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Abstract: A new strategy that repairs severely damaged reinforced concrete (RC) columns after an
earthquake is proposed as a simpler and quicker solution with respect to the strategies currently
available in the literature. The external concrete parts are removed from the column surface along
the whole plastic hinge region to uncover the steel reinforcement. The transverse steel is cut away,
and each longitudinal rebar is locally substituted by steel rebar segments connected by welding
connections to the original undamaged rebar pieces outside the intervention zone. The new rebar
segments have a reduced diameter achieved by turning to ensure plastic deformation only in the
plastic hinge, protecting the original rebar and the welding connections. The connection is specifically
designed to be effective and simple, and is directly realized on column reinforcement. Finally, the
removed concrete is restored by a jacket built with high-performance concrete with steel or polymer
fibers. The use of concrete with high volume fraction of polymer fibers to repair the column is
investigated for the first time in this paper. This concrete was characterized by compression and
flexural tests in the laboratory and its mechanical characteristics were compared with those of the
concrete with steel fibers, which are being increasingly used in construction. The repair strategy was
applied to two RC columns (1:6 scaled bridge piers), tested by asymmetric cyclic tests. The results
show that the column strength, stiffness, and ductility were restored, and the energy dissipation
capacity improved. The experimental evidence was investigated by fiber models in OpenSees.

Keywords: seismic behavior; RC structure; repair; rebar substitution; retrofitting; high performance
fiber reinforced concrete; concrete jacket; plastic hinge; energy dissipation; hysteretic damping

1. Introduction

In seismic regions such as Italy, the evaluation of the capacity and fragility of structural and
infrastructural systems subjected to seismic events [1–9], and implementing proper survey programs to
monitor the evolution of their capabilities [10,11] are important for preventing severe seismic damage
being observed in recent seismic events [12] by means of retrofitting interventions [13–31].
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Repair strategies to restore or improve the seismic capacity of reinforced concrete (RC)
components, usually seriously damaged after a strong earthquake [32–44], may significantly reduce
the economic, social, and environmental impacts with respect to reconstruction. Repairs should be
performed simply and quickly on construction sites to assure that the strategy is appropriate also in
case of bridges that are strategic for the emergency response.

In the literature, the repair of RC components is usually performed in case of modest damage
(local concrete spalling or modest deformation of the steel reinforcement) when the deformed rebar
can be straightened, and the cover can be restored by simple mortar patches. Finally, an external
fiber reinforced polymer (FRP) is applied to improve the shear strength and the ductility of the
component [33].

However, serious damage, which includes high deformation of longitudinal rebar in tension or
in compression, steel reinforcement rupture, and concrete core crashing in compression, may arise:
(1) In the plastic hinge region of the RC components designed by capacity design criteria after a strong
earthquake; (2) in the most stressed zones of the RC components not properly designed or built for the
seismic action after a moderate earthquake; and (3) along the RC component when the corrosion of the
steel reinforcement is severe.

Damaged rebar substitution is problematic because anchoring new rebar in the existing foundation
is difficult, and new rebar may congest the existing steel reinforcement and complicate the concrete
pouring to restore the removed concrete parts. The substitution of the damaged rebar segments only
in the plastic hinge using new rebar segments may minimize these problems. The new segments can
be connected to the existing anchorages and to the rebar part outside the plastic hinge region, and the
use of rebar segments can limit the congestion of the steel reinforcement. The protection of the rebar
connections then become one of the most important design targets.

A review of the literature provided few solutions for the local substitution of the broken rebar.
Therefore, new research efforts are necessary. These research studies presented different solutions to
connect new rebar to the existing rebar. The rebar substitution performed by Cheng et al. [35] used
special dog-bone bars connected by welding to the existing rebar and guaranteed plastic deformation
along the plastic hinge only. This dog bone was a special piece built in the laboratory, so the proposed
connection with the original rebar can be problematic on actual construction sites. Lavorato et al. [36]
successfully tested a local rebar substitution using stainless steel rebar to improve the durability of
the intervention. A new rebar connection system using asymmetric lateral welding showed possible
failure in the case of high levels of rebar deformation. Rodrigues et al. [37] locally substituted the
damaged rebar parts with identical rebar segments connected by different connection systems by
welding. This resulting solution was effective, but the column core was entirely removed to ensure
adequate proper work space, and the use of steel segment rebar with the same size and mechanical
characteristics of the existing rebar may not guarantee plasticization in the plastic hinge only—away
from the original anchorages of the rebar—because the strength of the new steel segments may be
statistically higher than that of the original rebar. Lavorato and colleagues [24,31] simplified Cheng et
al.’s dog-bone solution and locally substituted the rebar with turned rebar segments connected by a
butt head and lateral welding chords along a steel coupler. This strong connection system ensured
plastic dissipation in the plastic hinge region only and the protection of the existing rebar (anchorages
and existing undamaged rebar part outside the plastic hinge).

In the present paper, a new repair strategy for severely damaged RC components is proposed to
simplify the solutions presented in the literature. The strategy includes: (1) The removal of the external
concrete part around the column in the plastic hinge region to permit the local rebar substitution;
(2) the cleaning of the residual concrete from the rebar surface; (3) shaping the surface of the concrete
core to improve the interlock between existing and new concrete parts; (4) substitution of the damaged
longitudinal rebar parts with new shaped rebar segments, tested successfully by Lavorato et al. [31];
and (5) constructing a concrete jacket by means of high-performance fiber reinforced concrete (HPFRC)
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with steel or polymer fibers to restore the removed concrete parts and to ensure seismic retrofitting
(column shear strength and ductility improvements).

The rebar substitution was performed as outlined by Lavorato and colleagues [24,31], and because
this process is simple, it is effective, rapid, and adaptable to each specific intervention, allowing
cost savings.

The novelty of the proposed repair strategy is the use of steel or polymer fibers in the concrete
to restore the removed concrete parts. For that reason, the new concrete jacket does not change the
component cross-section dimensions after the repair. The fibers improve the compressive and tensile
strength of the concrete due to the fiber tensile strength in the concrete cracks (fiber bridging effect)
and increases the component durability by reducing the shrinkage cracking, spalling, and thermal
cracking [45]. The concrete jacket used to restore the concrete parts improves the shear strength and
the ductility of the repaired RC component [38–41]. In fact, the fibers additionally contribute to the
shear strength of the RC component by bridging the cracks and confining the concrete to a distributed
transversal reinforcement, improving the ductility of the repaired component.

The transverse steel is not necessary and therefore the concrete cast is simplified. The external
FRP wrapping is not necessary, so the cost and time required for intervention can be considerably
reduced. The repair solution can be performed in four-to-five-days, and it is also applicable for quick
emergency responses after a strong earthquake for structures such as bridges that can be critical in the
net of structures and infrastructure [1–8].

The remainder of this paper is organized as follows. First, the results of the tests performed
at the Fuzhou University (China) laboratory on the HPFRC concrete with steel or polymer fibers,
used to repair the RC component concrete parts, and considering different fiber volume fractions,
are presented. This study evaluates the concrete workability in casting the new concrete part and
the variation in the concrete mechanical characteristics for different types and fiber contents to select
the proper fiber content (Section 2). In particular, compression (Section 2.2.1) and bending tests
(Section 2.2.2) are carried out to determine the concrete compressive and the tensile strengths and
the load crack tip opening displacement (CTOD) curves, respectively. Next, equations are presented
to determine the tensile strength of the fiber concretes based on the bending tests in Section 2.3
and the design equations, used to evaluate the shear strength of the repaired circular columns, are
discussed in Section 3. A bridge, with a configuration typical of highway bridges around the world,
is selected for a case study presented in Section 4. In the same section, two RC columns (the as-built
columns), which represent the shorter pier of a bridge by proper scale factors [36], are built to be
severely damaged in the plastic hinge region using cyclic tests in the laboratory according the test
protocol presented in Section 5. The displacement-controlled method is used to apply an asymmetric
displacement history to the top of the two columns. This history is representative of that recordable
when the bridge is subjected to a strong, and then a very strong, seismic event. Then, the damaged
columns are repaired using the proposed strategy, which are again tested applying the same cyclic
displacement history used to damage the as-built columns (Section 5). Construction details and in
situ operative difficulties are evaluated from an engineering point of view. The experimental results
obtained by the cyclic tests on the as-built and repaired columns are presented in Section 6. In this
section, the responses of the as-built and the repaired columns are presented in terms of the maximum
base shear and ductility (Section 6.1), stiffness evolution (Section 6.2), dissipated energy (Section 6.3),
hysteretic damping (Section 6.4), shear strength (Section 6.5) according to the guideline equations
(Section 3), concrete jacket circumferential strain (Section 6.6), and the column damage and failure
mode (Section 6.7). The comparisons among the as-built and the repaired columns permitted us to
evaluate the effectiveness of the proposed repair strategy. In Section 7, a fiber model of the column
section, built in the Open System for Earthquake Engineering Simulation (OpenSees, UC Berkeley,
Berkeley, CA, USA) [46] was validated based on the experimental results. This model permitted us
to numerically investigate, in detail, the maximum base shear measured experimentally. Finally, the
conclusions in Section 8 show that the repair strategy is effective, rapid, and feasible on construction
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sites. The stiffness, maximum base shear, and displacement ductility were restored, and the energy
dissipation capacity improved. The design code equations can correctly predict the column shear
strength, and therefore can be a valid tool for designers.

2. High-Performance Fiber Reinforced Concrete to Repair RC Components

2.1. Concrete Mix Design

The repair strategy involves restoring the removed concrete parts using a high-performance fiber
reinforced concrete (HPFRC) jacket with steel or polymer fibers.

The high-performance fiber reinforced concrete with steel fiber was labelled by the abbreviation
UHS, whereas the high-performance fiber reinforced concrete with polymer fiber was labelled by the
abbreviation UHP. Due to their durability, polymer fibers are interesting for structural use because
they can guarantee their full characteristics during the entire structure lifespan, even if exposed to sun,
wind, and rain.

Different steel or polymer fibers volume fractions were studied to determine the optimal concrete
mix for structural use in the repair of RC components. The high-performance concrete (HPC)
premix consisted mainly of Portland cement, silica fume, crushed quartz, and sand. Similar to
ultra-high-performance concrete (UHPC), if a coarse aggregate is used, the interfacial transition zone
(ITZ) between the coarse aggregate and mortar is weak, which decreases the strength of the concrete.
Therefore, coarse aggregate was not used in HPC to ensure that the HPC would have high compressive
strength [47]. The concrete mix design included: 1 part ordinary Portland cement (P.O.) 42.5, 0.3 parts
silica fume (30%, particle size 0.1–0.2 µm, density 2.0 g/cm3), 1.2 parts sand from the Minjiang River
(dimension of smaller particle equal to 0.63 mm and density of 2.6 g/cm3), 0.025 parts superplasticizers
(polycarboxylate, PCE; reduction water up to 25%), and water. The water/cement ratio was 0.26 due
to the use of the superplasticizers properly calibrated as a function of the fiber type and the fibers
volume content to ensure the performance of the concrete (such as the ability to pass), similar to the
performance a self-compacting concrete (SCC) in the fresh state.

Three steel fiber volume fractions (1, 2, or 3%) were investigated to select the proper UHS to repair
the column. The steel fibers were 13 mm long, had an equivalent diameter of 0.2 mm, ultimate tensile
strength of 2000 MPa, and a modulus of elasticity of 200 GPa.

After the study on the concrete with steel fibers, two concretes with polymer fiber volume fractions
of 2% and 4% were studied to select the optimal UHP to repair the column. The 2% value was selected
to compare the results of concrete with steel and polymeric fiber, whereas the 4% is the maximum
value that ensures the workability and cast of the concrete in modest volumes.

The polymer fibers were structural fibers iBETON produced by Istrice (Fili & Forme Srl, Modena,
Italy) according the Italian National Unification association (UNI) standards UNI EN 14889-2 [48],
designed to improve the durability and mechanical properties of concrete. The fibers high-volume
fraction of 4% had not been previously investigated for structural use. These fibers were composed
of polymer material with high density and resistance, 29 mm long, had an equivalent diameter of
0.77 mm, ultimate tensile strength of 520 MPa, and modulus of elasticity of 4.1 GPa.

The concretes had a mix design that guaranteed optimal placement and consolidation under their
weight without any vibration operation, excellent deformability, and were cohesive and able to avoid
segregation or bleeding.

2.2. Concrete Mechanical Characterization

Compression and bending tests were carried out on concrete cubes and beams on each concrete
mix design selected in Section 2 to investigate the material behavior, respectively. This mechanical
characterization permitted us to identify the optimal steel and polymer fiber volume fraction for
structural use for the repair of RC components, and the concrete mechanical properties necessary to
predict the flexural and shear strength of the repaired components using design equations.
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2.2.1. Compression Test

The compression tests were performed on concrete cubes 100 × 100 × 100 mm3 after seven
days of standard curing to evaluate the performance of the material after the rapid repair strategy.
The material mechanical characteristics were identified for concrete without fibers, with steel (UHS),
or with polymer (UHP) fibers considering: (1) Four cubes for each fiber fraction (0, 1, 2, and 3%) for
concrete with steel fibers (UHS), and (2) four cubes for each fiber fraction (0, 2, and 4%) for concrete
with polymer fibers (UHP).

First, the UHS concrete cubes and then the UHP ones were created. The mix design of the concrete
matrix was the same for the two concretes. Then, the UHS specimens were tested by an available test
apparatus using a force-controlled test method until specimen rupture, applying a vertical load on
the specimen with a constant rate of 11.3 kN/s. Next, the UHP specimens were tested by a new test
apparatus using a displacement-controlled test method until specimen rupture, by applying constant
displacements with a velocity of 1.5 mm/min.

The compressive strength was evaluated without differences using the two test methods.
The mean compressive strength values are provided for the UHS and the UHP cubes in Table 1.

Table 1. Mean cube compressive strength (Rcm) for concrete with steel or polymer fibers considering
different fiber volume fractions (Vol) and standard deviation (SD) of the compressive strengths after
seven days of curing.

Specimen Vol
(%)

Rcm
(MPa) SD Fiber Specimen

Failure Mode

No fiber 0 93.6 2.6
Steel 1 100.9 3.0
Steel 2 110.2 2.7

Steel 3 116.3 3.7

No fiber 0 75.7 4.0
Polymer 2 51.4 3.9

Polymer 4 56.9 4.2

The concrete specimens without fiber were built to determine the strengths of the concrete
matrixes of the UHS and the UHP, which showed different mean values of compressive strength
(Table 1). The results in Table 1 require further investigation because the UHS and the UHP concretes
were created at different times. The steel and the polymer fibers had different mechanical properties
(Section 2.1). Therefore, the UHS cubes with 2% steel fiber showed a mean compressive strength that is
twice that of the UHP cubes with the same fiber volume fraction because the steel and polymer fibers
mechanical characteristics, in term of strength, were different (Section 2.1).

In terms of the compression strength variation with the fiber volumetric fraction:

(1) The concrete with steel fibers (UHS) showed an increase in strength as the fiber volume fraction
increased (Figure 1a). That phenomenon was not constant but it tended to reduce increasing the
fiber percentage.

(2) The concrete with polymer fibers (UHP) presented a decrease in the strength when the fiber
volume fraction increased (Figure 1b).
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Figure 1. Mean cube compressive strength variation increasing the fiber volume fraction: (a) concrete
reinforced with steel fibers (UHS) and (b) concrete reinforced with polymer fibers (UHP) after seven
days of curing.

The reduction of the polypropylene-based fiber reinforced concrete compressive strength
compared to the plain concrete may be due to several different effects. One could be due to the
lower Young’s modulus of the polymer (E = 4100 MPa), compared to that of the matrix (not measured,
but in the order of 40,000–45,000 MPa) [49], which induces stress concentrations, leading to early
cracking. That is not the case of using steel fiber characterized by higher modulus (E = 200,000 MPa).
As investigated by previous researchers, it can be also related to the interfacial transition zone (ITZ)
effect [50] and to the hydrophobic nature of polymer fibers that could produce a void between the
fiber and the concrete matrix, reducing the resisting area of concrete specimen. The low bond strength
produces breaks in the bond between the aggregate and the cement and creates a large surface area
of material breaking in the cement bond that was also observed in Richardson’s work [51]. Further
experimental studies are necessary to better investigate the reduction of the compressive strength
observed for concrete with polymer fibers.

In terms of the failure mode, the specimens without fibers presented the typical double-pyramid
collapse with cracks inclined at 45 degrees and an expulsion of the external concrete (Table 1).

Conversely, in the fiber-reinforced specimens with steel or polymer fibers, there was no expulsion
of material. The fibers bridged the cracks, the material maintained its integrity and was able to transmit
stresses through the bridged cracks. Therefore, the expected rupture of the specimens containing fibers
presented clearly visible vertical cracks and no separation of the cube parts due to the bridging effect
of the fibers (Table 1).

2.2.2. Bending Tests

Four-point bending tests on a notched concrete beam (Figure 2a) were performed to identify the
load crack tip opening displacement (CTOD) curves. CTOD measures the relative displacement of two
points on the opposite edges at the top of a notch created at the beam midspan, measured while the load
is increased (Figure 2b). The bending tests were performed on beam specimens 100 × 100 × 400 mm3

after seven days of curing. The tested concrete beams included: (1) Three beams for each fiber content
(1, 2, and 3%) for concrete with steel fibers (UHS); and (2) three beams for each fiber content (2 and 4%)
for concrete with polymer fibers (UHP). The beam dimensions followed the standards indicated in
UNI-11039 [52] or RILEM TC162-TDF (2003) [53] and had a ratio of length/lateral side (h/L, Figure 2b)
equal to four.
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Figure 2. Bending test on high-performance fiber reinforced concrete (HPFRC) with different polymer
fiber volume fractions: (a) Beam with notch and (b) four-points bending test scheme.

The notch size was determined by Equation (1), as suggested by CI-S-002-2003 [54], which was
equal to 30 mm.

a0 = 0.3h∓ 0.01h (1)

The four-points bending tests were carried out using the force-controlled method to test the
UHS beams with a constant load rate of 0.07 kN/s by the available test apparatus, and by the
displacement-controlled method to test the UHP beams with a constant displacement rate of two
mm/min using a new test apparatus. The opening velocity of the cracks and the load corresponding to
different deformations were measured. The displacement-controlled method permitted us to observe
the softening beam behavior, usually recorded for concrete with polymer fibers.

The CTOD was measured by means of two linear variable differential transformers (LVDT) on
each lateral side of the UHS beam at the notch, and the elaboration of the film recorded by a camera
placed in front of one side of the beam that took photos automatically every five seconds starting
exactly when the load control machine was turned on (Figure 3a). As a reference for both the crack
opening and the deflection, two rules, one vertical and one horizontal, were applied. On the other side
of the beam, a graded camera allowed us to detect CTOD with an accuracy of 0.5 mm by shooting a
video of the notch. The frames obtained from the camera were processed and the CTOD was measured
every five seconds. To synchronize crack opening data with the displacement-load data, the first crack
opening was used as the reference time control, considering that the camera was always switched on
at the same time of the displacement control machine.
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Figure 3. Bending tests on HPFRC beams: (a) Crack opening measured on a notched beam with a 4%
volumetric fraction of polymer fibers, and (b) fibers crack bridge effect.

The typical crack for the notched beam with fibers bridging effect after the test is showed in
Figure 3b.

The load-CTOD curves for the UHS beams with 2% and 3% fiber volume fractions are depicted
in Figure 4 and the equivalent stress (feq2) and the ultimate residual tensile strength (fFtu), according
Equations (5) and (6) in Section 2.3 (CNR-DT 204/2006 [55]), respectively, are shown in Table 2.
The energy U2 in Equation (5) was calculated in the range of 0.6 mm to 3 mm below the mean
experimental curve (red line in Figure 4) (mean of the applied loads on the tested beams) and below
the minimum experimental curve (curve with lowest experimental loads).

Figure 4. Load-crack tip opening displacement (CTOD) curves for the notched UHS beams with (a) 2%
and (b) 3% volumetric fraction of steel fiber. The incorrect test for one beam with 2% fiber fraction is
not reported.

Table 2. Bending test on the concrete reinforced with steel fibers (UHS): CNR DT 204/2006 [55]
equivalent stress (feq2), ultimate residual tensile strength (fFtu), and mean tensile strength (fctm).

Steel Fiber Volume Fraction feq2 (MPa) fFtu (MPa) fctm (MPa)

2% Mean (Min.) 12.2 (12.2) 4.1 (4.1) 4.9
3% Mean (Min.) 15.1 (14.8) 5.0 (4.9) 5.0

There was a modest variation in the tensile strength of the UHS beams when the fiber content
increased from 2% to 3%. The maximum flexural strength of each beam corresponded to a CTOD
value of about 1.5 mm for the 2% fibers fraction and may exceed 2.5 mm for the 3% concrete. This
value is a little greater than the value expected for a beam with a notch of 2.5 mm and with a 2% fibers
fraction, which ranged around 0.5 to 1 mm in Finazzi et al. [56].

The load-CTOD curves for the UHP beams with 2% and 4% fiber volume fractions are provided
in Figure 5 and the equivalent stress (feq2) and ultimate residual tensile strength (fFtu), according
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Equations (5) and (6) in Section 2.3 (CNR-DT 204/2006 [55]), respectively, are shown in Table 3.
The energy U2 in Equation (5). was calculated in the range of 0.6 mm to 3 mm below the mean
experimental curve (red line in Figure 5; mean of the applied loads on the tested beams) and below the
minimum experimental curve (curve with minimum experimental loads).

Figure 5. Load-CTOD curves for the notched beam with (a) 2% and (b) 4% volumetric fractions of
polymer fibers.

Table 3. Bending test on the concrete reinforced with polymer fibers (UHP): CNR DT 204/ 2006 [55]
equivalent stress (feq2), ultimate residual tensile strength (fFtu), and mean tensile strength (fctm).

Polymer Fiber Volume Fraction feq2 (MPa) fFtu (MPa) fctm (MPa)

2% Mean (Min.) 6.1 (5.7) 2.0 (1.9) 3.5
4% Mean (Min) 8.2 (7.1) 2.7 (2.4) 3.7

A high fiber content (4%) reduced the crack opening and the propagation velocity; the fibers
bridged the cracks, allowing the transmission of the tensile stresses through the openings. As can be
seen from the softening curves of the UHP beams, the material reached high deformation levels up to
5 mm and 6 mm for 2% and 4% polymer fiber volume fractions, respectively.

The most important effect due to the fiber addition was not the increased flexural strength, but
the reduction in the opening and propagation velocity of the cracks. The maximum flexural resistance
of each beam produced a CTOD value that reached 1.5 mm for the 2% fiber percentage, and even
exceeded 1.64 mm for the 4% fiber content. This value is a little greater than the values expected for
a beam with a notch of 25 mm and a volumetric percentage of 2% fiber, which ranged around 0.5 to
1 mm in Finazzi et al. [56].

Therefore, the UHS beams with 2% steel fiber showed a mean tensile strength which is twice that
of the UHP cubes with the same fiber volume fraction because the steel and polymer fibers mechanical
characteristics, in term of strength, were different (Section 2.1).

After the mechanical characterization of these concretes, the materials selected to repair RC
components were:

(1) Concrete with 2% volume fraction of steel fibers because this fiber content is a typical value
used in the literature [38–42] that considerably improves the concrete mechanical characteristics.
A greater volume content produces a further increase in the compressive and tensile strength of
the concrete but causes segregation during concrete mix and casting.

(2) Concrete with 4% volume fraction of polymer fibers to guarantee concrete workability and cast
of the new concrete part and greater possible values of ductility measured on the load-CTOD
curve, tensile strength, and the equivalent strength. This volume fraction is equivalent to one
proposed in the literature [38–42] and was studied for the first time in the present study.
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2.3. Code Equation to Determine the Tensile Strength

It’s well known that fiber reinforced concrete (FRC) shows a good tensile strength. In the
retrofitting technology proposed in this research, FRC is used to increase the shear resistance of
the pier and so to improve its seismic capacity. In the literature, many models have been proposed to
predict the shear resistance.

The one presented in CNR-DT 204/2006 guideline [55] and described in Section 3 can be a valid
tool to calculate the shear strength contribution given by the fibers. This model is calibrated on the
base of the ultimate residual tensile strength fFtu—using the equations presented in this sub-section.

This guideline calculates the tensile residual strength using a linear elastic or a rigid-plastic
model for the softening material behavior. The linear elastic model identifies two values, fFts and fFtu,
based on serviceability (SLE) and ultimate state (SLU) limit, respectively. They can be defined by the
equivalent values of flexural resistances (feq1, feq2) through Equations (2) and (3)

fFts = 0.45·feq1 (2)

fFtu = k·
[

fFts −
wu

wi2
·
(
fFts − 0.5· feq2 + 0.2·feq1

)]
≥ 0 (3)

where feq1 and feq2 are the significant post-cracking equivalent resistances for the SLE and for the SLU,
respectively, k is a coefficient equal to 0.7 if the section is entirely subjected to traction, otherwise it is
equal to 1, wi2 is the mean value of the crack opening corresponding to feq2, and wu is the ultimate
crack opening value.

For the four-points bending test on notched samples, according to UNI 11039 [52], the
characteristic values of equivalent strengths, feq1 and feq2, are evaluated at crack opening intervals
0 ≤ w ≤ 0.6 mm and 0.6 ≤ w ≤ 3.0 mm. The equivalent strengths can be obtained by Equations (4)
and (5) in UNI 11039 [52].

feq1 =
L

b(h− a)2 ·
U1

0.6
(4)

feq2 =
L

b(h− a)2 ·
U2

2.4
(5)

where b is the section beam width; L, a, and h are the beam geometries in Figure 2b; and U1 [10−3 J]
and U2 [10−3 J] are the areas underlined beneath the load-CTOD curve in the CTOD range of
0.025–0.625 mm and 0.625–3.025 mm, respectively, as shown in Figure 6a,b. Such equivalent strengths
are fqu1 and feq2, which correspond, respectively, to crack openings. wi1 is equal to 0.3 mm (used for
the SLE, according to Eurocode 2 [57]) and wi2 is equal to 1.8 mm, corresponding to the average values
in the selected ranges (employed for the SLU condition).

This study aims to define a simple tool useful to designers to predict the shear strength
improvement given by the new concrete jacket adopted in the retrofitting technology. For that reason,
the rigid-plastic model introduced in CNR DT 204/2006 [55] is selected as it allows defining the fFtu on
the base of the feq2 using Equation (6). The predicted fFtu value resulted smaller than the one predicted
by Equation (3), and therefore, the predicted shear strength of the concrete jacket with fiber is safer.

fFtu =
feq2

3
(6)

The characteristic tensile strength fctk is given by Equation (7), which is computed starting from
the average tensile strength fctm obtained by Equation (8) for concrete with fck > 50 MPa, as indicated
in Italian construction code NTC 2018 [58].

fctk = 0.7·fctm (7)



Appl. Sci. 2018, 8, 1671 11 of 33

fctm = 2.12· ln
[

1 +
fcm

10

]
(8)

Figure 6. (a) Tensile strength based on the bending test results; (b) load-CTOD curve example. Figures
extracted from CNR DT 204/2006 [55] and from UNI 11039-2 (2003) [52].

3. Design Equation for the HPFRC Concrete Jacketing

The repair strategy, which does not replace the removed transverse steel reinforcement; it restores
the removed concrete parts with a thickness of about 100 mm in the entire plastic hinge region with an
HPFRC jacket. This jacket does not modify the column dimension. The shear strength of the repaired
RC components (VRd) can be calculated by Equation (9).

VRd = VRd,cj + VRd,cc (9)

where VRd,cj is the contribution of the concrete jacket and VRd,cc is the contribution of the original
column core.

The jacket contribution may be calculated by Equation (10) in CNR-204/2006 [55]:

VRd,cj =

[
0.18
γC

k·
(

100·ρl·(1 + 7.5· fFtuk
fctk

)·fck

) 1
3
+ 0.15·σcp

]
·bw·d (10)

where γc is the partial factor, ρl is the reinforcement ratio for the longitudinal reinforcement in tension,
fck is the cylindrical characteristic compression strength of the concrete, k = 1 +

√
(200/d) is the factor

that considers the size effect, σcp is the average stress acting on the concrete cross section, fctk is the
characteristic tensile strength of the concrete matrix, fFtuk is the characteristic value of the ultimate
residual tensile strength, bw is the beam width, and d is the distance from the extreme compression
fiber to the centroid of tension steel reinforcement.

The repaired columns jacket had a hallow section with a thickness (tcj) equal to 100 mm, which is
the thickness of the external removed concrete parts. The product bw·d in Equation (10) should
be substituted by the area Ae calculated by Equation (11), proposed by Priestley et al. [59] for
hollow sections.

Ae =

(
1 + (Di

D )
2)·(1− Di

D )(
1 + (Di

D )
3) An (11)

where D is the external diameter of the column, Di is the inside diameter of the section and An is the
net area of the concrete section.

Alternatively, it can be assumed that bw = 2·tcj and d = 0.8·D according the Canadian standards
(CSA) [60] and the American standards (ACI design codes) [61,62].
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The shear strength contribution of the original specimen concrete core (VRd,cc) can be evaluated
by Equation (12), presented by Sezen et al. [63]:

VRd,cc = 0.167·
(

1 +
N(

14·Ag
))·√fc·bw·d (12)

where bw·d is assumed to be equal to 80% of the area of the column core, N is the axial load on column,
Ag is the gross section of column, and r and rs are the radii of the section and of the circular layer
where the longitudinal steel rebar is located, respectively.

4. Case Study

A RC bridge with an irregular configuration, typical of many highway bridges around the world
(Figure 7a), was designed according to Chinese codes [64–66] using the spectrum in Lavorato et al. [24],
and a horizontal elastic spectrum reduction factor equal to three for ductile design and deck vertical
loads of 200 kN/m.

The design materials included Chinese strength grade C30 concrete (cylindrical characteristic
compressive strength fck = 20.1 MPa), Chinese steel mark HRB335E (characteristics yield strength
fy = 335 MPa) for the longitudinal rebar, and Chinese steel mark Q235A for the transversal
steel reinforcement.

The transversal steel spacing was not designed using the capacity design criteria because many
existing bridges have insufficient shear reinforcement, so seismic retrofitting is often needed. For
example, 50% of bridges constructed between 1989 and 2008, and 40% before 1989 in China before the
introduction of the actual seismic code JTG/T-B02/01/2008 [66] present this deficiency.

The present study focuses on the seven-meter pier of the bridge, the most stressed and damaged
one after a strong seismic event. Two RC circular columns, P16A and P16B—the as-built columns
(ASB)—were designed to represent the seven-meter pier of the bridge, and were selected as the case
study. Proper scale factors [36] were applied to the pier concrete and steel reinforcement geometries.

These scale factors ensure global similarity (flexural and shear strength) between the pier and
scaled column using the same design materials without scaling the concrete aggregates and steel rebar
geometries. This permitted us to inexpensively test scaled RC columns to obtain results that could be
extended to the corresponding seven-meter pier.

The geometries and the steel reinforcement details of the scaled RC columns are provided in
Figure 7c.

Pieces of HRB335E steel rebar, used to realize the longitudinal reinforcement of the RC columns,
were tested at the laboratory of Fuzhou University. The stress strain curves for two rebar specimens
(NSR1 and NSR2 in Figure 8) showed a mean yield stress fsy of 450 MPa and a mean maximum stress
fsu of 600 MPa.

The C30 concrete, used to build the columns, was tested by compression tests on a 100 × 100 ×
100 mm3 cube after 28 days of standards curing in the Fuzhou University laboratory. The resulting
mean compressive strength Rcm was 31 MPa.

This concrete is a self-compacting concrete (SCC), which simplifies the concrete casting and mix
design, consisting of two types of coarse aggregates, sand, cement, mineral admixture, polycarboxylic
acid superplasticizer, and a water/cement ratio of 0.56.
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Figure 7. (a) Bridge geometries, (b) applied displacement history to test the scaled pier, (c) geometries
and reinforcement of the 1:6 scale pier (mm), and (d) proposed repair strategy: Rebar substitution and
concrete jacket building.

Figure 8. New rebar segments tested in tension: Not turned (NSR) and turned (TSR) segments; skeleton
curve (Skel) to calibrate the steel material model in OpenSees.

The as-built (ASB) columns, P16A and P16B, were severely damaged by the cyclic tests described
in Section 5, and were then repaired using the proposed repair strategy. The axial load at the top of the
column was not applied during the repair operations to simulate the unloading of the RC component
during repair by props to ensure safe repair operations.

The 100 mm thick external concrete part of the column was removed along the column, up to a
height from the base of the column about 500 mm; this height is higher than the theoretical plastic
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hinge length (Figure 7d). The removal was performed around the whole column surface to expose
the transverse steel and the longitudinal rebar. In the plastic hinge region, the transverse steel and
each longitudinal rebar were cut. This operation was performed on damaged or intact rebar to be sure
that the plastic deformations were distributed in the plastic hinge along the new rebar segments only.
The ends of the existing rebar, caused by the rebar cutting at the foundation and above the plastic
hinge zone, and should be undamaged and straight to perform the new rebar connection. Next, the
roughness of the concrete surface on the column core was improved by mechanical shaping to ensure
proper interlock between new and existing concrete parts. Finally, the substitution of the removed the
rebar (Section 4.1) and the concrete parts (Section 4.2) were performed.

The repaired columns (RR columns), at a scale of 1:6 (R16), were named using the labels in Table 4.
The new longitudinal rebar had the same geometries, so there is no information for this rebar in the
label. The type of HPFRC, with either steel or polymer fibers used to restore the concrete parts, is
indicated with UHS or UHP, respectively.

Table 4. Reinforced concrete (RC) pier scaled 1:6 (columns): Length (Lt) and diameter (φt) of the turned
rebar segments (mm); HPFRC jacket with steel (UHS) or polymer (UHP) fibers. Vol is the volumetric
fraction of fibers.

Column Lt φt Concrete Jacket Trans. Steel Reinforced

P16A, P16B 0 18 No fibers φ 4/60

R16-UHS 250 15 2% vol
steel fiber -

R16-UHP 250 15 4% vol
Polymer fiber -

4.1. Longitudinal Rebar Substitution

The new rebar segments obtained from the rebar used to build the ASB column reinforcements
had a diameter of 18 mm, yield stress of 450 MPa, and a maximum stress of 600 MPa. Segments of
rebar were cut to a length of about 500 mm to substitute the removed pieces. This length was greater
than the theoretical plastic hinge length calculated by the formulation in Paulay et al. [67] to permit
the connection among the new and existing rebar.

The plastic deformation can be distributed in the plastic hinge only if the yield force in the
anchorages (the most stressed part of the original rebar) is higher than the maximum force in the
new rebar segment at rupture (in plastic range). This can be obtained by turning the central part
of the new segments along a length equal to the plastic hinge length to reduce the rebar diameter
from 18 mm to 15 mm. Partial factors should be selected by the designer to guarantee the proper
definition of this reduction, considering the knowledge of the materials properties and the possible
material over-strength.

Four turned rebar pieces (TSR 1, TSR 2, TSR 3, and TSR 4; Figure 8) were tested to check the
tensile behavior after turning. These rebars showed practically the same mechanical characteristics
measured for the non-turned rebar (NSR 1, NSR 2; Figure 8). The geometries of the turned rebar are
summarized in Table 4.

The new rebar segments were connected to the existing rebar by a butt welding chord and two
symmetric lateral welding chords along a steel coupler (Figure 9a,b). The transversal area of the
connection (Figure 9b) was designed to ensure that the yield force in the connection was greater
than the maximum force in the new rebar segment at rupture. Partial factors should be selected by
the engineer/architect to guarantee the proper definition of the coupler and welding chord sections,
considering the knowledge of the materials properties and possible material over-strength.

The geometries of the steel coupler and of the welding chords are shown in Figure 9b. This steel
coupler was realized by welding two steel plates. The connection required three steps: (1) The new
rebar segments were located along the same axis of the existing rebar, (2) the coupler was placed
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behind the rebar, and (3) the welding chords were built among rebar and coupler and between the
rebar’s end (Figure 9a). This operation was carried out on the front side of the connection.

Figure 9. Damaged longitudinal rebar substitution: (a) Turned rebar geometries; and (b) rebar
connection geometries.

4.2. Concrete Restoration by HPFRC Jacket

HPFRC was used to restore the removed concrete parts without modifying the column dimensions
(Figure 7d). The jacket of the R16-UHS column was built with HPFRC with 2% steel fiber volume
fraction (UHS), whereas the jacket of the R16-UHP column was built with HPFRC with a 4% polymer
fiber volume fraction (UHP). The choice of these two volume contents is explained in Section 2.2.

The jacket building was performed in three steps: (1) A steel formwork was placed at the base of
the column and sealed properly to avoid concrete pouring out of the formwork; (2) new concrete was
poured through one hole placed in the upper part of the scaffold using a steel groove; and (3) after one
day, formwork was removed and the new concrete had no segregation defects (Figure 7d).

The behavior of new and old concrete parts under fire conditions is being investigated in an
ongoing research study that is not presented here. This study is attempting to determine if the new
UHPC would spall more under fire conditions than normal strength concrete (NSC). This will permit
us to define a proper mix design for new concrete that is able to minimize undesirable behaviors under
fire conditions

5. Experimental Validation of the Repair Strategy

5.1. Test Setup

The test apparatus was designed to test column specimens representative of a bridge pier. It was
composed of (Figure 10a,b): A steel frame pinned to the floor to apply the constant vertical load P
by two 600 kN hydraulic jacks, a 500 kN MTS Systems Corporation hydraulic actuator to impose
the horizontal displacement progression on the top of the column, a steel structure to fix the column
foundation to the laboratory floor, and an acquisition system to record forces, displacements, and
strains during the test.

The data acquired were (Figure 10c,d): The vertical elongation (V, potentiometers) near the column
base to obtain the curvature of the base sections, the horizontal elongation (H, lvdts) near the column
base to obtain the deformed shape of the columns, the diagonal elongation (X, potentiometers) near
the column base to measure the shear cracks opening, and the strains on the concrete jacket to evaluate
the jacket strains.
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Eight strain gauges (W) were placed along three circumferences (R1, R2, and R3 in Figure 10d)
at the base of the columns and four strain gauges were placed on two circumferences (R4 and R5 in
Figure 10d).

Figure 10. Cyclic test apparatus: (a) Photo of the Fuzhou University laboratory, (b) design scheme,
and (c) applied instrument to measure at the column base: Vertical (V) and diagonal (X) deformations;
(d) horizontal (H) and concrete jacket strains (W).

5.2. Test Protocol

Cyclic tests were carried out on the ASB and RR columns at the sustainable and innovative bridge
engineering research center (SIBERC) Laboratory of Fuzhou University (China) using the same test
protocol. First, the vertical constant load P = 266 kN was applied on the column top by the steel frame
in Figure 10a,b. This load is the vertical load due to the bridge deck weight on a scale of 1:36, using the
adopted scale factors in Lavorato et al. [36]. Then, the horizontal displacement progression outlined in
Figure 7b was applied to the column top by the hydraulic actuator shown in Figure 10a. The cyclic
displacement progression used was the one recorded on the column top in Lavorato et al. [36] during
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a pseudo dynamic test performed on a bridge with the same configuration as the one studied here
(Figure 7a). The tested column was the one repaired following the previous proposed strategy in
Lavorato et al. [36].

The pseudo dynamic test permitted us to investigate the behavior of the full-scale RC bridge
that was numerically simulated, except for a pier that was tested on a scale of 1:6 at the proof testing
and research in structures and materials laboratory (PRISMA) at the Department of Architecture of
the University of Roma Tre. For that reason, the selected displacement history was representative
of the one recorded on the pier when the bridge was subjected to an earthquake. This test protocol
permitted us to study the response of the columns when asymmetric displacements in the two load
directions were applied, as in case of an earthquake. Usually, the cyclic test on columns is performed
by imposing symmetric displacements in the two load directions with increasing amplitude, which is
not representative of an earthquake excitation.

The first part (Tol) and the second part (Tol × 2) of the displacement history (Figure 7b) were
recorded on the column when the Tolmezzo accelerogram from the earthquake in Italy in 1976, and
the Tolmezzo accelerogram scaled to double were applied to the bridge in sequence. The Tolmezzo
earthquake was selected because it produces a peak response on the acceleration spectrum for the
bridge with a period of 0.7 s. For that reason, the Tol part is representative of a strong earthquake for
the studied bridge, whereas the Tol × 2 part is representative of a very strong aftershock. The Tol and
Tol × 2 parts have five cycles characterized by great displacement values, which permit the study of
low cycle fatigue response of the column.

Preliminary elastic cyclic tests on the columns permitted us to evaluate the column yield
displacement that was equal to ~5 mm for each column. The selected displacement history permitted
us to investigate the column response at large displacement ductility values (~6–7).

6. Test Results

6.1. Columns Hysteretic Response

The hysteretic responses of the column P16B (ASB column) and columns R16-UHS and R16-UHP
(the repaired RR columns) in terms of horizontal displacement of the column top and the corresponding
base shear (BS) are given in Figure 11a–c, respectively. The maximum BS values (BSmax) for the RR
columns were similar to the one recorded on the ASB column; therefore, the repair strategy was able
to restore the strength of the columns. There was no abrupt falling of the BS values during the entire
displacement progression. Therefore, the connection and the new rebar segments could sustain low
cycle fatigue demand and high displacement ductility requests (up to ~6–7).

The area of the hysteretic cycles of the RR columns was wider than that of the ASB; there was no
pinching of the cycles due to shear rupture. The steel or the polymer fibers added to the concrete jacket,
improved the column seismic performance in terms of dissipated energy (Section 6.3) and guaranteed
the column flexural failure mode (Section 6.7). The repaired column with polymer fibers (4% of volume
fraction) showed very similar behavior to the one measured on the repaired column with steel fibers
(2% volume fraction).

The ultimate displacement (∆u) may be assumed to be equal to the displacement that produced
a decreasing BS value equal to 0.8 BSmax after the peak value BSmax. The results recorded in the
positive load direction are discussed in detail because worse degradation of the column behavior
was evident in this direction. The reduction of the BS values to 0.8 BSmax was not observed at the
maximum applied displacement in the positive direction for each column. Therefore, the ASB and the
RR columns showed at least the same displacement ductility as ca. 6. In fact, the yield displacement
(∆y) was equal to ca. 5 mm for each column because it depended on Equation (13) in Paulay et al. [67]:
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The column section diameter (D), the column height (H), and the yield stress of the steel rebar (εy)
were the same for each column.

∆y =
1
3
·φy·H2; φy = 2.35εy/D (13)

The RR columns showed hardening behavior along line ‘s’ in Figure 11b,c greater than the
one of the ASB column along the line ‘s’ in Figure 11a. This means that the displacement ductility
(µ∆ = ∆u/∆y) can be greater than the one of the ASB column. The repair strategy was able to restore
and probably improve the displacement ductility of the RR columns.

Figure 11. Experimental hysteretic response of: (a) the As-built column (P16B); (b) the repaired
column by concrete jacket with steel fiber (R16-UHS); (c) the repaired column by concrete jacket with
polymer fiber (R16-UHP) during the tests Tol and Tol × 2; (d) Experimental envelope curve for each
tested column.

The RR columns had new rebar segments with the same steel mechanical properties, but with a
reduced diameter. Therefore, the maximum force in the rebar under tension was smaller than in the
original rebar under tension. As a consequence, the flexural strength and the maximum BS values
of the RR columns should be smaller than that of the ASB column. The restored BS values can be
explained by the contribution of the new concrete part (HPFRC jacket). In fact, the HPFRC concrete
had high compressive strength (Section 2). Therefore, the compressed part of the section of the RR
columns were shorter compared with the ASB columns. The inner lever arm length increased for
the RR columns and balanced the rebar diameter reduction. As such, the flexural strength and the
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corresponding maximum BSs was similar to the ASB. This was reproduced numerically in the fiber
analyses in Section 7.

6.2. Stiffness Evolution

The RR columns presented an initial tangent stiffness (Ktang) for the first displacement in a
negative direction, similar to the ones recorded on the ASB column, even if the RR columns had a
cracked core (Table 5). This means that the RR columns presented the same initial elastic behavior as
the ASB columns, and therefore the same elastic dynamic response (period) because the mass at the
top of the column was the mass of the deck, which did not change after repair.

Table 5. Experimental results: Displacement ductility (µ∆), maximum base shear (BSmax), and tangent
stiffness (Ktang) in a negative direction; secant stiffness (K1

sec) for the first cycle of Tol as part of the
displacement history (Figure 7b).

Specimen Load Direction µ∆
BSmax
(kN)

Ktang
(kN/m)

K1
sec

(kN/m)

P16B
Pos. 6 229.0

22,485.5Neg. >7 –229.0 53,846.1

R16-UHS
Pos. >6 233.0 -

22,011.8Neg. >7 –227.0 53,846.2

R16-UHP
Pos. >6 215.0

21,271.7Neg. >7 –229.6 51,851.85

The envelop curves for the tested columns were obtained starting from the cyclic hysteric
responses of each column in Figure 11a–c and are shown in Figure 11d. The initial tangent stiffness,
and the stiffness after concrete cracking in the positive and negative directions, was practically the
same for each column (the ASB and the RR columns), even if the core of the damaged columns was
not repaired by resin injection [36].

The restoring of the stiffness can be explained considering the column rigid base rotation due to
strain penetration along the longitudinal rebar anchorages. This rotation is important for the elastic
range of the ASB column, but it can be considerably reduced by the new turned rebar segments.
In fact, the turned part with the reduced diameter moved the plastic deformation along this segment
part; therefore, the anchorages strain penetration is reduced. This was confirmed by the damage
survey on the RR columns shown in Section 6.7, where there is no main base crack typical of strain
penetration rotation.

The stiffness degradation due to the damage under cyclic loading was evaluated for each column
considering the peak-to-peak secant stiffness of each cycle of the imposed displacement history
(Figure 12). The secant stiffness calculated for the first cycle (K1

sec) of the Tol displacement history was
similar for each column (Table 5). The repair strategy was able to restore the initial column capacity
in terms of strength because the same displacements were applied to each column during the tests.
It is evident that the secant stiffness variation of the RR columns was similar to that observed for
the ASB column. The evolution of the secant stiffness (Figure 12) provides information about the
evolution of the BS from cycle to cycle because each column was subjected the same displacement
history. The repair strategy was able to restore capacity in terms of strength because the variation in the
BS during the test was very similar for the ASB and RR columns. For the Tol part of the displacement
history (Figure 7b), the main secant stiffness variation was observed during the first three cycles and
then remained practically constant. For the Tol × 2 part of the displacement history (Figure 7b), the
main secant stiffness variation was observed during the first four cycles and then increased a little,
probably due to the effect of steel rebar hardening.
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Figure 12. Experimental secant stiffness (ki
sec) measured at each cycle for the column P16B (the

ASB column) and the RR columns R16-UHS and R16-UHP during the Tol and Tol × 2 parts of the
displacement history.

The evolution of the tangent stiffness calculated along the final part of each positive half cycle is
shown by the inclination angle of the lines p, q, r, and s in Figure 11a–c. Only the positive load direction
was considered because, along this direction, the stiffness variation of the ASB column variation was
more evident. The ASB column showed an abrupt decrease in the tangent stiffness from the line ‘p’ to
the line ‘q’ at a displacement of 13 mm (Figure 11a), due to the cover spalling because the cover was
not confined. In distinction, the RR columns did not show significant variation in the tangent stiffness
up to displacements greater than 30 mm.

The repair strategy improved the response of the column because it increased the flexural strength
during the tests. Both steel and polymer fiber permitted the same restoration of the ASB column
capacity in term of stiffness.

6.3. Dissipated Energy

In the case of seismic loads, the imposed displacements are asymmetric, and the loops may not be
closed. The dissipated energy (Ei

d) should be evaluated appropriately for each half loop (i) during the
test as the area of the ith half loop, in Equation (14) in Rodrigues et al. [68], as indicated in Figure 13.

Ei
d = Ai

Hal f−Loop (14)

Figure 13. Example of damping determination for a hysteretic force (F) displacement (D) half-cycles.

The cumulative energies (ΣEi
d) calculated for the ASB and the RR columns for the negative and

the positive half loops were obtained as the sum of the dissipated energy Ei
d during the Tol part of the

displacement history, and are given in Figure 14a,b.
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Figure 14. Cumulative dissipated energy (ΣEi
d) calculated during the displacement history part Tol

for the ASB column (P16B) and the repaired columns (R16-UHS, R16-UHP): (a) For the negative (N),
and (b) for the positive (P) half loops. Dissipated energy variation (υi

Ed) for: (c) the column R16-UHS
and (d) the column R16-UHP.

The repair strategy improved the energy dissipation capacity of the column during the tests, both
in the negative direction. The polymer fibers ensured considerable improvement but it was a little
smaller than the one produced by the steel fibers in the negative direction. The polymer fiber produced
a good improvement but with a greater difference with respect to the one produced by the steel fibers
in the positive direction.

The parameter υi
Ed defined in Equation (15) is an estimation of the variation in the dissipated

energy after column repair for each half cycle.

υi
Ed =

Ei
d,RR − Ei

d,ASB

Ei
d,ASB

(15)

where Ei
d,RR and Ei

d,ASB are the dissipated energy of the RR column and the ASB columns for each
cycle, respectively. The parameter υi

Ed was calculated for each negative and positive half loop in:
(1) Figure 14c for the RR column repaired by concrete with steel fibers (UHS); and (2) Figure 14d for
the RR column repaired by concrete with polymer fibers (UHP).

The response of the columns subjected to low cycle fatigue excitation can be evaluated considering
the first five cycles (Figure 7b) during the application of the Tol part of the deformation history.
The mean value of υi

Ed calculated during the first five cycles was, for the negative half loops, 30.5%
for R16-UHS and 18.8% for column R16-UHP, and for the positive half loops, 33.7% for R16-UHS and
15.0% for the column R16-UHP. This means that the polymer and steel fibers may increase the column
energy dissipation capacity, but the steel fibers were more efficient, especially in the positive direction
when the mean variation in the energies obtained for the column with polymer fibers (UHP) was less
of the half of that obtained for the column with steel fibers (UHS). The mean value of υi

Ed calculated
during the Tol part of the displacement history was, for the negative half loops, 34.8% for R16-UHS
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and 22.8% for the column R16-UHP; and for the positive half loops, 37.8% for R16-UHS and 17.9%
for R16-UHP.

The column with either steel or polymer fiber modestly improved the energy dissipation capacity
after low cycle fatigue excitation in each load direction. Similar consideration to those discussed for
the low cycle fatigue response can be provided by considering the entire Tol displacement history.

6.4. Hysteretic Damping and Force Reduction Factor

The hysteretic damping (ξi) should be evaluated for each half-loop of the force–displacement
curves according the next steps [68]. First, each half-cycle is identified, delimited by a pair of zero-force
points (Figure 13). For each force-displacement half-cycle, the maximum generalized force (Fi

max) and
the maximum generalized displacement (Di

max) are evaluated, which allows for the calculating of the
elastic strain energy (ES0). For each half-cycle, the dissipated energy (Ei

d) is computed by performing
the integral of the force-displacement curve leading to the Ahalf-loop value (Figure 13).

Finally, the hysteretic damping (ξi) can be calculated by Equation (16) for each half cycle.

ξi =
Ei

d

2·π·Di
max·Fi

max
(16)

where Fi
max and Di

max are the maximum displacements and force for each half cycle, respectively
(Figure 13). The values of the hysteretic damping (ξi) are given in Figure 15a,b for the ASB column
(P16B) and the repaired columns (R16-UHS and R16-UH) for the negative (Figure 15a) and the positive
(Figure 15b) half loops.

Figure 15. Hysteretic damping (ξi) for each half loop during Tol deformation history of the ASB column
(P16B) and the RR columns (R16-UHS, R16-UHP) for the negative (a) and the positive (b) half loops.
Damping increase (υi

ξ) for: (c) the column R16-UHS and (d) the column R16-UHP.

The parameter υi
ξ defined by Equation (17) estimates the variation in the damping after

column repair.
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υi
ξ =

ξi
RR − ξi

ASB

ξi
ASB

(17)

The parameter υi
ξ was calculated for each negative and positive half loop in: (1) Figure 15c for

the RR column repaired by concrete with steel fibers (UHS); and (2) Figure 15d for the RR column
repaired by concrete with polymer fibers (UHP).

The response of the columns subjected to low cycle fatigue excitation was evaluated considering
the first five cycles (Figure 7b) during the application of the Tol part of the deformation history.
The mean value of υi

ξ calculated during the first five cycles was 46.6% for R16-UHS and 23.8% for
R16-UHP for the negative half loops, and 54.6% for R16-UHS and 34.3% for R16-UHP in the positive
half loops. This means that the polymer and steel fibers may increase the hysteretic damping, but
the steel fibers were more efficient. The mean value of υi

ξ calculated during the Tol part of the
displacement history was, for the negative half loops, 69.3% for R16-UHS and 49.0% for R16-UHP;
and for the positive half loops, 65.5% for R16-UHS and 61.6% for R16-UHP. The column with steel or
polymer fiber showed a modest improvement in hysteretic damping after low cycle fatigue excitation
in each load direction. A similarity to those discussed for the low cycles fatigue response can be drawn,
considering the whole Tol displacement history.

Finally, the reduction factor (η) of the elastic demand (elastic response spectrum), which is used in
many applications of structural engineering to estimate the force reduction for effect of damping [58,69],
can be evaluated by Equation (18).

=

√
10

5 + ξeq
(18)

The η value was calculated using the equivalent damping (ξeq) [68] during the first five half
cycles (low cycles fatigue column response). The equivalent damping is equal to the sum of the elastic
damping, usually assumed to be 5%, and the hysteretic damping (ξ). The total hysteretic damping
for each cycle was obtained as the sum of the half loop damping calculated for the positive and the
negative load directions. The mean values of the total hysteretic damping were: 0.1 for P16B (the ASB
column), 0.15 for R16-UHS, and 0.13 for R16-UHP (the RR columns). The corresponding η values were:
0.71 for P16B (the ASB column), 0.64 for R16-UHS, and 0.67 for R16-UHP (the RR columns). The repair
strategy using steel or polymer fibers ensured a greater reduction in the elastic demand compared to
that obtained for the ASB column. There was no appreciable difference between the column repaired
by steel or polymeric fibers.

6.5. Shear Strength of Columns

The shear strength of the repaired column was evaluated by Equations (9)–(12) and the results are
given in Table 6. The concrete core contribution (VRd,cc) was the same for each RR column and was
calculated by Equation (12), assuming: bw·d is equal to 80% of the concrete core area, the experimental
mean compressive strength of the concrete used to build the ASB column Rcm was 31 MPa, and
the ratio N/Ag calculated with Ag equal to the area of the ASB column cross-section had the mean
compressive stress on the core-section.

The concrete jacket contribution (VRd,cj) was calculated by Equation (10), assuming bw·d is equal
to Ae in Equation (11), the mean experimental UHS and UHP concrete mechanical characteristics
given in Section 2, the partial coefficient (γc) is equal to one, and ten rebar under tension according
the predicted height of the section zone in compression by the results of the numerical analyses in
Section 7.

In Table 6, the RR columns shear strengths were compared with the maximum base shear values
(BSmax), measured during the tests in the positive direction, where the columns behaviors were worse
in terms of base shear. The predicted values of the shear strength are safe and therefore the guideline
equation can be used to predict the shear strength of the repaired columns. In fact, the columns did not
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show shear failure during the test, and the predicted shear strength resulted greater than the maximum
base shear measured experimentally on each repaired column.

Finally, the concrete jacket contribution (VRd,cj) was calculated using Equation (10), but assuming
the minimum experimental concrete characteristics in Section 2 and the shear area given by CSA and
ACI design codes [60–62], it is smaller than the value given by Equation (11).

The results in Table 6 show that the code equations can predict the shear strength of the column
using both the mean and the minimum value of the parameters. Only the jacket can ensure the
necessary shear strength.

Neglecting the uncertain contribution of the column core, which is usually not repaired, can make
the prediction safer. However, further studies are necessary to study this contribution.

Table 6. Repaired column shear strength: concrete core contribution (VRd,cc), concrete jacket
contribution (VRd,cj), column shear strength (VRd), minimum values of the jacket contribution
(VRd,cjmin), and of the shear strength (VRdmin).

Column R16-UHS R16-UHP

VRd,cc 29.2 29.2
VRd,cj

(VRd,cjmin)
254.5

(234.5)
230.2

(206.1)
VRd

(VRdmin)
283.7

(263.7)
259.4

(235.3)
BSmax 186.4 172.0

6.6. Jacket Strains

The circumferential strains were measured for the RR columns on the concrete jacket surface
using the strain gauges placed at the positions given in Figure 10d. There were five sections at different
heights along the jacket height with strain gauges placed along the section circumference (Figure 10d).
The strain gauges labelled as W1 and W5 on the circumferences R1, R2, and R3 and the strain gauges
W1 and W3 on the circumference R4 and R5 measured the maximum strains during the tests, as they
were located along the column load direction.

For each measurement section, the mean value of the strains measured by W1 and W5 on R1, R2
and R3 and W1 and W3 on R4 and R5 during the Tol and Tol × 2 tests are shown in Figure 16a,b for
the RR columns. For each RR column, there was great variation in the jacket strains along the column
region at a height of about 150 mm from the column base, aligned with the turned steel segments.
This is an experimental measure of the plastic hinge length, which can result in up to half of the
theoretical length of 250 mm. For that reason, the length of the turned segment may be shortened,
reducing time, cost, and impacts of the repair strategy. The concrete jacket with polymer fibers showed
larger circumferential strain compared with the jacket with steel fibers, due to the different deformation
capacities of the fibers and the different fiber volume fractions.

Figure 16. Experimental circumferential strain on the concrete jacket of the RR columns with: (a) steel
fibers (R16-UHS) or (b) polymer fibers (R16-UHP).
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6.7. Damage to the Columns

After the tests, the RR columns presented flexural cracks only at sections with turned rebar
(Figure 17b). Therefore, the concrete jacked with steel or polymer fibers was able to increase the shear
strength of the column. The concrete crack width was small at the base of the RR columns, so the base
rotation due to the strain penetration was small. Conversely, a wide crack opened at base of the ASB
column (Figure 17a) and the base rigid rotation due to strain penetration was considerable. The plastic
deformations of the RR longitudinal rebar moved away from the original anchorages, which resulted
in less stress.

The rigid strain penetration rotations moved above the lower rebar connection where the moment
was large, and the rebar diameter was smaller (turned rebar). The strain penetration rigid rotations of
the RR column were smaller than in the ASB column because the maximum force in the turned rebar
segment was smaller than in the anchorages, and the anchorage of the turned segment corresponded
to the connection zone with a surface greater than that of the original rebar. For the same total
displacement applied on each column, the reduction in the strain penetration displacement in the RR
columns probably increased the plastic part of the displacement, and thereby the column dissipation
capacity. The reduction in the strain penetration increased the initial tangent stiffness of the column and
therefore the reduced stiffness—measured at the end of the test on the ASB column—was improved
restoring the ASB stiffness before the test.

After the removal of the concrete cover, the connections and the new rebar were intact without
buckling deformation in compression or the local high concentration of steel plastic deformations [36].
The new rebar segments effectively distributed the plastic deformation only in the plastic hinge.
The connection and the original rebar also showed no plastic deformation or failure after the application
of a strong earthquake Tol × 2.

Figure 17. Damage at the end of the cyclic tests on: (a) The ASB column and (b) the RR columns.

7. Numerical Investigation

Numerical analyses were carried out by means of fiber models of the ASB and RR column sections
built in The Open System for Earthquake Engineering Simulation (OpenSees) [38]. The aim of this
study was to explain the experimental base shear measured for the RR columns (Section 7.2).

7.1. Numerical Fiber Models and Section Analisys

The section with the lower flexural strength was selected for each tested column where the
applied moments were larger at the base of the column; the section without the turned rebar segments
for the ASB column (AA, Table 7) and that with the turned rebar segments (BB, Table 7) for the RR
columns. These sections were selected because the maximum column base shear was associated with
the maximum flexural strength of the weaker section (flexural failure in Section 6.7) and the column
damage was distributed along the more stressed column part with the weaker sections.

Three section models were built with two concrete patches (P1, P2) and 14 steel fibers. The concrete
patches were a ring region (P2) and a circular region (P1) divided in fibers. The 14 steel fibers were used
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to simulate the longitudinal rebar in each section (Table 7) with the diameter and the configuration
outlined in Table 7. P1 simulated the column core, whereas P2 was used to model the unconfined
concrete cover of the ASB column or the HPFRC jacket of the RR columns with steel or polymer fibers
(Table 7). The nonlinear behavior of the sections was modelled by the nonlinear stress-strain behavior
of the fibers. Four multilinear models were simulated:

(1) The stress-strain model for the concrete confined by a few stirrups (region P1 and P2 of the AA
section, Table 7) on the base of previously reported models [70];

(2) The experimental stress-strain curve for the UHS concrete used to repair the column R16-UHS
(region P2 of the BB section, Table 7);

(3) The experimental stress-strain curve for the UHP concrete used to repair the column R16-UHP
(region P2 of the BB section, Table 7);

(4) The skeleton curve that approximates the experimental curves obtained for the turned and
unturned steel rebar in Figure 8.

The concrete behavior of the P1 part of the RR columns sections (original ASB column core) was
modelled by the same model used for the P1 part of the ASB column.

The stress-strain curves of the concrete and the steel fibers were simulated in OpenSees by the
uniaxial hysteretic material model, which is a multilinear model defined by three stress-strain points.
The numerical analyses were performed by applying the experimental vertical axial loads section that
was applied on the column (266 kN), and by increasing the curvatures of the section monotonically.

A zero-length rotational-spring element was created in OpenSees to perform the
moment-curvature analysis of the section. After the application of a user-defined constant axial load
(column vertical load), the section was subjected to a linearly-increasing moment up to a user-defined
maximum curvature. The Displacement Control integrator was used to determine the necessary load
factor to apply to create the imposed displacement. The energy convergence test was used, and a tool
command language (TCL) procedure permitted us to change the values of the tolerance, the solution
algorithm (Newton, Newton with Initial Tangent, Broyden, Newton With Line Search), and the number
of the iteration steps until the solution convergence was attained.

7.2. Maximum Flexural Strength

The results of these analyses for each column are shown in Table 7 in terms of the maximum
moment on the section (Mmax_num), the corresponding maximum shear (Fmax_num) at the base of the
column, and the height of the section compression zone (zc_num).

In Table 7, the maximum base shear obtained by the section analysis (Fmax_num) is similar to the
maximum base shear measured on the column during the experimental test (BSmax). For that reason,
the numerical model can be considered a valid tool to study the column behavior in terms of forces.

Table 7. Numerical fiber section analyses by OpenSees [46]: height of the section compression zone
(zc_num), numerical maximum moment (Mmax_num), numerical (Fmax_num) and experimental (BSmax)
maximum base shear for the ASB (P16B), and the repaired (R16-UHS, R16-UHP) columns.

Header P16B R16-UHS R16-UHP Fiber Sections Concrete Stress–Strain Curves

zc_num
(mm) 130.8 78.9 107.2

Mmax_num
(kNm) 276.7 267.6 241.5

Fmax_num
(kN) 237.1 229.3 207.6

BSmax
(kN) 229.0 233.0 215.0
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The height zc_num of the zone in compression was obtained from the output of the fiber in
tension and compression, assuming the plane section behavior, and is given in Table 7 for each section.
The zc_num values for the RR sections showed that the section region in compression included a very
modest part of the original column core with respect to the ASB column section. This was obvious
because the high value of the compressive strength of the HPFRC was used to build the jacket decreased
the height zc_num. The reduction in zc_num increased the section lever arm because the longitudinal
rebar number and position were the same for the ASB and the RR columns. The increase in the inner
lever arm balanced the decrease in the resulting maximum tensile force in the longitudinal rebar due
to the rebar diameter reduction. This was a numerical check of the experimental evidence provided in
Section 6.1. The damaged core of the RR columns did not collaborate much in the section and therefore
the stress-strain model calibration for the core concrete fiber was unimportant.

8. Conclusions

A rapid repair strategy was presented and applied, on a 1:6 scale, to severely damaged RC
columns of bridge piers. The strategy included the removal of the concrete and the steel transverse
reinforcement in the plastic hinge region to expose all the longitudinal rebar, the use of a turned rebar
segment to substitute the damaged part of the longitudinal rebar, and the building of a concrete jacket
using HPFRC with steel or polymer fibers to restore the concrete parts and to improve the seismic
performance of the column (ductility and shear strength).

For the first time, a HPFRC with polymer fiber was designed using a high volume fiber
fraction (4%), which was investigated for structural use. This material presented good mechanical
characteristics. The material ductility was at least comparable with that of HPFRC with steel fibers,
with a modest reduction in the strength for compression, but was still acceptable for structural use
given the base high strength of the concrete matrix. Good strength in tension and very good ductility in
tension and compression were observed. This material can be a valid alternative to the use of HPFRC
with steel fibers because the polymer fibers ensured greater durability, lower weight, and cost savings.

Further experimental studies are necessary to better investigate the reduction of the compressive
strength observed for concrete with polymer fibers probably due to: (1) The lower Young’s modulus
of the polymer compared to that of the matrix; and (2) the earlier cracking related to the interfacial
transition zone (ITZ) effect, and to the hydrophobic nature of polymer fibers that could produce a void
between the fiber and the concrete matrix.

Cyclic tests were carried out on two RC columns (the ASB columns) that were severely damaged
and were repaired following the proposed strategy using HPFRC with steel (2%) or polymer fibers
(4%). The results showed that the repair strategy can be applied with success in a short time
(four-to-five-days) on the RC columns.

The use of the HPFRC jacket permitted considerable cost and time savings because new transverse
steel and external FRP reinforcement were not necessary. The shear strength of columns can be
predicted correctly by the code equations proposed by CNR DT 204/2006 [55], and additionally for
hollow circular sections by using a proper shear area. The shear strength of the concrete jacket can
ensure adequate shear strength due to the steel or the polymeric fiber contributions. The shear strength
of the original core, which is usually not repaired because the repair is difficult, provides a contribution.
However, this contribution is uncertain and further research efforts are necessary. For that reason,
neglecting the uncertain contributions of the column core can improve the safety of the prediction.

The reduction in the diameter of the new rebar segments by turning guarantee the proper plastic
deformation along the plastic hinge region only, without rebar ruptures, which also occurred under
high displacement ductility (>6); and the reduction in the stresses on the original anchorages, which
are used to anchor the new rebar segments. The length of the plastic hinge was smaller than the
theoretical length because the rigid rotations, due to the strain penetration, moved away from the
anchorages and were reduced by the turning rebar. The connection among the new segments and the
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existing undamaged rebar parts in the columns, realized by a simple steel coupler and butt head and
lateral welding joints, was efficient because the connections were intact at the end of the tests.

The repair strategy restored the strength, secant, initial tangent stiffness, and ductility of the
column. The stiffness recovery was obtained without performing resin injection in the cracked concrete
core, but was probably due to the reduction in the base rotation due to the strain penetration. The
jacket with steel (2%) or polymer fibers with a high fiber fraction (4%) showed the same recovery and
improvement capacity. For the RR columns, the tangent stiffness at the maximum base shear of each
cycle did not decrease much from cycle to cycle and were greater than the ASB column. Even if the
maximum investigated displacement was smaller than the ultimate displacement, the displacement
ductility of the RR column may be greater than the ASB column because the RR column showed
limited degradation of the hardening behavior.

The strategy ensured the improvement of the seismic capacity of the repaired column because:
(1) The dissipated energy and the damping of the RR columns were greater than those of the ASB
columns. HPFRC with polymer fiber showed a lower dissipation capacity with respect to the steel
fibers. The repaired columns can ensure a greater reduction of the elastic design force. (2) The HPFRC
jacket with steel or polymer fibers guaranteed the necessary shear strength because shear failure was
not observed during the test.

The high compressive strength of the HPFRC reduced the height of the compression zone in the
section. The original cracked core contribution was modest; therefore new concrete parts could only
meet the seismic demand. The inner lever arm section increased and balanced the reduction in the
maximum steel tensile force in the new rebar segments with a reduced diameter. This was also verified
numerically by OpenSees section analyses.

The repair strategy should also be tested that considers a deformation history that is representative
of the bridge response in other scenarios, such as non-synchronous seismic action [71–75], because the
distance between the pier foundations can be large; and for near-fault earthquake excitation [76,77],
which produces a bridge response different to those due to synchronous far fault earthquakes. Finally,
the repair strategy should also be applied to integral bridges, which present a peculiar problem in the
case of severe damage [78,79].
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