinforce-

ment are modeled by applying a reduction of tensile strength that considers

for both the reduction of cross-section and the ultimate strain caused by pit-

ting. Concrete splitting cracking due to volume expansion during rust for-

mation is modeled by reducing the mechanical properties of concrete.

Corrosion effects in steel-to-concrete interaction are modeled by applying a

bond strength decay to the spring elements connecting corroded rebars—
modeled with truss elements—and concrete multilayer shell elements. The

proposed finite element procedure is used to study two scenarios based on

different spatial distributions of corrosion-prone areas. Subsequently, a sim-

plified analytical approach based on the strut-and-corroded tie method—
called S&CT method—is proposed and compared with the finite element

outcomes. Finally, the validations of the two proposed methods are pre-

sented with respect to a corroded dapped-end beam, showing that corrosion

of rebars affects the resistance mechanisms of the dapped-end beam, by

reducing both resistance and ductility. The proposed simplified analytical

S&CT method provides conservative and safe results compared to the

numerical NLFE model and to experimental data.
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1 | INTRODUCTION

Dapped-ends are quite common in reinforced concrete
structures: for example, at the ends of precast beams or in
bridge girders. In recent years, the use of dapped-ends in
bridges has been abandoned in many countries due to two
main problems: (i) corrosion caused by the ingress of
water contaminated with chlorides from de-icing salts,
(ii) difficulty of inspection and repair, especially if they are
located along the span of the bridge. For these reasons, the
problem of verifying the bearing capacity of dapped-end
beams in existing bridges is an open one,1–6 considering
also that they are often designed using methods that are
now outdated. A review of the methods used in the past to
design dapped-ends can be found in Shakir.7 Among these
methods, the most popular were the “stitching rule”
(i.e., by assuming a generic inclined crack that detaches a
portion of the dapped-end and by writing the equilibrium
of the forces on this portion, assuming that the reinforce-
ments passing through the crack yield8), and some basic
resistant trusses.9 As stated by Schlaich et al.,10 dapped-
ends have been recognized as D-type zones and they have
to be designed according to strut-and-tie (S&T) models, as
proposed by standards.11–13 Different standards, although
updated over time, provide different S&T models and rein-
forcement layouts.

Therefore, the reinforcement placed in the old existing
structures often does not correspond to that designed using
the S&T models recommended by modern standards11–13 so
the resistant truss must be defined on a case-by-case basis.
In addition, sometimes in existing structures the rein-
forcement layout does not correspond to the as-designed
requirements. For all these reasons, a wide variety of
reinforcement layouts can be observed in dapped-ends of
existing structures, which generally have a detrimental
effect on the safety assessment. Indeed, it has been exper-
imentally observed that the reinforcement layout influ-
ences the behavior of the dapped-ends both at service
and at failure.14

Based on the hypothesis of perfectly plastic behavior
of resisting trusses, S&T models may be inadequate in
the case of anchorage failure or premature rupture of the
reinforcements. As these circumstances may be triggered
by corrosive phenomena, the use of S&T models for cor-
roded dapped-ends must be carefully considered. Indeed,
chloride corrosion induces pitting of the reinforcement,
which reduces its ductility15 and can, in principle, invali-
date the assumption of perfectly plastic behavior of the
ties. In addition, insufficient anchorage resistance of lon-
gitudinal bars, due to corrosion or improper detailing,
can lead to brittle failure, again invalidating the assump-
tions of the S&T method.16,17

In all these cases, the nonlinear finite element
(NLFE) method becomes a suitable approach to study the
behavior of corroded dapped-ends at both the serviceabil-
ity and ultimate limit states. Several approaches—based
on NLFE models—are available in the scientific litera-
ture for predicting the response of dapped-ends. In gen-
eral, the proposed NLFE models are used to perform
parametric studies after validation with experimental
tests. For example, in References 18–20, the dependence
of the dapped-end behavior on the geometry of the nib
and the concrete strength was investigated, while in Ref-
erences 21–25 the effects of the amount and position of
the main reinforcement and the stirrups were analyzed.
In the scientific literature NLFE analyses are used to pre-
dict the capacity of dapped-ends under monotonic,26,27 or
dynamic loading.28,29 In References 30–34, NLFE ana-
lyses are used to evaluate the capacity of dapped-ends
strengthened with steel fiber-reinforced concrete, carbon
fiber-reinforced polymers, external carbon fiber wrap-
ping, or steel plates.

More recently, some NLFE results of degraded
dapped-end beams have been presented.35–41 In particu-
lar, Santarsiero et al.35 proposed a 3D NLFE model for a
dapped-end with variable thickness where nonlinear
truss elements were embedded in concrete. Reinforce-
ment corrosion effects were simulated by reducing only
the transversal cross-section of corroded rebars due to
chloride ingress over time to predict the residual ultimate
capacity. Chijiwa et al.36 proposed a 3D NLFE model
with different corrosion scenarios affecting the reinforce-
ment. Also in this study, the reinforcement was embed-
ded in concrete and the authors also considered the
expansion and cracking induced by corrosion products.
Rosso et al.37 proposed a 3D NLFE model with beam ele-
ments to model the reinforcing bars; corrosion was con-
sidered as a function of the mass loss, which was used as
an input parameter to reduce both the cross-sectional
area and the ductility of the rebars. Abeysinghe and
Yapa38 proposed a 2D NLFE model in which the effect of
corrosion was modeled by reducing the cross-sectional
area of corroded rebars. In References 39–41, 2D and 3D
NLFE models and S&T models are used to assess the
load-bearing capacity of Gerber saddles in existing brid-
ges, again considering the effects of corrosion by reducing
only the cross-section of the corroded rebar, the concrete
strength, and the prestressing force, while the reduction
of the bond strength was modeled by reducing the yield
strength of rebars.

In the above-mentioned works, the NLFE models were
validated with respect to experimental test on uncorroded
specimens and then they were used to investigate the
effects of corrosion on the structural response through
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sensitivity analyses at varying levels of corrosion,35–41

without experimental validation. In general, for all models
of corroded dapped-end beams, the problem of their vali-
dation is an open issue, both because of the uncertainties
of the corrosion parameters to be used as inputs42 and
because of a lack of experimental tests on corroded
dapped-end beams. In addition, the analysis of the state-
of-the-art in the scientific literature shows the absence of
NLFE approaches that comprehensively consider all the
effects that can cause the dapped end beam to fail. In fact,
the combined modeling of bond-slip behavior between
concrete and corroded reinforcement—capable of predict-
ing anchorage failure—together with the modeling of
section loss and ultimate strain reduction of corroded
steel—capable of predicting the rebar failure even in the
elastic stage—has never been considered.

The present work deals with the NLFE modeling of
uncorroded and corroded dapped-end beams by using a
multi-layered shell elements approach. The modeling
approach with shell elements allows to reduce the time
and computer memory required for the NLFE analyses
and to accurately describe the distribution of the rein-
forcement along the thickness. The PARC_CL 2.1 crack
model is a fixed crack model used to evaluate the non-
linear behavior of reinforced concrete; it is based on
smeared modeling of the reinforcement.43,44 The model
has been previously adopted for the response prediction
of several corroded members such as columns subjected
to cyclic loading,45 prestressed beams subjected to three-
point bending,46 panels,44 core walls in seismic resisting
systems,47 and others.

One of the novelties of this paper is the combined
modeling of the main effects induced by pitting corrosion
and the validation of the model with a very recent experi-
mental test on a corroded dapped-end beam. The effects
of corrosion are considered in terms of the reduction of
both the cross-section area and the ultimate strain of cor-
roded rebars and the reduction of the mechanical proper-
ties of cracked concrete due to volume expansion caused
by rust formation. In addition, for corroded rebars, a dis-
crete modeling of the reinforcement has been adopted to
explicitly consider the degraded bond-slip behavior that
causes anchorage failure. For this purpose, the reinfor-
cing bars are modeled with truss elements, while non-
linear spring elements are inserted to connect the steel
truss elements and the concrete multi-layer elements.

Starting from the outcomes of NLFE model, a novel
analytical approach based on the S&T method—called
strut-and-corroded tie (S&CT) method—is proposed to
easily evaluate the load-bearing capacity of corroded
dapped-ends. The S&CT method uses the stress–strain
relationship of the most corroded reinforcement—typically
the stirrups, which have the lower values of both diameter

and concrete cover—to all reinforcements—characterized
by higher values of diameter, residual area, and ultimate
strain. The proposed methods are applied to some of the
most recent experimental tests in the literature. The first
case study (Section 2), refers to the experimental test of an
uncorroded dapped-end beam tested by Flores Ferreira
et al.48 For this case, after the validation of the model for
the uncorroded case, two different corrosion scenarios are
applied (Section 3). The corrosion scenarios are character-
ized by (i) localized corrosion in a region of the dapped-
end beam more prone to water stagnation and (ii) global
corrosion in the external faces of the dapped-end beam. In
the second case study (Section 4), the models are validated
by comparing the NLFEA and the S&CT method with the
result of the recent experimental test on an artificially-
corroded dapped-end beam performed by Di Carlo et al.49

As previously stated, there is a lack of scientific literature
that validates NLFEA response predictions with experi-
mental test results. This paper presents the innovative vali-
dation of the proposed NLFEA procedure and the S&CT
method by comparing them with experimental outcomes
from tests on corroded dapped-end beams, which have
detailed measurements of the reduced cross-sections of
corroded bars.

2 | CASE STUDY 1:
DEVELOPMENT AND VALIDATION
OF MODELING STRATEGY FOR
UNCORRODED DAPPED-
END BEAMS

2.1 | Geometry, instrumentation layout,
and mechanical properties of concrete and
reinforcing steel

The uncorroded dapped-end beam described in Flores
Ferreira et al.48 was selected as a first reference case study
for the validation of the proposed modeling strategy. The
validation of the approach in the case of corroded
dapped-end beams will be presented in Section 4 for the
second case study.50

The geometry and the boundary conditions of the
experimental setup of the dapped-end beam are shown in
Figure 1. The thickness of the beam is equal to 250 mm
and steel plates are used to apply the vertical load (1) and
as supports (2 and 3). The reinforcement layout of the
dapped-end beam is designed according to the S&T
models proposed in Eurocode 2,11 and is shown in
Figure 2. To ensure anchorage, bars and stirrups are
welded on each other. At the intrados of the nib, only the
horizontal parts of U-shaped bars have straight anchor-
ages (Figure 2). Since the slip of these straight horizontal
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parts from their anchorage zones could compromise the
tie resistance, the bond stress–slip behavior in these
zones is carefully simulated in Section 2.2.3.

Figure 3 shows the instrumentation layout adopted for
the dapped-end beam. Four potentiometric displacement
transducers and one linear variable displacement trans-
ducer (LVDT) are used to measure the load versus crack
opening displacement (COD) curves at the horizontal and

inclined locations (COD 1, COD 4, LVDT) and load versus
COD curves at the vertical locations nearby the nib (COD
2 and COD 3). Two wire deformometers were placed
below the dapped-end to measure the load versus vertical
displacement curves (at positions D1 and D2).

The mechanical properties of concrete are reported
in Table 1. The experimental mean values of compres-
sive and tensile strengths, fcm and fctm, were measured

FIGURE 1 Geometry of the dapped-end beam (a) and steel plates (b). Dimensions in mm. Source: Adapted from Reference 48.

FIGURE 2 Reinforcements of the dapped-end beam. Dimensions in mm. Source: Adapted from Reference 48.
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by means of compression and indirect tensile tests,
respectively.

The additional mechanical properties are the elastic
modulus of concrete Ecm, the mass density ρ, the Poisson's
ratio ν, the fracture energy in tension, GF ¼ 73 � f 0:18cm , and
in compression, GC ¼ 250 �GF, and the total shrinkage εcs,
evaluated according to the Model Code 201051 and the
Guidelines for Nonlinear Finite Element Analysis of
Concrete Structures.52,53 The experimental mean values of
yield and ultimate strengths of reinforcing bars, fsy,0 and
fsu,0, and ultimate strain, εsu,0, were measured by means of
tensile tests and are reported in Table 2. The modulus of
elasticity of steel, ES, is equal to 210,000N/mm2.

2.2 | Finite element modeling of the
uncorroded dapped-end beam

This section describes the finite element modeling of
the uncorroded dapped-end beam. The numerical ana-
lyses are carried out by using ABAQUS software.54

Firstly, the finite element mesh and the boundary
conditions are presented. Secondly, the uncorroded
material properties and the bond-slip modeling are
described.

2.2.1 | Finite element mesh and boundary
conditions

The beam is modeled by adopting 8-node multi-layered
shell elements with a reduced Gaussian integration
scheme (S8R); the average element size is equal to
25 mm (Figure 4). The thickness of the shell elements is
subdivided in 11 layers to place the reinforcement at the
correct positions and three Simpson's integration points
are used for each layer. The external layers are 20 mm
thick and represent the concrete cover, while the inner
layers have different thicknesses depending on the diam-
eter of the enclosed reinforcement. The applied boundary
conditions are represented in Figure 4.

Rebars and stirrups are modeled using both smeared
and discrete modeling approaches:

• In the central zone of the beam, smeared reinforce-
ments are used, by assuming perfect bond conditions
(Figure 5a).

• In the correspondence of the dapped-ends, a discrete
modeling approach for rebars and stirrups (modeled
with 3 nodes truss elements T3D2) is used (Figure 5b).
In this case, the slip of the reinforcement with respect
to the concrete elements is simulated.

A detail of the reinforcement modeled by the discrete
approach is shown in Figure 5c. The interaction between
reinforcing bars (truss elements) and concrete (shell ele-
ments) is modeled by nonlinear spring elements.

FIGURE 3 Instrumentation layout of the dapped-end beam.

Dimensions in mm. Source: Adapted from Reference 48.

TABLE 1 Mechanical properties of concrete.

Property Value Unit

fcm 48.62 N/mm2

fctm 3.73 N/mm2

Ecm 33,000.00 N/mm2

ρ 2500.00 kg/m3

ν 0.20 –

GF 0.104 N/mm

GC 25.97 N/mm

εcs 0.00025 –

TABLE 2 Mechanical properties of uncorroded reinforcing steel.

Reinforcement fsy,0 [N/mm2] fsu,0 [N/mm2] εsu,0 [%]

Stirrups, Ø10 526.50 623.70 7.50

U bars, Ø12 530.20 628.20 12.50

Diagonal bars, Ø14 507.70 627.50 9.50

Top bars, Ø20 555.00 677.70 10.90

Bottom bars, Ø26 522.70 634.70 12.10

BELLETTI ET AL. 1279
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The nonlinear behavior of spring elements parallel to
the reinforcement axis (local direction 1) is based on the
bond stress–slip (τb–s) relationship proposed by Model
Code 2010,51 as described in Section 2.2.3. To transform the
bond stress–slip relationship into the force–displacement
relationship, which characterizes the nonlinear response
of the spring elements parallel to the reinforcement axis,
constant bond stress along the length of truss elements
is assumed. Therefore, the force F is calculated as
F¼ απϕLτb, where ϕ is the bar diameter, L is the length
of the truss element, and α is equal to 1/6 for the two
outer nodes and equal to 2/3 for the node in the middle
of the three-node truss element. The modeling of the
nonlinear behavior of the spring elements is considered
relevant for the anchorage of the straight horizontal part
of the U-shaped bars, placed at the intrados of the nib,
because the slip at the anchorage could compromise the
tie resistance. Furthermore, the bond stress versus slip
behavior is considered relevant also for the inclined, dia-
gonal, and vertical stirrups placed in the cracked zones,
since it controls the crack width. Linear elastic behavior
is adopted for spring elements perpendicular to the
reinforcement axis (local directions 2 and 3) with high
stiffness (K= 106N/mm). Similarly, the perfect bond is
considered in the welded/anchored regions, represented
in red in Figure 5b.

For the loading and support steel plates, 8-node
multi-layer shell elements (S8R) with a reduced Gaussian
integration scheme are used (Figure 5a). The contact
along the normal direction (y-axis) between the steel
plates and the dapped-end beam is modeled by spring
elements characterized by a linear behavior and high
stiffness (K = 106 N/mm). No interface elements were

modeled along the x-axis to avoid stress localizations due
to shear stresses transmitted at the contact between the
steel plates and the dapped-end beam. Therefore, to avoid
differential displacements between the steel plates and
the dapped-end beam, a constraint is defined by imposing
equal horizontal displacements at the nodes located at
the mid-length of the steel plates and the closest nodes of
the dapped-end beam. The translations along the x and
y axes at a single node of the left steel plate are con-
strained as well as the translation along y-axis at a single
node of the right steel plate. A linear elastic behavior is
assumed for the loading and supporting steel plates by
assigning an elastic modulus of 200,000 N/mm2 and a
Poisson's ratio of 0.3. The NLFE analyses are carried out
as follows:

• In the first step, the gravity load is applied by assigning
a concrete density ρ = 2500 kg/m3.

• In the second step, an increasing vertical displacement
is applied as a boundary condition to all the nodes
placed at the extrados of the loading steel plate.

The regular Newton–Raphson method is used to solve
the nonlinear problem.

2.2.2 | Mechanical properties of concrete
and reinforcement steel

The reinforced concrete is modeled by means of the
PARC_CL 2.1 crack model,43,44 a total strain fixed-crack
model with smeared reinforcement, implemented in the
user subroutine of the ABAQUS software. In the regions

FIGURE 4 Finite element mesh of the dapped-end beam.
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of the beam where the reinforcements are modeled with
a discrete approach, the PARC_CL 2.1 crack model is
used to describe the behavior of concrete only. The

PARC_CL 2.1 crack model is suitable for monotonic,
cyclic, and dynamic analyses. Because it considers for the
opening and closing of adjacent cracks, the PARC_CL 2.1

FIGURE 5 (a) Smeared and discrete FE modeling zones, (b) detail of reinforcement modeled with discrete approach, and (c) detail of

the interaction between discrete reinforcement and concrete elements. FE, finite element.

FIGURE 6 (a) Tensile and compressive envelope curves for concrete. (b) Stress–strain laws adopted for steel reinforcement.
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crack model is a useful tool also for monotonically loaded
members. The reader is referred to References 43,44,55
for more details.

Figure 6a shows the tensile and compressive envelope
curves for concrete, while Figure 6b shows the constitu-
tive laws adopted for steel reinforcement. The input
parameters of the model, required for the evaluation of
the stiffness matrix and the stress field at each integration
point, are reported in Table 1 and Table 2.

2.2.3 | Bond–slip behavior

The bond–slip behavior is simulated by spring elements,
which are used to connect the truss elements—modeling
the discrete reinforcement—to the multilayer shell ele-
ments. The spring elements have a linear behavior along
the axis perpendicular to the reinforcement direction
(directions 2 and 3 in Figure 5c) and nonlinear behavior
along the axis parallel to the reinforcement direction
(direction 1 in Figure 5c). Specifically, a stiffness of
106 N/mm is assigned to linear spring elements, while
the bond stress versus slip law proposed by Model Code
201051 is used to define the nonlinear behavior of non-
linear spring elements. Figure 7 shows the bond stress
versus slip curves (τb–s) with the maximum value at the
peak τbu, adopted for the different reinforcements—
calculated assuming splitting failure, unconfined con-
crete, and no good bond conditions—for different diame-
ters of rebars modeled by adopting the discrete approach.

2.3 | Results of NLFE analyses of
uncorroded dapped-end beam

Figure 8 shows the comparison between experimental
measurements and NLFEA results, which are in good
agreement.

The experimental measurements of the inclined
LVDT shown in Figure 3, which are assumed to corre-
spond to the crack opening width values, are compared
with the relative displacements of the nodes of the mesh
placed in correspondence of the connection of the LVDT
extremities to the faces of the beam. The ultimate values
of the LVDT measurements are lower than the NLFEA
results because, to preserve the LVDT, the device was
removed before failure, in correspondence with a critical
value of the damage registered in the dapped-end beam.
Figure 8a shows the load versus crack width curve of the
numerical determined sequence of events, which allows
the reader to understand the resisting mechanism of the
dapped-end beam.

First, an inclined crack develops at the re-entrant
corner (point 1), followed by the yielding of the diago-
nal reinforcement (point 2), the first stirrup (point 3),
and the U-bars (point 4). The curve then bends signifi-
cantly and the second and third stirrups yield at points
5 and 6 respectively. Finally, the collapse of the
dapped-end beam occurs due to the rupture of the first
vertical stirrup (point 8). Figure 9 shows the compari-
son between the experimental crack pattern at failure
and the numerical one, where the contour represents
the crack opening width values obtained by NLFE
analysis. The crack pattern during loading is character-
ized by the following events: (i) an inclined crack
develops at the re-entrant corner (position 1 in
Figure 9b), (ii) a vertical crack forms at the intrados of
the beam under the applied load, followed by a series
of inclined cracks that gradually form with increasing
opening width values (position 2 in Figure 9b), and
(iii) the formation of a horizontal crack at the top of
the dapped-end beam is recorded at failure (position
3 in Figure 9b).

No anchorage failure of U-shaped straight parts is
observed. Figure 10 shows the trend of bond stress and
slip (Figure 10b) along the length of U-bars at maxi-
mum load. In the left part, the rebars are anchored
along the nib of the dapped-end beam, therefore the
initial part of them is considered to be fixed (red in
Figure 10b) and is not reported in the charts (the rebar
axis starts from 75 mm). It can be observed that, in
general, in the zone characterized by higher values of
crack opening width and multiple cracks (as shown in
Figure 9 and in Figure 10a where the background is
shaded light blue), the values of the bond stress vary
between positive and negative values with a frequency
that depends on the crack spacing, whereas in the zone
characterized by lower values of crack opening width
and spaced cracks (as illustrated in Figure 9 and in
Figure 10a where the background is shaded light pink),
the values of the bond stress are more regular and

FIGURE 7 Bond stress versus slip laws defined according to

Model Code 201051 for different bar diameters.
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continuous along the length of the bar. It can be con-
cluded that, the length of the U-bars is sufficient to
avoid anchorage failure (Figure 10a) because the bond
stress cannot reach the value of the bond strength,

which is equal to 7.82 MPa, as shown in Figure 7.
Thus, although the NLFE approach can detect anchor-
age failure, it was not observed in the case study
analyzed.

FIGURE 8 Comparison between experimental and NLFEA results: (a) load–LVDT; (b) load–COD1; (c) load–COD2; (d) load–COD3;
(e) load–COD4; (f) load–D1; (g) load–D2.
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2.4 | S&T method for uncorroded
dapped-end beam

The results of NLFE models were compared with those
obtained with S&T method proposed by the Eurocode 211

and used to design the beam. Eurocode 211 recommends
two models for the analytical calculations shown in
Figure 11a and Figure 11b, named Model A and Model B,
where the struts are labeled “C” (dotted lines) and the
ties labeled “T” (continuous lines).

To verify the correspondence of the truss position and
inclination with the NLFEA results, Figure 12 shows the

evolution of the minimum principal stress at the first
cracking load and at the ultimate load. The minimum
principal stress field clearly shows that both S&T models
contribute to the total capacity. Model B, associated with
the first mechanism, is activated at low load levels (the
diagonal bars yield before the stirrups and the U-shaped
bar), while Model A better reflects the behavior of the
dapped-end beam at failure. The minimum principal
stress field (Figure 12) reveals that the strut C2 in Model
A does not form, therefore the equilibrium at node 1 is
allowed by the anchorage force of the horizontal bar, and
the struts C2 and C3 should be canceled.

FIGURE 9 Comparison between (a) experimental48 and (b) NLFEA crack patterns at failure.

FIGURE 10 (a) Bond stress and (b) bond slip along the U-bars at ultimate load.

FIGURE 11 Strut-and-tie Model A (a) and Model B (b) provided by Eurocode 2.11
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The ultimate load capacity Pult,A of Model A is
obtained with the Equation (1) considering the minimum
of the following resistances:

Pult,A ¼ 3
2
min R1A,R2A,R3A½ �: ð1Þ

The coefficient 3/2 is used to consider the static scheme of
the test and relates the left reaction RL to the maximum
load P applied to the beam (Figure 13a). The resistance R1A

is related to the compression strength in the strut C1, and it
is evaluated with Equation (2) by considering the vertical
equilibrium at node 1 (Compression-Compression-Tension,

FIGURE 12 Comparison of

NLFEA minimum principal

stress field and strut-and-tie

Models A and B at first cracking

load (a and b) and ultimate load

(c and d).

FIGURE 13 (a) Static scheme of the dapped-end beam. (b) Strut-and-tie model for at the left support. (c) CCT Node 1.
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CCT type), where the thickness of the strut is evaluated
by geometrical considerations starting from the length of
the support and the reinforcement in the node (Figure 13b).

R1A¼C1 � sin αð Þ
¼ a1 � sin αð Þþ2c� � cos αð Þð Þ �b �σRd,Max½ � � sin αð Þ, ð2Þ

where a1 is the length of the support, c* the distance
between bar axis of the tie and the base of the node, b the
width of the beam, and σRd,Max = k2ν0fcm = 0.71�fcm is the
reduced concrete compressive strength for CCT nodes
according to Eurocode 2.11 The angle α represents the
inclination of the strut C1, depending on the tie T1, whose
position corresponds to the centreline of the stirrups
involved in the resisting mechanism.

The resistance of the tie T1 is evaluated by consider-
ing the horizontal equilibrium at the Node 1 by using the
tensile strength of the U-bars according to Equation (3):

R2A ¼T1 � tan α¼ 3 �AS,ϕ12 � f su,0,ϕ12
h i

� tan α, ð3Þ

where AS,ϕ12 is the area of a bar ϕ12 and fsu,0,ϕ12 is the
uncorroded ultimate tensile strength of the bars. Finally,
the resistance of the tie T2 is evaluated by considering the
resistance that can be developed by the stirrups consider-
ing the vertical equilibrium at Node 3 and then in the
Node 1, as given by Equation (4):

R3A ¼n �2 �AS,ϕ10 � f su,0,ϕ10, ð4Þ

where n is the number of stirrups with two legs consid-
ered in the calculations, As,ϕ10 is the area of a singular

bar ϕ10, and fsu,0,ϕ10 is the uncorroded ultimate tensile
strength of the stirrups.

The ultimate load capacity for the Model B is calcu-
lated by considering the resistance of the tie T0

1. The verti-
cal equilibrium at Node 2 allows to evaluate the
resistance as follows with Equation (5):

Pult,B ¼ 3
2
T 0
1 � sin γ¼ 3

2
2 �AS,ϕ14 � f su,0,ϕ14
h i

� sin γ, ð5Þ

where As,ϕ14 is the area of a singular bar ϕ14 and fsu,0,ϕ14
is the uncorroded ultimate tensile strength of bar ϕ14.
The angle γ represents the inclination of the tie T0

1

(i.e., the diagonal bars), depending on the geometrical
features. To ensure that the failure is attributed to the
rupture of inclined bars (T0

1), it has been verified that
the ties corresponding to longitudinal bars (T0

3) and the
struts (C0

1,C
0
2,C

0
3) have greater resistances. Finally, the

total ultimate load capacity of the dapped-end beam is
obtained by summing the resistances of the two models
A and B with Equation (6):

Pult ¼ Pult,AþPult,B: ð6Þ

It should be noted that for the ultimate load capacity
Model A it is possible to consider different numbers of
stirrups (from 1 to 4) involved in the calculation of the tie
resistance T2. In fact, the number of stirrups influences
the position and the resultant of the tie T2. In particular,
the angle of inclination (α) of the strut C1 decreases and
node 3 is shifted to the right as the number of stirrups
involved in the resistance mechanism increases
(Figure 14b).

A comprehensive comparison of the capacity of the
analyzed dapped-ends beam is shown in Figure 14a;

FIGURE 14 (a) Result of strut-and-tie method for uncorroded beams considering different number of stirrups in tie T2; (b) position of

the tie T2 as function of the number of stirrups involved.
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the results confirm that the S&T method provides conser-
vative estimations compared to NLFEA and experimental
tests.

The capacity of the analyzed dapped-ends-beam is
finally evaluated by assuming two stirrups for Model
A. This choice is also motivated from the NLFE results.
In fact, Figure 22a shows that the highest values of plastic
strain are achieved by Stirrups 1 and 2; Stirrup 3 does not
achieve relevant plastic strain while Stirrup 4 remains in
the elastic stage.

On the one hand, Figure 14a shows that the highest
resistance can be obtained by the S&T method when the
ultimate strength ft is used to calculate the tensile resis-
tance of the tie. On the other hand, Figure 22 shows that
at failure not all the reinforcements—characterized by dif-
ferent diameters—reach their ultimate strain. Therefore,
special care must be taken when adopting the ultimate
strength of the ties. A more conservative assessment using
the yield strength is suggested by the authors and most
Codes and Guidelines (such as the Model Code 201051)
were reducing coefficients are also proposed when the
capacity is obtained by adding the resistances of two or
more truss models.

3 | SIMULATED CORROSION
SCENARIOS AND SIMPLIFIED S&T
METHOD

In this section, the previous finite element model has
been extended with the introduction of corrosion. Firstly,

the selected corrosion scenarios and associated parame-
ters are reported and discussed. Secondly, the corroded
material properties are described. Finally, the results
obtained are presented. It should be considered that the
assumptions for the FE modeling described in Section 2.2
are still valid.

3.1 | Corrosion scenarios and
parameters

3.1.1 | Corrosion scenarios

Based on observations in the literature,56–58 two different
corrosion scenarios are considered:

• A localized corrosion in a region of the dapped-end
beam more prone to water stagnation—called “Sce-
nario 1” (S1).

• A global corrosion in the external faces of the dapped-
end beam—called “Scenario 2” (S2).

In Scenario 1 (Figure 15a), according to Desnerck
et al.,56 it is assumed that corrosion is localized in the re-
entrant corner of the dapped-end in a zone encompassing
an inscribed circle of 100 mm diameter (Figure 15a). This
region is critical because it corresponds to the position
where the first cracks form, potentially exposing the rebars
to aggressive agents such as chlorides. Figure 15a shows:
(i) the portion of the rebar subject to corrosion in red,
(ii) the concrete cover elements (gray elements) where the

FIGURE 15 Corrosion scenarios: (a) S1-localized corrosion and (b) S2-global corrosion.
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compressive strength is reduced to account for splitting
cracks (see Section 3.2.1). In Scenario 2 (Figure 15b), it is
assumed that corrosion affects a wide external part of the
dapped-end beam and the corroded bars are shown in red.
To account for splitting cracks in the concrete cover, the
compressive strength is reduced similarly to the previous
scenario, as shown in Figure 15b.

3.1.2 | Parameters for chloride-induced
corrosion

To investigate the dependence of the load carrying capac-
ity of dapped-ends on the extension and on the level of
the damage induced by corrosion, several periods of cor-
rosion propagation, tp, were analyzed for these two differ-
ent corrosion scenarios. The model proposed by Tuutti59

was adopted. An exposure class XD311 was chosen
because the dapped-ends of bridge beams are usually
exposed to wet and dry cycles and to chlorides from de-
icing agents. The analyses of dapped-end beams have
been carried out considering only the propagation period
tp (the initiation period is not considered). The corrosion
induced by chloride exposure is characterized by local
damage, usually measured in terms of the pit depth.
Indeed, the pit depth as a function of propagation time, p
(tp) (in mm/year), is defined according to the CONTEC-
VET manual60 with Equation (7):

p tp
� �¼ 0:0116 � Icorr � tp �αp, ð7Þ

where Icorr is the corrosion rate (in μA/cm2), tp is the
propagation time after corrosion initiation, and αp is a
coefficient which considers the different corrosion types
and for pitting is assumed to be 10. The value of the cor-
rosion rate Icorr depends on the exposure classes of EN
206-161 and, according to table 5.4 of the CONTECVET
manual,60 the value ranges between 0.5 and 5 μA/cm2.

To demonstrate that the damage detection alone is not
sufficient for predicting the residual service life and that
corrosion rate must be carefully measured for a proper esti-
mation of the effects of the aggressive environment over
time, in the present work two different corrosion rates are
analyzed: (i) the first called “low corrosion rate” (LCR) with
a Icorr = 0.5 μA/cm2 and (ii) the second called “medium
corrosion rate” (MCR) with Icorr = 2.5 μA/cm2. The cross-
sectional area of a pit, Ap(tp), can be evaluated according to
the model proposed by Val,62 by assuming a hemispherical
geometry of the pit (Figure 16). Based on this model, the
cross-sectional area of a pit Ap(tp)—in a rebar of diameter
D0 after tp years of corrosion propagation—can be calcu-
lated as given by Equations (8)–(13):

Ap tp
� �¼

A1þA2 p tp
� �

≤
D0ffiffiffi
2

p

πD2
0

4
�A1þA2

D0ffiffiffi
2

p < p tp
� �

≤D0,

πD2
0

4
p tp
� �

>D0

8>>>>>>><
>>>>>>>:

ð8Þ

where the previous parameters are calculated as follows:

A1 ¼ 0:5 θ1
D0

2

� �2

�a
D0

2
�p tp
� �2
D0

�����
�����

" #
, ð9Þ

A2 ¼ 0:5 θ2p tð Þ2�a
p tp
� �2
D0

" #
, ð10Þ

a¼ 2p tð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� p tp

� �
D0

� 	2
,

s
ð11Þ

θ1 ¼ 2arcsin
a
D0

� �
, ð12Þ

θ2 ¼ 2arcsin
a

2p tp
� �

 !
: ð13Þ

Based on the cross-sectional area of a pit, Ap(tp), the
section loss, μ(tp), can be calculated with Equation (14),
according to15:

μ tp
� �¼Ap tp

� �
A0

, ð14Þ

where A0 is the is transversal cross-sectional area of the
uncorroded bar. Due to the different corrosion rates,

FIGURE 16 Hemispherical geometry of pitting in a corroded

reinforcing bar.62
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the chosen propagation times are different: for MCR they
are equal to 20, 25, 30, 35, and 40 years, while for LCR
they are 25, 50, 75, 100, and 125 years. For each propaga-
tion time, the following corroded cases are examined in
the following paragraphs:

1. Scenario 1 (localized corrosion, Figure 15a) with LCR
(Icorr = 0.5 μA/cm2), S1-LCR.

2. Scenario 1 (localized corrosion, Figure 15a) with MCR
(Icorr = 2.5 μA/cm2), S1-MCR.

3. Scenario 2 (global corrosion, Figure 15b) with LCR
(Icorr = 0.5 μA/cm2), S2-LCR.

4. Scenario 2 (global corrosion, Figure 15b) with MCR
(Icorr = 2.5 μA/cm2), S2-MCR.

It should be noted that this study did not investigate the
spatial variation of the pit depth along bars although
the maximum pit depth of each rebar affects its overall
mechanical behavior. This aspect should be investigated
in future studies.

3.2 | Corroded material properties

3.2.1 | Concrete cover

The expansion of corrosion products causes splitting
cracks. In the NLFE model a reduced compressive
strength of cracked concrete, fcm,red(tp), is assigned to the
concrete cover according to,63 expressed with
Equation (15):

f cm,red tp
� �¼ f cm

1þ0:1
P

wcor
i tpð Þ
b

� �
=0:002

� � , ð15Þ

where b is the width of the cracked cross-section and wcor
i

is the width of the cracks caused by corrosion,63 which
can be computed with Equation (16):

X
wcor
i tp
� �¼ 2π νr,s�1ð ÞX 0

b ¼ 2π νr,s�1ð Þ �p tp
� �

, ð16Þ

where νr,s = 2 is the volumetric expansion ratio of oxides
to virgin material, and X 0

b is the depth of corrosion attack
in the reinforcement and corresponds to p(tp) computed
with Equation (7).

Figure 15 shows the concrete cover elements where
the compressive strength is reduced in all the layers that
subdivide the thickness of the dapped-ends (dark gray)
and the elements where the compressive strength is
reduced only in the external layers (light gray). In Sce-
nario 2 (Figure 15b), it is assumed that the area interested
by corrosion extends up to the fourth stirrup. The con-
crete cover at the top of the beam is not affected by corro-
sion in all layers because usually this portion of beam is
protected by the deck above the beam.

3.2.2 | Reinforcing steel

Once the propagation period, tp, is selected, the corre-
sponding section loss μ(tp) can be evaluated. The
section loss μ(tp) is the input parameter of the assumed
stress–strain relationships for corroded reinforcement, as
proposed by Chen et al.15 The stress–strain law of the cor-
roded bar is interrupted at an ultimate stress value,
fsu,corr(tp), obtained by considering the equilibrium of uni-
axial forces between the minimum cross-section of the
corroded bar and the uncorroded cross-section outside
the pit (Equation (17)):

f su,corr tp
� �¼ f su,0 1�μ tp

� �� �
: ð17Þ

The ultimate strain εsu,corr(tp) is given by Equation (18):
where the subscript “0” stands for uncorroded bars, Esh,0

is the tangent slope at the onset of strain-hardening, and
εsh,0 is the strain at the onset of hardening. The term μcrit
represents the critical value of the section loss that cause
rebar fracture in the elastic stage (i.e., before yielding),
and is calculated as given in Equation (19). Equation (20)
provides the value of the parameter P to be used in
Equation (18).

εsu,corr tp
� �¼

εsu,0� εsu,0� εsh,0ð Þ f su,0
f su,0� f sy,0

μ tp
� � !1

P

μ tp
� �

< μcrit or f sy,0 < f su,corr tp
� �

≤ f su,0

� εsy0εsh,0

 �

μ tp
� �¼ μcrit or f su,corr tp

� �¼ f sy,0
f su,0εsy,0
f sy,0

1�μ tp
� �� �

μ tp
� �

> μcrit or f su,corr tp
� �

< f sy,0

8>>>>>>><
>>>>>>>:

, ð18Þ
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μcrit ¼ 1� f sy,0
f su,0

, ð19Þ

P¼Esh,0
εsu,0�εsh,0
f su,0� f sy,0

: ð20Þ

A bilinear stress versus strain law is assumed for cor-
roded bars, therefore εsh,0 = εsy,0 and P = 1. In Figure 17a
and Figure 17b, the ultimate strains, εsu,corr(tp), are repre-
sented with colored dots—in the case of LCR—for a rebar
diameter of 10 mm and 26 mm, respectively. It can be
observed that as the diameter of the rebar decreases, the
propagation period required to achieve brittle rupture at the
elastic stage also decreases. This observation will be of great
importance in Section 5 for the use of S&T models for the
capacity assessment of corroded dapped-end beams. The
tensile resistance of the corroded bar is calculated by multi-
plying the stress by the area of the uncorroded bar, A0. The

ultimate tensile strength, Fsu,corr(tp), is calculated in
Figure 18a for LCR (Icorr = 0.5 μA/cm2), and in Figure 18b
for MCR (Icorr = 2.5 μA/cm2). Figure 18 shows the ultimate
tensile strength, Fsu,corr(tp), of the corroded rebars obtained
by multiplying the ultimate strength of the corroded rein-
forcement, fsu,corr(tp), by the area of the uncorroded bar.
The dotted lines indicate brittle failure in the elastic stage
(i.e., before yielding).

Table 3 shows the calculated corroded values for bars
with diameters 10, 12, and 14 mm, which will be used in
Section 3.4 on the analytical method. It can be observed that,
for the MCR case with higher corrosion rates (tp = 125 years),
the bars with minimum diameter (10 mm) have zero tensile
strength due to the total loss of transversal cross-section.

Figure 18 shows that the tensile resistance of small
diameter bars, such as the ties, is strongly affected by cor-
rosive phenomena. Therefore, not only is the resistance

tp
tp
tp
tp
tp

tp
tp
tp
tp
tp

FIGURE 17 Ultimate strain at different propagation times, tp, calculated in the case of low corrosion rate (LCR) for rebar having

diameter (a) Φ = 10 mm and (b) Φ = 26 mm.

FIGURE 18 Ultimate tensile resistance, Fsu,corr(tp), calculated for different values of propagation time, tp, and for different bar

diameters in the case of (a) LCR and (b) MCR. LCR, low corrosion rate; MCR, medium corrosion rate.
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of corroded dapped-end beams less than that of uncor-
roded beams, but also a ductile-to-brittle failure mode
transition can be observed, where the failure mode is
attributed to the rupture of the bars in the elastic stage.

3.2.3 | Bond-slip behavior

The bond stress versus slip law for corroded bars is
defined using Castel et al. model,64 which is based on
Model Code 2010 model51 and on a damage parameter,
Dc, that depends on the pit depth. The damage parame-
ter, Dc(tp), is calculated as a function of the cross-
sectional area of a pit, Ap(tp), as given by Equation (21):

Dc tp
� �¼ 0 Ap tp

� �
<ΔAs0

2
αb

st log 1þ0:25 Ap tp
� ��ΔAs0

� �� �
Ap tp
� �

≥ΔAs0

8<
:

ð21Þ

where ΔAs0 is computed according to Equation (22):

ΔAs0 ¼A0 1� 1� αb
D0

7:53�9:32
a
D0

� �
10�3

� 	2" #
, ð22Þ

where A0 is the area of uncorroded bar, αb = 6 is a parame-
ter that takes into account the type of corrosion, D0 is the
diameter of the uncorroded bar, and a = 20 mm is the con-
crete cover. The parameter st takes in to account the effect

of stirrups. In the present case, the spacing of stirrups at
dapped-ends is wide, therefore st is assumed to be 1. The
value of the damage parameter, Dc(tp), allows to compute
the ultimate bond stress, τbu(tp), of the corroded bars
according to,65 as given by Equation (23):

τbu,corr tp
� �¼ 1�Dc tp

� �� �
τbu, ð23Þ

where τbu is the ultimate bond stress for the uncorroded
bar, reported in Figure 7. The resulting bond stress versus
slip curves are plotted in Figure 19a and Figure 19b for a
bar having diameter equal to 10 mm and for different
values of the propagation time, tp, respectively for low
and medium corrosion rates.

Figure 19 shows that the bond strength can be
severely affected by corrosive phenomena, leading to
anchorage failure. Therefore, not only will the resistance
of corroded dapped-end beams be lower than that of
uncorroded ones, but also the failure mode may change
from a ductile failure due to reinforcing steel yielding to
brittle failure due to anchorage failure.

3.3 | Results of the NLFEA for the
corrosion scenarios

Figure 20 shows the load versus vertical displacement D1
curves resulting from the NLFE analysis for corrosion

TABLE 3 Mechanical properties of corroded reinforcing steel for bars with 10, 12, and 14-mm diameters.

Bars

LCR MCR

tp
[years]

fsy,corr
[N/mm2]

fsu,corr
[N/mm2]

εsu,corr
[%]

tp
[years]

fsy,corr
[N/mm2]

fsu,corr
[N/mm2]

εsu,corr
[%]

Ø10 25 526.50 599.09 5.66 20 361.36 361.36 0.17

50 526.50 531.82 0.65 25 247.03 247.03 0.12

75 432.12 432.12 0.21 30 133.10 133.10 0.06

100 311.29 311.29 0.15 35 36.27 36.27 0.02

125 182.81 182.81 0.09 40 0.00 0.00 0.00

Ø12 25 530.2 610.80 10.33 20 435.24 435.24 0.21

50 530.2 562.39 4.28 25 345.27 345.27 0.16

75 488.85 488.85 0.23 30 248.81 248.81 0.12

100 396.42 396.42 0.19 35 152.55 152.55 0.07

125 292.09 292.09 0.14 40 65.60 65.60 0.03

Ø14 25 507.7 614.63 8.51 20 481.04 481.04 0.23

50 507.7 578.41 5.71 25 410.07 410.07 0.20

75 507.7 522.48 1.38 30 331.38 331.38 0.16

100 450.66 450.66 0.21 35 248.53 248.53 0.12

125 367.09 367.09 0.17 40 165.80 165.80 0.08

Abbreviations: LCR, low corrosion rate; MCR, medium corrosion rate.
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Scenarios 1 and 2. In particular, the response of the cor-
roded dapped-end beam for corrosion Scenario 1 is evalu-
ated in Figure 20a and Figure 20c for low and medium
corrosion rates, respectively. The response of the cor-
roded dapped-end beam for corrosion Scenario 2 is
shown in Figure 20b and Figure 20d for low and medium
corrosion rates respectively. In case of MCR, after a
period of 30 years, the high level of corrosion in the bars
causes the beam to fail under its own weight. Figure 20
shows a large reduction in ductility for the corroded
dapped-ends. This reduction in ductility is more pro-
nounced for corrosion Scenario 1 than for corrosion Sce-
nario 2. In fact, the ultimate displacement in corrosion
Scenario 1 at the propagation time tp = 25 years results
equal to 32.4% of the ultimate displacement of the uncor-
roded dapped-ends, whereas in corrosion Scenario 2 it is
equal to 71.2%.

Figure 21a and Figure 21b show the behavior of the
corroded dapped-end beams over the propagation time
for slow and medium corrosion rates respectively. The
comparisons between the resistance of the corroded

dapped-end beam for different propagation times regis-
tered for corrosion Scenarios 1 and 2, (Figure 21a and
Figure 21b), are extremely interesting because they show
that the reduction in capacity does not dependent on the
extension of the zone affected by corrosion at the dapped-
end, but it depends principally on the evolution of corro-
sion over time. Indeed, by considering the corresponding
S&T model, the localized damage of a single tie can com-
promise the entire resisting mechanism.

Therefore, from a practical point of view, the results
of NLFE analysis demonstrate that special care must be
taken when inspecting the dapped-ends. In-situ inspec-
tion of existing dapped-ends must be carried out carefully
to detect even small areas affected by corrosion. As evi-
denced in Figure 17 and Figure 18, the bars with smaller
diameter values, such as stirrups, are more susceptible to
brittle failure induced by corrosion and must be carefully
analyzed during in situ inspection.

Figure 21 also shows that the residual life can be
very different depending on the corrosion rate. There-
fore, damage detection during in-situ inspection must

tp tp
tp

tp tp
tp

tp
tp

tp
tp

tp tp
tp

tp tp
tp

tp
tp

tp
tp

FIGURE 19 Bond stress versus slip curves plotted for different values of propagation time, tp, for bars of diameter Φ = 10 mm in the

case of (a) LCR and (b) MCR and for bars of diameter Φ = 12 mm in the case of (c) LCR and (d) MCR. LCR, low corrosion rate; MCR,

medium corrosion rate.
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always be correlated with the measurement of the
velocity of the ongoing process to safely plan the fre-
quency of inspections and/or to define the priority of
repair or reinforcement interventions.

Table 4 and Table 5 show the sequence of yielding of
the reinforcements for LCR and MCR respectively and
different corrosion times tp. In all cases, the failure of the

dapped-end beam is attributed to the rupture of the verti-
cal stirrups, but as the corrosion propagation time
increases, the number of bars in the plastic stage decreases,
leading to brittle failure.

In Table 4 and Table 5, the symbol “–” indicates that
yielding is not reached and that the rupture of the rebars
occurs in the elastic stage.

tp
tp
tp
tp
tp

tp
tp
tp
tp
tp

tp
tp
tp

tp
tp
tp

FIGURE 20 Load–displacement curve (D1) for the different corroded scenarios: (a) Scenario 1 and low corrosion rate, (b) Scenario

2 and low corrosion rate, (c) Scenario 1 and medium corrosion rate, and (d) Scenario 2 and medium corrosion rate.

FIGURE 21 Resistance of the corroded dapped-end beam over the propagation time of (a) LCR and (b) MCR. LCR, low corrosion rate;

MCR, medium corrosion rate.
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The same concept is shown in Figure 22 where the
strains of the bars are plotted for the uncorroded case
(Figure 22a) and for Scenario 2 (global corrosion) for sev-
eral time of propagation (Figure 22b–f). In these graphs it
can be observed that the strain of corroded rebars is sig-
nificantly reduced compared to the uncorroded ones, and
that some bars do not reach the plastic stage when the
failure of the first stirrup occurs (the dotted lines repre-
sent the yielding strain for each bar). Figure 22b,c shows
that for propagation periods of less than 75 years, stirrups
1 can reach the hardening phase, therefore the diagonal
bar, the U-bar, and the stirrup 2 can reach strain values
equal to or higher than the ultimate strain of stirrup 1—
which, being the reinforcement with the lowest value of
the diameter, is the one characterized by the highest
section loss and lowest value of ultimate strain.

Figure 22d–f shows that for propagation periods equal
to and greater than 75 years, stirrup 1 remains in the
elastic stage, the diagonal bar and the U-bar can reach
strain values equal to or greater than the ultimate strain
of stirrup 1, while stirrup 2 is characterized by lower
strain values than stirrup 1. This observation will be use-
ful in Section 5 for S&T models for the capacity assess-
ment of corroded dapped-end beams.

Anchorage failures are also not recorded for the cor-
roded dapped-end beams, as the bond stresses are always
lower than the reduced bond strength of the corroded
U-bars. Of course, the check of anchorage failure depends

on reinforcement detailing and it is not possible to gener-
ate that ties rupture always anticipates anchorage failure.
In fact, different detailing, such as bar location and
anchorage length or different corrosion scenarios than
those analyzed here, could lead to different results and
failure modes than those obtained for this case study.

3.4 | S&CT method for corroded dapped-
end beam

It is well known that S&T methods can be used if the ties
forming the truss have sufficient ductility. In the case of cor-
rosion, particular care must be taken as some of the rebars
may break before yielding of all the ties forming the truss
models has been achieved. If the concrete struts can resist
to the applied forces in the uncorroded state, it could be
assumed that the resistance of concrete struts is less critical
during corrosion than the resistance of the ties. Therefore,
in this section the S&T method has been applied without
calculating of the resistance of nodes and concrete struts. In
general, the resistance of concrete struts and nodes must be
always checked for safety reasons since corrosion may cause
splitting cracks and cover spalling.

A simplified S&T method—called S&CT method—is
proposed here to evaluate the load-bearing capacity of
corroded dapped-end beams, based on the following
assumptions:

TABLE 4 Sequence of yielding in reinforcement for LCR in Scenarios 1 and 2.

Time tp [years]

Sequence of yielding of reinforcement
Failure

1 2 3 4 5

0 Diagonal bar (Ø 14) Stirrup 1 (Ø 10) U-bar (Ø 12) Stirrup 2 (Ø 10) Stirrup 3 (Ø 10) Stirrup 1 (Ø 10)

25 Diagonal bar (Ø 14) Stirrup 1 (Ø 10) U-bar (Ø 12) Stirrup 2 (Ø 10) Stirrup 3 (Ø 10) Stirrup 1 (Ø 10)

50 Diagonal bar (Ø 14) Stirrup 1 (Ø 10) – – – Stirrup 1 (Ø 10)

75 – – – – – Stirrup 1 (Ø 10)

100 – – – – – Stirrup 1 (Ø 10)

125 – – – – – Stirrup 1 (Ø 10)

Abbreviation: LCR, low corrosion rate.

TABLE 5 Sequence of yielding in reinforcement for MCR in Scenarios 1 and 2.

Time tp [years]

Sequence of yielding of reinforcement
Failure

1 2 3 4 5

0 Diagonal bar (Ø 14) Stirrup 1 (Ø 10) U-bar (Ø 12) Stirrup 2 (Ø 10) Stirrup 3 (Ø 10) Stirrup 1 (Ø 10)

20 Diagonal bar (Ø 14) Stirrup 1 (Ø 10) U-bar (Ø 12) Stirrup 2 (Ø 10) Stirrup 3 (Ø 10) Stirrup 1 (Ø 10)

25 Diagonal bar (Ø 14) Stirrup 1 (Ø 10) – – – Stirrup 1 (Ø 10)

30 – – – – – Stirrup 1 (Ø 10)

Abbreviation: MCR, medium corrosion rate.
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• The critical tie is identified. It corresponds to the tie
with the lowest diameter value, the highest section loss
value, and the lowest ultimate strain value. The critical
tie usually corresponds to stirrups, which are charac-
terized by the lowest concrete cover and the lowest ini-
tiation period.

• The stress–strain of the critical tie is evaluated as a
function of the section loss, according to the model
proposed by Chen et al.15

• The same damage evolution is conservatively assigned
to all ties forming the truss, even if they are character-
ized by higher concrete cover. Then, the stress–strain

relationship of the critical tie, calculated at point (2), is
assigned to all the ties forming the S&T model.

• If the stirrup 1 can reach the hardening phase, the
strain values of all the rebars (stirrups near the nib
zone and rebars) are assumed equal to the ultimate
strain of the critical tie. Thus, in this case, the contri-
butions of the other stirrups near the nib are consid-
ered. If the stirrup 1 remains in the elastic stage, the
resistance is conservatively evaluated by considering
only the contribution of stirrup 1 and by neglecting the
resisting contributions of the other stirrups, character-
ized by strain values lower than the yielding strain

FIGURE 22 Strain of the bars for (a) uncorroded scenario and global corrosion (Scenario 2) for tp = 25 years (b), tp = 50 years (c),

tp = 75 years (d), tp = 100 years (e), and tp = 125 years (f).
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value. Furthermore, in this latter case, the ultimate
strain value of the rebars is assumed equal to the ulti-
mate strain of stirrup 1.

• The reduced tensile yielding and ultimate strengths of
the critical tie are calculated and assigned to all ties
forming the truss.

• The tensile resistance of all the ties forming the truss is
calculated by multiplying the reduced tensile strength
of the critical tie by the uncorroded transversal cross-
section area of each tie.

Figure 23 shows that, since the stirrups are the critical tie
with the smallest diameter, the other reinforcements certainly
have a higher ductility. In fact, Figure 23a and Figure 23b, for
two different propagation periods (tp = 25 years and 50 years)
show that the other ties—with diameters equal to 12 and
14 mm—have a ductility higher than the critical tie—
with a diameter equal to 10 mm.

As shown in the above section, the number of stirrups
considered in the S&T method to evaluate the ultimate
load of the dapped-end beams is very relevant. The pre-
sented S&CT method is applied to Scenario 2 (global cor-
rosion) with low corrosion rate. In this case, different
numbers of stirrups are considered over time because of
the relevant distance between them. In the first case
(tp = 25 years) the first two stirrups are considered in the
calculation of the model A, while in the other cases (from
tp = 50 to tp = 125 years) only one stirrup is considered
to evaluate the ultimate load in the model A due to the
fact that the failure of the stirrups occurs almost in elastic
stage (Figure 17a) and the second stirrup, which has a
strain smaller than stirrup 1, will remain in elastic stage.

The resistance of the analyzed dapped-ends beam
obtained by NLFE analyses, and the presented S&CT
method are shown in Figure 24—in blue and green,
respectively—as a function of different period of propagation

tp. To compare the results of NLFEA obtained by using the
stress–strain relationship for reinforcement up to the ulti-
mate strain value, the resistance obtained by the S&T
method is calculated by assuming the ultimate strength of
the critical tie for all the reinforcement. Both NLFE and
S&CT based methods can predict the reduction in resistance
due to corrosion.

Similarly to the case of uncorroded dapped-ends
beam, the resistance obtained by NLFE analysis results
higher than that obtained by the S&CT based method.
To highlight the fundamental role played by chloride-
induced corrosion in the reduction ductility, Figure 24
also shows in gray the resistance obtained by S&CT
method by reducing only the cross-section of the ties
without reducing the ultimate strain. The resistances
obtained by this latter approach are unconservative and
in some cases even higher than those obtained by NLFE
analyses. To consider an assessment situation in the engi-
neering practice, Figure 24 shows in yellow the results of
the S&CT method obtained by assuming the yield
strength or the strength at the elastic stage, depending on
the level of corrosion. The yellow bars show that, the
resistances obtained by the S&CT method, are lower than
those obtained by NLFEA and that the ratio between the
NLFEA resistance and the S&CT resistance remains
almost constant for all the propagation periods. Finally,
NLFEA can be a suitable tool to study the sequence of
events occurring in uncorroded and corroded dapped-
ends, allowing to understand the change in the expected
mechanisms and failure mode. Furthermore, these
models are developed in a deterministic way, taking into
account the average properties of the materials. In a pos-
sible assessment situation, model uncertainties need to
be considered, using appropriate safety factors, especially
in the case of corrosion, where further studies need to be
developed.

FIGURE 23 Stress–strain bilinear curve for corroded rebars for (a) tp = 25 years and (b) tp = 50 years.
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4 | CASE STUDY 2: ARTIFICIALLY
CORRODED DAPPED-END BEAM

4.1 | Geometry, instrumentation layout,
and mechanical properties of concrete and
reinforcing steel

In this section, the validations of the finite element model
and the S&CT model previously described are presented.
As reference case, the very recent experimental tests con-
ducted on uncorroded and corroded dapped-end beams
by Di Carlo et al.49 are used. In this experimental cam-
paign, several dapped-end beams were experimentally
tested and, in the present work, the specimens G2-NC
(uncorroded) and G2-C (corroded) are selected. Numeri-
cal results of other specimens are reported in the work of
the authors.66 In the corroded specimens G2-C, the spa-
tial distribution of the corrosion was measured; in partic-
ular, the pit-depth along stirrups, diagonal bars, and
horizontal bars was available (rebars highlighted in red
in Figure 26). The geometry and reinforcement layout are
shown in Figure 25a, while the mechanical properties of

concrete and uncorroded steel rebars are reported in
Table 6 and Table 7 respectively.

The test setup, shown in Figure 25b, was designed to
simulate the structural continuity of an existing dapped-
end beam. During the test, the specimen was anchored to
the laboratory strong floor by means of two steel beams
and two pretensioned high strength rebars.

A cylindrical support was positioned at 700 mm from
the axis of the steel beams while the load was applied at the
nib at a distance equal to 1500 mm from the axis of the steel
beams (Figure 25a). For further details about the experi-
mental tests and corrosion process see Reference 49.

4.2 | Finite element modeling of the
uncorroded and corroded dapped-
end beams

For the finite element model, the same procedure
described in Section 2 is used. To reduce the computa-
tional cost, only the loaded part of the dapped-end beam
was modeled. Also in this case, the bars and stirrups were

t p t p t p t p t p

FIGURE 24 Results of numerical

and analytical S&T methods without and

with corrosion. S&T, strut-and-tie.

FIGURE 25 (a) Reinforcements of the dapped-end beam. Dimensions in mm. (b) Test set-up (after Reference 49).
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modeled with both smeared and discrete approaches. For
the rebars modeled with discrete approach, the slip of the
reinforcement was considered. The mesh of the model,
the boundary conditions, and the type of steel modeling
are resumed in Figure 26. The loading steel plate
was modeled using the same concepts described in
Section 2.2.2, while in the zone of the support, springs
with elevated stiffness (K = 106 N/mm) to prevent stress
localizations were used. To simulate the presence of the
steel beams in the left part of the beam, both vertical dis-
placements on top and bottom of the beam and horizon-
tal displacements along the beam section were blocked.

For the specimen subjected to corrosion, the constitu-
tive laws of the corroded rebars (highlighted in red in

Figure 26a) were modified in terms of ultimate strength
and strain and in terms of bond-slip behavior. In parti-
cular, for each single corroded rebar, the mechanical
properties were reduced as function of the maximum
section loss μ measured along the bar itself and applied
at the whole corroded rebar. The reduction of the com-
pressive strength of the concrete cover was considered in
the zones near the corroded stirrups (highlighted in blue
in Figure 26a).

The same procedure described in Section 3.2 was used
to define the reduced mechanical properties for concrete
cover, reinforcing steel, and bond-slip behavior.15,63,64

The numerical values for rebars and stirrups are reported
in Table 8 for each single stirrup leg and bar. An average
cross-section reduction of all the external rebars in the
whole zone of cracking was considered and the compres-
sive strength of cracked concrete cover was reduced from
43.65 to 16.35 N/mm2.

4.3 | Results of NLFE analyses of
corroded dapped-end beam

The results of the NLFEA are reported in Figure 27 for
the uncorroded case (Figure 27a) and the corroded one
(Figure 27b). The comparison with the experimental
results is carried out in terms of load–displacement

TABLE 6 Mechanical properties of concrete.

Property Value Unit

fcm 43.66 N/mm2

fctm 2.88 N/mm2

Ecm 35,139 N/mm2

ρ 2500.00 kg/m3

ν 0.20 –

GF 0.102 N/mm

GC 25.47 N/mm

FIGURE 26 (a) Finite element mesh of the dapped-end beam. (b) Position of reinforcements and layers in section. Dimensions in mm.

TABLE 7 Mechanical properties of

uncorroded reinforcing steel.
Diameter fsy,0 [N/mm2] fsu,0 [N/mm2] εsu,0 [%] τbu [N/mm2] s(τbu) [mm]

Ø10 516.00 615.00 11.6 8.95 0.389

Ø12 565.00 628.20 10.7 6.99–7.93a 0.210–0.288a

Ø16b 464.00 627.50 10.5 – –
aThere are different values for horizontal rebars and diagonal rebars, respectively.
bFor rebars Ø16 perfect bond is considered.
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curves (the curves have been truncated at maximum
load). In the graph it is possible to see that the numeri-
cal model can predict the maximum load. The crack
patterns at ultimate load from the NLFEA are in good
agreement with the experimental tests (Figure 28). In
addition, the model can reproduce the failure mecha-
nism of the experimental tests: (i) for the uncorroded
case (G2-NC) the failure is governed by the collapse
of the compression strut that reaches the roller at the
bottom part of the dapped-end beam and (ii) for
the corroded case (G2-C) the failure is governed by the

rupture of the corroded stirrups near the nib. The
numerical model shows that, when the ultimate load is
reached in both cases (G2-NC and G2-C), the maxi-
mum bond stress values are attained in the horizontal
and diagonal bars near the re-entrant corner; such high
values are attributed to the high crack width observed
in this area. Even though in some areas of the cracked
zone near the nib, maximum bond stresses were
reached, no anchorage failure was detected thanks to
the sufficient length of anchorage of the diagonal and
horizontal rebars.

TABLE 8 Mechanical properties of corroded reinforcing steel for bars with 10 and 12 mm diameters.

Corroded steel rebars

Position of legs and
barsa

Maximum section
loss, μ [�]

fsy,
corr

[N/mm2]

fsu,
corr

[N/mm2]
εsu,
corr [�]

τbu,
corr

[N/mm2]

Ø10 Stirrup 1 Left 0.138 516 530 0.0076 7.49

Right 0.289 437 437 0.0021 6.62

Stirrup 2 Left 0.277 445 445 0.0022 6.67

Right 0.095 516 556 0.0186 7.89

Stirrup 3 Left 0.197 493 493 0.0025 7.07

Right 0.027 516 598 0.0483 8.95

Ø12 Diagonal
rebars

Left 0.105 565 582 0.0284 6.56

Middle 0.019 565 639 0.0627 7.93

Right 0.052 565 617 0.0640 7.25

Horizontal
rebars

Left 0.494 329 329 0.0016 4.30

Central 0.062 565 611 0.0411 6.24

Central 0.079 565 599 0.0355 6.03

Right 0.126 565 569 0.0233 5.61

aFor the position of stirrup legs and rebars refer to Figure 26a.

FIGURE 27 Comparison between experimental and NLFEA results: (a) uncorroded case G2-NC and (b) corroded case G2-C. NLFEA,

nonlinear finite element analyses.
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4.4 | S&T method for uncorroded and
corroded dapped-end beam

The S&T analytical models were used also for this case.
To calculate the ultimate load capacity (Pult) for the
uncorroded and corroded cases, the same procedure and
assumptions described in Sections 2.4 and 3.4 were
adopted. Also in this case, for the analytic calculations
two truss-models A and B were used, and Figure 29

shows the minimum principal stress at first cracking load
and at the ultimate load. It is possible to verify the corre-
spondence of the truss position and inclination with the
NLFEA principal stresses for both models A and B.

The ultimate load for the model A and model B was
evaluated according to Equations (1) and (5), respec-
tively, without using the coefficient 3/2 because of the
different structural scheme. Then, the total ultimate load
was evaluated. It is worth to note that, for the ultimate

FIGURE 28 Comparison between experimental49 and NLFEA crack patterns at failure: (a) experimental and (b) numerical crack

pattern for the test G2-NC; (c) experimental and (d) numerical crack pattern for the test G2-C. NLFEA, nonlinear finite element analyses.

FIGURE 29 Comparison of NLFEA

minimum principal stress field and strut-

and-tie models A and B at first cracking

load (a and b) and ultimate load

(c and d).
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load capacity of Model A, the first three stirrups near the
nib were considered with tie T2; in this case, they were
considered as one single tie since their distance is rela-
tively short with respect to the other stirrups. The results
of the analytic calculation are reported in Figure 30 by
considering both yielding and ultimate strength for the
uncorroded case (Figure 30a) and reduced yield and ulti-
mate strength for the corroded case (Figure 30b). In the
same figure, the ultimate loads are compared to numeri-
cal NLFEA and experimental results.

From the comparison between experimental and ana-
lytical results of the analyzed dapped-ends beam it is pos-
sible to observe that also in this case the S&T method
provides conservative estimations of the ultimate load.
The highest resistance can be obtained by S&T methods
when ultimate strength, fst, is used for the steel, while a
more conservative value is obtained if the yielding
strength, fsy, is used. This confirms the recommendations
of the main standards and guidelines on the use of yield
strength when conducting safety checks of existing struc-
tures. Considering the S&CT method (Figure 30b), the
ultimate load is underestimated by 29% and 39% using
ultimate and yielding strength, respectively, which is in
line with the results of the first case study. Figure 30b
shows also the results obtained considering only the
reduced cross-section of the corroded rebars without
reduction in strength and strain. In this case, the S&T
method applied to corroded Gerber saddles provided
unconservative result (orange bar in the graph).

5 | CONCLUSIONS

In the present paper a procedure for NLFE modeling and
a simple S&T based procedure for dapped-end beams
subjected to chloride-induced corrosion are proposed.

The principal effects of corrosion, such as reduction of
strength and ductility of the bars, reduction of bond, and
cracking of the concrete cover are considered in the
modeling. The proposed method is applied to two of
the most recent experimental tests in the literature. The
procedure is firstly applied to a first case study48 of an
uncorroded dapped-end beam experimentally tested,
then, two different corrosion scenarios are simulated and
applied to the same case study. The second case study49 is
used to validate the model with the experimental out-
comes of tests carried out on corroded dapped-end
beams. From the results of the analyses, it can be seen
that the effects of corrosion can change the failure mode
of dapped-end beams with important consequences on
resisting mechanisms, ultimate load, and ductility. How-
ever, considering the first case study, the reduction in
ultimate load over time for both corrosion scenarios S1
and S2 is comparable; this means that the resistance of
corroded dapped-end beams is not significantly affected
by the extension of the corroded zone, but it principally
depends on the corrosion rate. The results obtained from
the second case study confirm that the model can help to
predict ultimate load capacity in presence of chloride
corrosion.

In the selected cases, no anchorage failures were
detected. However, it has been observed that, when cor-
rosion occurs, the bond stresses in the horizontal rebars,
approach or even reach (for small parts near the cracks)
the maximum bond stresses value τbu. Hence, a careful
check of anchorage lengths must be carried out in exist-
ing dapped-end beams, because even though this is not
the case, the designed anchorage lengths may not be suf-
ficient in presence of corrosion.

The modeling of corrosion damage with NLFE analy-
sis allows to predict the capacity reduction of corroded
dapped-end beams over time, providing useful insights

FIGURE 30 Results of numerical and analytical S&T methods (a) without and (b) with corrosion. S&T, strut-and-tie.
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for in situ inspections of corroded dapped-end beams,
which could be implemented in guidelines for the risk
assessment and/or maintenance of existing structures
and infrastructures. However, the NLFE analyses are not
always suitable tools for daily engineering practice but
can be used to understand the failure mechanisms and to
calibrate simplified methods. In this regards the S&CT
method for the prediction of the resistance of corroded
dapped-end beams was presented. This new method,
which uses simply hypothesis on corroded ties, provides
conservative results in terms of ultimate load compared
to the numerical and experimental results for uncorroded
dapped-end beams. On the contrary, it can lead to unsafe
predictions if corrosion is introduced by only reducing
the reinforcement area. For the analyzed case study, the
presented S&CT method overcomes this problem, result-
ing in a useful tool to easily assess the resistance of cor-
roded dapped-end beams.

The proposed novel NLFE and S&CT methodologies
are promising tools that can be further validated when
new experimental evidence becomes available. These
tools can be used in research but also in engineering
practice to plan inspection, preliminary assessment, mon-
itoring, repairing, retrofit, or dismantlement of bridges.
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