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Abstract

The rehabilitation of reinforced concrete (RC) bridge columns subjected to

chloride-induced corrosion is addressed in the present paper. The proposed strat-

egy is based on the replacement of the original external layer made of normal-

strength concrete (NSC) with ultra-high performance fiber reinforced concrete

(UHPFRC), and it additionally involves the substitution of the existing corroded

longitudinal reinforcement with new machined steel rebars. This repair tech-

nique aims at restoring strength, stiffness, and ductility of the original column in

a short time without altering its cross-section dimensions. Because of the high

compactness of the UHPFRC, it also serves at improving its durability. The main

contribution of the present work is a numerical investigation carried out in order

to identify how the design decisions about the repair strategy influence the

behavior of the restored column. The parametric investigation reveals that the

length of the zone in which NSC is replaced by UHPFRC as well as the

machined index (i.e., ratio between turned and original rebar cross-section area)

must be properly selected to make the intervention effective. Numerical results

also highlight that the main design issue to deal with is the relocation of the

plastic hinge from the repaired zone towards the weak unrepaired part of the

column. Practical design recommendations are finally formulated.
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1 | INTRODUCTION

Exposure to corrosive environments is one of the most
common and detrimental sources of deterioration in
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existing reinforced concrete (RC) structures. Particularly,
existing RC bridges subjected to the risk of corrosion
deserve careful consideration because this may have large
negative impacts on safety, functionality, and resilience
of the transportation network they belong to. Within this
framework, special attention has been paid on the assess-
ment of chloride-induced corrosion in RC bridges,1–5

since the effects of the pitting corrosion that it causes can
be more severe than those of the uniform corrosion due
to carbonation.6 In this perspective, apart from forecast-
ing, monitoring, and assessing RC bridges subjected to
corrosion, repair and retrofit are becoming relevant prior-
ities in current transportation networks management pol-
icies. This is basically dictated by two main reasons. On
the one hand, deputed authorities strive to extend the
lifetime of existing RC bridges since rebuilding is costly
whereas repair and retrofit are usually dubbed more con-
venient, at least if the structural reliability is not heavily
jeopardized by deterioration phenomena. On the other
hand, the preservation of existing RC bridges contributes
to enhance the sustainability of the construction sector
since it reduces the consumption of new building mate-
rials and the production of demolition wastes.

As regards repairing and retrofitting of corroded RC ele-
ments, intervention strategies mostly explored so far are
based on the use of fiber-reinforced polymers (FRP).7 For
instance, Tastani and Pantazopoulou8 as well as El Maad-
dawy and Soudki9 investigated experimentally the effective-
ness of FRP jackets in order to extend the lifetime of
corroded RC members. Both glass FRP (GFRP) and carbon
FRP (CFRP) jackets were considered by Tastani and Panta-
zopoulou8 for repairing corroded RC columns with sub-
standard detailing. They observed that jacket rupture in
corroded RC columns under concentric compression origi-
nates within the corroded region and extends over the spec-
imen followed by disintegration of the concrete cover and
core, especially in the bottom area. El Maaddawy and
Soudki9 focused on corroded RC beams. Based on experi-
mental evidences, they found that CFRP repair increases
the ultimate strength of corroded RC beams (which
resulted higher than the strength of the sound beam) while
significantly reduces the deflection capacity. It has been
pointed out that FRP jacketing may also serve for enhanc-
ing the durability of the restored RC column because exter-
nal wrapping dramatically reduces the corrosion rate.10

The use of FRP jackets is indeed most common for
restoring corroded RC elements, but alternative (even
hybrid) approaches have been explored as well. For
instance, Meda et al.11 conducted a laboratory campaign
for studying the effectiveness of high performance fiber
RC (HPFRC) jacketing as a repair method for corroded RC
columns. Farzad et al.12 performed several laboratory tests
on RC bridge columns with simulated corrosion-caused

damage scenarios for evaluating the performance of ultra-
high performance concrete (UHPC) as a repair material.
Some applications of the ultra-high performance fiber RC
(UHPFRC) jacketing for the rehabilitation of corrosion
damage in concrete bridges have been reviewed by Bertola
et al.13 Similarly to FRP wrapping, the use of high and
ultra-high performance concretes as repair material is also
beneficial for enhancing the durability of RC members
exposed to corrosive environments because of their high
compactness.11,14 Indeed, the diffusion coefficient of high
and ultra-high performance concretes exposed to chloride
is two and three orders of magnitude lower than that of
normal-strength concrete (NSC),15 respectively. Rajput
et al.16 performed experimental tests on corroded RC col-
umns repaired by means of HPFRC jacketing, but they
also considered GFRP wrapping to further improve the
response in terms of strength and ductility. A similar
hybrid repair approach has been employed within the
experimental study by Rabehi et al.,17 who explored the
use of UHPFRC jacketing together with GFRP or CFRP
wrapping. Bonded steel plate (BSP), ultra-high toughness
cementitious composite (UHTCC) and high-performance
ferrocement laminate (HPFL) are among the other solutions
that have been investigated in the last years to repair and/or
strengthen corroded RC members.18–20 It is highlighted that
repairing techniques also differ from each other in the strat-
egies adopted regarding corroded rebars. For example,
Hasan et al.21 discuss a repair strategy for RC beams in
which corroded bottom arms of stirrups are removed while
corroded tensile reinforcement is replaced with stainless
steel rebars, and CFRP sheets are finally attached.

Notably, the methodologies for repairing RC elements
subjected to corrosion have been mostly investigated
through experimental tests, while there is a lack of stud-
ies that address such issue by means of suitable structural
models. Particularly, parametric simulations are useful to
predict the behavior of the restored columns for a large
variety of repair scenarios.

This paper presents a numerical study that aims at
exploring the feasibility of a new repair strategy to extend
the lifetime of existing RC bridge columns under chloride-
induced corrosion. The discussed strategy exploits UHPFRC
as repair material and involves the replacement of the cor-
roded longitudinal reinforcement with new machined steel
rebars. The considered technique is intended to restore the
original capacity in terms of strength, stiffness, and ductility
in a short time and without modifying the column dimen-
sions. On the basis of the chloride-induced corrosion levels
predicted from multiphysics simulations, nonlinear static
analyses have been performed on the OpenSees platform
for a real RC bridge column. This parametric investigation
is meant at revealing the impact of key parameters on the
performance of the restored RC bridge columns, such as
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intervention time and extension of the repaired area as well
as the turning factor of the new machined longitudinal steel
bars. Practical recommendations are finally formulated for
repairing corroded RC bridge columns by means of
UHPFRC.

2 | REPAIRING CORRODED RC
BRIDGE COLUMNS WITH UHPFRC

The strategy herein considered for repairing RC bridge
columns under chloride-induced corrosion is illustrated
in Figure 1. It is implemented as follows.

• The existing external layer of concrete is initially
removed from the intervention area. The repaired
zone must extend along the column height and must
go to depths beyond the backside of the original
reinforcement in order to allow replacement of cor-
roded longitudinal rebar parts as well as to prevent
the corrosion of new steel rebars (height and depth
of the intervention area are denoted as Hint and dint,
respectively). The repaired zone must also broaden
into the foundation to properly distribute the ten-
sions at the footing.

• Concrete core surface is prepared to improve the bond
between existing and new concrete parts.

• Corroded longitudinal rebars are cut and replaced with
new machined steel rebars (Hmac is the length of the
zone in which machined steel rebars are employed
while α = At/Ab denotes the turning factor, also
known as a machined index, where Am and A0

s are
turned and original rebar cross-section area, respec-
tively). This occurs in two steps.
� New machined steel rebar segments are first aligned

with the existing rebars whereas the couplers
(i.e., steel equal angles) are placed on the backside.

� Welding chords are made between rebar and coupler
as well as between the rebars' end. This operation is
carried out on the front side of the connection.
Part of the original longitudinal reinforcement within
the intervention area can be eventually replaced with
new unmachined steel rebars (Hint � Hmac is the
length of the zone in which unmachined steel rebars
are employed).

• Covering by means of HPFRC is thus performed. To
this end, the formwork is installed and UHPFRC cast-
ing is completed. The formwork is removed once
enough time is passed. Note that UHPFRC has a rela-
tively early strength gain, which reduces the total time
needed for completing the repair intervention (it takes
24–48 h).

It is highlighted that the very low diffusion coefficient
of the UHPFRC essentially prevents chloride ingress in
concrete and thus stops the corrosion of steel reinforce-
ment near the repaired zone. It is also pointed out that
the use of UHPFRC enhances significantly the shear
capacity,22 thereby allowing to remove without replace-
ment the corroded arms of the transverse reinforcement
in the repaired zone.

3 | NUMERICAL MODELING OF
CORRODED RC BRIDGE COLUMNS
REPAIRED WITH UHPFRC

3.1 | Finite element modeling

Numerical simulations based on the finite element
(FE) method are performed in order to investigate the
effectiveness of the considered repair technique for an
RC bridge column with a circular cross-section subjected
to chloride-induced corrosion.

FIGURE 1 Some steps of the considered repair strategy based on ultra-high performance fiber reinforced concrete
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Particularly, chloride ingress in the cross-section of
the bridge column is simulated via multiphysics simula-
tions, taking into account the effects of temperature,
humidity, aging, and corrosion-induced cover cracking.
The computer program COMSOL Multiphysics is
employed to solve the governing partial differential equa-
tions. Once the corrosion current intensity is derived
from the chloride concentration, the time-dependent
reduction of the cross-section of the steel reinforcement
is determined. The nonlinear model of the RC bridge col-
umn under chloride-induced corrosion has been devel-
oped into the OpenSees platform. The cross-sections of the
column are discretized into several unidirectional steel and
concrete fibers. The interested reader can refer to the recent
work by Pelle et al.5 for more details. In the current study,
such nonlinear modeling of the RC bridge column has been
revised to also account for the repair based on HPFRC cov-
ering and new machined steel rebars.

In the reference configuration, the proposed numeri-
cal model for the simulation of the repaired RC bridge
column under chloride-induced corrosion is detailed in
Figure 2. The whole column is divided into three regions.
Element 1 is employed to model the cross-section
repaired by means of machined steel rebars and
UHPFRC in place of the original NSC. It is assumed that
such a region extends over an assigned length equal to
Hmac = Lp, where Lp is the plastic hinge length. Element
2 is considered to take into account the region of the RC
bridge column where the repair is carried out by means
of unmachined steel rebars and replacing the original
NSC with UHPFRC. A variable length Hint � Hmac is
considered for such a region. It is assumed that no
debonding occurs at the interface between the UHPFRC
and core concrete. In the present study, Lp is determined
according to Paulay and Priestley23 considering the unda-
maged column. Finally, Element 3 represents the unre-
paired part of the RC bridge column. While corrosion of
steel rebars stops in Element 1 and Element 2 because of
the very-low diffusivity of the UHPFRC, reinforcement
continues to corrode in Element 3. The resulting discre-
tized model employs force-based fiber elements, and the
Gauss-Lobatto integration scheme is adopted.

A rigid link is introduced to connect the top of the col-
umn with the point where axial and lateral forces are
applied. On the other side, a zero-length section element at
the base of the column is introduced to simulate the strain
penetration of the anchorage reinforcement in the footing.
The stress–slip constitutive model developed by Zhao and
Sritharan24 is assigned to reinforcing steel bars. The anchor-
age is presumed to be protected against aggressive chemi-
cals, and thus the reinforcement embedded in the
foundation is not corroded. The stress–displacement rela-
tionship for concrete is obtained by multiplying the strain

values of the Kent–Scott–Park strain–stress model25,26 by an
effective depth over which the compressive strain acts,
which is taken equal to 0.3D following Kashani et al.27 (D is
the diameter of the RC bridge column). It is pointed out
that a larger concrete cover is adopted for the zero-length
section element at the base in order to prevent yielding
since it is introduced only to account for the deformability
due to strain penetration.

Strain–stress relationships for NSC, steel, and
UHPFRC adopted in the FE model of the repaired RC
bridge column are detailed hereafter.

3.2 | Strain–stress relationships for NSC
and steel

The Kent–Scott–Park strain–stress relationship25,26 with
a parabolic curve in the pre-peak stage and a linear
softening-type post-peak response is assumed to simulate
the behavior of unconfined cover concrete. Conversely, the
model proposed by Mander et al.28 is adopted to account for
the confinement due to transverse reinforcement on con-
fined core concrete.

For the unrepaired region of the column (i.e., Element
3 in Figure 2), the effects of cracking and spalling on the
strength of the cover concrete due to rust expansion are
taken into account according to Coronelli and Gambar-
ova.29 The effect of transverse reinforcement corrosion on
core concrete confinement is modeled by referring to the
time-varying value of its corroded cross-section area.

It is known that the tensile strength of UHPFRC is
higher than that of NSC mostly because of the fibers
embedded into the concrete mix. This reflects in an incre-
ment of the effective lateral confining stress on the core
concrete f 0ℓ. Hence, a uniform lateral pressure attributable
to the UHPFRC f 0ℓ,UHPC must be considered together with
the effective lateral confinement due to transverse rein-
forcement f 0ℓ,w calculated according to Mander et al.,28 as
it is shown in Figure 3.
It means that f 0ℓ is given by:

f 0ℓ ¼ f 0ℓ,wþ f 0ℓ,UHPC: ð1Þ

Particularly, f 0ℓ,UHPC is herein evaluated as follows:

f 0ℓ,UHPC ¼
2σcccrep

D0 , ð2Þ

where D0 is the diameter of NSC confined by UHPFRC,
crep is the thickness of the new UHPFRC cover, and σcc is
the tensile strength of UHPFRC. This latter parameter is
here calculated according to Willie et al.30 as follows:
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σcc ¼� vf �4
� �2þ14 MPa, ð3Þ

where vf is the volumetric ratio of steel fibers.
The Menegotto–Pinto strain–stress relationship is

adopted in the present work for the steel rebars.31 The
strength reduction due to steel corrosion of the longitudi-
nal reinforcement is modeled by referring to the time-
varying value of its corroded cross-section area. The effect
of corrosion on ductility is modeled by reducing the ulti-
mate strain of corroded steel rebars as proposed by
Imperatore et al.32 It is pointed out that the reduced bond
between concrete and machined steel rebars is not simu-
lated in the current model.

3.3 | Strain–stress relationship for
UHPFRC

UHPFRC has higher compressive strength, energy
absorption capacity, and ductility than NSC due to its
unique mix of design and embedded fibers. Recently,
Naeimi and Moustafa33 have developed a simple model
for simulating the behavior of UHPFRC under com-
pression based on a few parameters, namely uncon-
fined compressive strength f 0c0, and volumetric ratio of
steel fibers vf, and volumetric ratio of transverse rein-
forcement ρs. The model was calibrated against a compre-
hensive experimental dataset, and its complete
formulation has been reported by Naeimi and Mous-
tafa.34 For UHPFRC under compression, modulus of elas-
ticity Ec, peak compressive strength f 0cc, strain at peak
compressive strength ε0cc, and the post-peak strain εcc,d
corresponding to the deteriorated strength ηdf

0
cc are thus

estimated as follows:

Ec ¼ 3400
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f 0c0,vf¼0

q
þ1310vf , ð4Þ

f 0cc ¼ f 0c0,vf¼0þ6:26vf þ6:57ρs, ð5Þ

ε0cc ¼ ε0c0,vf¼0þ7:82�10�5vf þ3:49�10�4ρs, ð6Þ

ηd ¼ 0:289þ0:004vf þ0:052ρs, ð7Þ

where f 0c0,vf¼0 (MPa) and ε0c0,vf¼0 are peak stress and strain
values of the unconfined UHPC without fibers, respec-
tively. The value of εcc,d can be derived by equating to
ηdf

0
cc the following Equation (8), and then solving for εcc:

FIGURE 2 Structural FE model of the repaired RC bridge column and detail of the cross-section discretization (reference

configuration). FE, finite element; NSC, normal-strength concrete; RC, reinforced concrete; UHPFRC, ultra-high performance fiber

reinforced concrete

FIGURE 3 Evaluation of the effective lateral confining stress

for the column regions repaired with ultra-high performance fiber

reinforced concrete (UHPFRC)
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f c ¼ f 0cc
β2

εc
ε0cc

� �

β2�1þ εc
ε0cc

� �β3
: ð8Þ

The material parameters β2 and β3 are calculated using
these empirical formulations:

β2 ¼ 3:096�0:0941vf �0:2073ρs, ð9aÞ

β3 ¼ 3:793�0:2314vf �0:0100ρs: ð9bÞ

Since the strain–stress relationship for UHPFRC pro-
posed by Naeimi and Moustafa34 is not available into
OpenSees, the existing material library for concrete under
compression Concrete02 is adapted to this end.
Figure 4 demonstrates that the strain–stress relationship
for UHPFRC under compression obtained by means of
Concrete02 fairly well agrees with the model proposed by
Naeimi and Moustafa34 after parameters tuning. Follow-
ing Zhang et al.,35 the contribution of the UHPFRC in
tension to the sectional strength is not taken into
account, also to obtain a conservative prediction of the
repaired column capacity. It is expected that such simpli-
fication has a modest influence on the final results, at
least for the considered case study. In fact, the final
results confirm that the major contribution of UHPFRC
as a repair material for RC bridge columns in terms of
sectional (flexural) strength is due to the increment of the
lever arm of internal forces and the enhancement of the
internal compressive force.

4 | NUMERICAL ANALYSIS

4.1 | Case study

The case study considered in the present numerical anal-
ysis is the RC bridge column of a real bridge located in
Sardinia (Italy), which is illustrated in Figure 5. The col-
umn has a circular cross-section with a diameter equal to
1.2 m, whereas the height (up to the cap) is equal to
3.85 m. The longitudinal steel reinforcing bars inside the
column are organized into a single concentric circular
layer. The longitudinal reinforcement consists of 20 rebars
with a diameter equal to 24 mm. Transverse reinforce-
ment is provided in form of a spiral with a diameter and
pitch equal to 12 mm and 250 mm, respectively. Concrete
cover is equal to 40 mm and the axial load is estimated
equal to 4500 kN.

The original RC bridge column is made of NSC with
nominal compressive strength and corresponding
strain equal to 30 MPa and 0.2%, respectively, whereas
the softening branch reaches zero stress for a strain
value equal to 0.4%. Yielding stress, ultimate stress,
and corresponding strain of the reinforcing steel bars
without corrosion are equal to 536 MPa, 649 MPa, and
11.6%. Pitting corrosion in the RC bridge column is
simulated by means of multiphysics analysis over a
time period equal to 100 years. A null initial chloride
concentration is considered whereas the initial values
of temperature and pore relative humidity are taken as
296.15 K and 0.65, respectively. A total surface chloride
content of 7 kg/m3 of concrete is assumed, which is
representative of exposure conditions close to the Med-
iterranean coasts. Temperature and relative humidity
on the boundary vary according to 296:15�15sin
2πt=365ð Þ (K) and h¼ 0:65þ0:15sin πt=365ð Þ, where t
(days) is the time variable. A high pitting factor equal to
8 is considered to simulate severe corrosion conditions.
Remaining data employed to simulate chloride ingress in
NSC and reinforcement corrosion are taken equal to
those previously adopted by Pelle et al.5 (recall that no
chloride flux through UHPFRC is assumed). The proper-
ties of the UHPFRC as repair material are the following:
f 0c0,vf¼0 ¼ 150 MPa, ε0c0,vf¼0 ¼ 0:4%, ρs = 0.0% and vf = 1%.

4.2 | Parametric investigation

Figure 6 shows the time-dependent evolution of the
pitting corrosion for, both, longitudinal and transverse
reinforcement. It is pointed out that the shear capacity
without considering the contribution due to the trans-
verse reinforcement estimated according to Kowalsky

FIGURE 4 Strain–stress relationship for ultra-high

performance fiber reinforced concrete under compression:

comparison between the model proposed by Naeimi and

Moustafa34 and Concrete02 after parameters tuning
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and Priestley36 was found always higher than the shear
demand (even without considering the contribution due
to the UHPFRC), thereby highlighting a flexural-dominated
failure mode for the present RC column.

The parametric investigation aims at understanding
the role of the intervention length Hint and that of the
machined index α on the response of the repaired RC col-
umn under lateral forces, also considering the time
passed since the corrosion started Tint. The variables consid-
ered for the present parametric investigation are listed in
Table 1 together with the corresponding numerical values.
It is recalled that Hint represents the length of the area in
which NSC is replaced by UHPFRC, being Hmac = Lp and

Hint � Hmac the length of the zones where corroded steel
rebars are replaced by machined steel rebars and unma-
chined steel rebars, respectively (see Figure 2).

Figure 7 shows the monotonic response of the cor-
roded RC column repaired with UHPFRC in terms of
drift and base shear considering several turning factor
values for the new machined longitudinal steel bars and
two lengths of the repaired area. Figure 8 illustrates the
moment–curvature relationships for the base section and
for the first unrepaired section of the RC column. The
response for the uncorroded RC column and that for the
unrepaired RC column subjected to corrosion are also
reported for a more comprehensive understanding of the
effects of the repair.

It is evident from Figure 7 that repairing the corroded
RC column with UHPFRC over a length Hint = Lp is not
enough to restore or even improve its response with
respect to the undamaged scenario. In fact, except for the
case where the repair is carried out at Tint = 50 years with a
machined index α = 0.6, the displacement ductility of the
repaired column is lower than that of the undamaged col-
umn. If the column is repaired at Tint = 100 years, then a
sudden drop of the capacity is observed due to failure in
tension of corroded steel rebars, and the response of the
repaired column fairly resembles that under corrosion with-
out repair intervention. Therefore, a repair carried out at
Tint = 100 years is basically useless. Conversely, Figure 7
demonstrates that extending the repair area to Hint = 2Lp

FIGURE 5 Picture of the reinforced concrete bridge selected as a case study together with data about geometry and reinforcement of

the considered column

FIGURE 6 Time-dependent evolution of the pitting corrosion

in longitudinal and transverse reinforcement of the reinforced

concrete bridge column

TABLE 1 Selected variables for the parametric investigation

and corresponding numerical values

Variable Values

Length of the intervention area, Hint Lp, 2Lp

Machined index, α 0.6, 0.8, 1.0

Time at which the column is repaired
once corrosion started, Tint

50 years, 75 years,
100 years

PELLE ET AL. 7



allows to restore completely both capacity and displacement
ductility regardless of the time at which the corroded RC
column is repaired, provided that the cross-section area of
the new machined steel rebars is 60% of the original
value (i.e., α = 0.6).

Results in Figure 7 can be also analyzed from a different
perspective. Indeed, assuming that steel reinforcement cor-
rodes in the unrepaired zone while does not corrode in the
zone repaired with UHPFRC, the results at 75 years and
100 years also reflect the behavior of the repaired column
once 25 years have passed since an intervention made at
50 years and 75 years, respectively. In this sense, repairing
the column at Tint = 50 years over a length equal to

Hint = Lp using machined steel rebars with a machined
index α = 0.6 allows to restore its strength and ductility in
the short-term, but it is not effective to extend its lifetime
since the overall behavior degrades significantly when
25 years have passed. Conversely, if the RC bridge column
is repaired over a larger length equal to Hint = 2Lp, then the
use of machined steel rebars with a machined index α = 0.6
always ensures the extension of its lifetime. Therefore,
although repairing an RC bridge column over a smaller
area may be attractive since this would result in quicker
and easier operations, an invasive intervention may be
more appropriate if the entire lifespan of the structure is
considered, especially if its extension is a design goal.

FIGURE 7 Pushover curves of the reinforced concrete (RC) bridge column under corrosion repaired with ultra-high performance fiber

reinforced concrete considering several turning factor values for the new machined longitudinal steel bars and two lengths of the repaired

area (pushover curves without corrosion and those for unrepaired RC bridge column under corrosion are also included)

8 PELLE ET AL.



1st

FIGURE 8 Moment–curvature curves for the base section and the first unrepaired section of the reinforced concrete (RC) bridge

column under corrosion repaired with ultra-high performance fiber reinforced concrete considering several turning factor values for the new

machined longitudinal steel bars and a length of the repaired area Hint = 2Lp (moment–curvature curves without corrosion and those for

unrepaired RC bridge column under corrosion are also included, the markers denote stopping by convergence issues)

PELLE ET AL. 9



Figure 8 is useful to explain why some design deci-
sions about the length of the repaired area Hint and the
machined index α may be not appropriate. In fact, it is
evident that the higher strength of the repaired cross-
section at the base as compared to the corroded unre-
paired cross-section causes the relocation of the plastic
hinge in the upper weak part of the column. The for-
mation of the plastic hinge in the corroded zone dra-
matically reduces the displacement ductility of the
column because of the higher cross-section curvature
demand due to a lower shear span combined with a
reduced ductility of the corroded steel rebars. Figure 8
also shows that the model has encountered conver-
gence issues in some scenarios: nevertheless, the analy-
sis of the strain–stress relationship demonstrates that a
plastic hinge arises in the unrepaired part of the col-
umn also in such cases.

Taking into account the results of this parametric
investigation, the reference configuration in Figure 2 has
been revised to simulate the following two alternative
repair scenarios.

• In order to evaluate the effects of a less invasive strat-
egy, it is investigated the restoration of the original
NSC with UHPFRC at the base over an assigned length
equal to Hint = 2Lp without replacing the original steel
rebars.

• Moreover, it is considered the restoration of the origi-
nal NSC with UHPFRC at the base over an assigned
length equal to Hint = 2Lp where half the length of the
original reinforcement is replaced with machined steel
rebars and the other half with unmachined ones. In
such a case, in order to prevent the relocation of the
plastic hinge, it is assumed that the original NSC above
this region is replaced with UHPFRC over an assigned
length equal to Hcap = Lp without replacing the origi-
nal steel rebars.

The monotonic response of the corroded RC column
repaired according to these alternative scenarios is shown
in Figure 9.

This last set of simulations demonstrates that repair-
ing the column using UHPFRC without replacing the
corroded steel rebars always allows to generate of the
plastic hinge at the base, regardless of the time at which
the intervention is made. However, if the corrosion level
of the existing reinforcement is very high (e.g., repair
after 75 years), then the displacement ductility of the col-
umn repaired with UHPFRC only will be limited by the
reduced ductility of the corroded steel rebars. In such a sce-
nario, the analysis of the strain–stress relationships shows
that the failure is due to the rupture of corroded steel rebars
in tension at the base section. If the column is repaired

when the corrosion level of the existing reinforcement is
not high (e.g., repair before 50 years), then it may be possi-
ble to restore or even improve the original performance in
the short-term, but this strategy does not ensure the preser-
vation of the performances throughout the lifespan.

Figure 9 also demonstrates that the relocation of the
plastic hinge can be prevented by using UHPFRC in
place of the NSC above the region where both original
reinforcement and concrete are replaced. So doing, both
capacity and displacement ductility of the original col-
umn are completely restored even in case of late inter-
vention (i.e., high corrosion level of the existing
reinforcement). Notably, this strategy can be implemen-
ted conveniently in order to enable the use of machined
steel bars with a larger value of the turning factor
(i.e., machined rebars with a lower reduction of the
cross-section area).

5 | CONCLUSIONS

This work has addressed the repair of RC bridge col-
umns subjected to chloride-induced corrosion by
means of UHPFRC and machined steel rebars, with the
aim of restoring the strength, stiffness, and ductility of
the original column in a short time without changing
its cross-section. Once the numerical model of the
repaired column has been presented, a parametric
investigation has been carried out to assess the role of
the main design variables. Based on the obtained
numerical results, the following design recommenda-
tions can be drawn.

• It is important to define properly the length of the area
in which NSC is replaced by UHPFRC Hint, being Hmac

and Hint�Hmac the length of the zones where existing
corroded reinforcement is replaced by machined steel
rebars and unmachined steel rebars, respectively. The
numerical results have demonstrated that it must be
carefully selected in combination with the machined
index α. For the considered case study, it has been
found that Hint = Lp is not enough while Hint = 2Lp
always allows to restore the column performances pro-
vided that α = 0.6 (with Hmac = Lp).

• The major design issue is the relocation of the plastic
hinge from the repaired base zone of the column
towards the unrepaired upper weak part, which can
lead to a strong reduction of the displacement ductility.
This can be effectively prevented by using UHPFRC in
place of the NSC (with no need of substituting the orig-
inal reinforcement) above the zone where the interven-
tion is carried out by replacing both original
reinforcement and concrete. Such a strategy can also

10 PELLE ET AL.



be implemented in order to avoid a too large reduction
of the cross-section area of the machined rebars
inserted at the base.

• Repairing the RC bridge column by using UHPFRC
without reinforcement replacement allows to generate
the plastic hinge at the base. Although this strategy is
less invasive and thus more attractive, it fails to ensure
the long-term preservation of the restored column per-
formances. In fact, the reduced ductility of the cor-
roded steel rebars will limit the displacement ductility
of the column repaired with UHPFRC only.

• It is also highlighted the need of designing the restoration
of RC members subjected to corrosion taking into account
the evolution of the repaired column performances
throughout its lifetime. By restricting the attention to
short-term benefits may hide long-term drawbacks, and
thus can lead to improper design decisions.
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