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Abstract: The existing non-ductile RC structures built prior to the 1960s–1970s were mainly con-
ceived to carry only vertical loads. As a result, the columns of these structures demonstrate poor
overall hysteresis behavior during strong earthquakes, dominated by brittle shear or/and premature
excessive slipping of the inadequately lap-spliced reinforcement. In the present study, the effec-
tiveness of two different strengthening systems (including either the wrapping of the columns by
carbon-fiber-reinforced polymer textile or the use of thin high-strength reinforced concrete jackets),
was experimentally and analytically investigated. The main variables examined were the strengthen-
ing material, the length of the lap splices and the amount of confinement provided by the jackets.
Three cantilever column specimens were constructed without incorporating modern design code
requirements for preserving seismic safety and structural integrity. Subsequently, the specimens
were strengthened and subjected to earthquake-type loading. Their hysteresis performances were
compared, while also evaluated with respect to the response of two similar original specimens
and the behavior of a control one with continuous reinforcement, tested in a previous study. The
predictions of the proposed analytical formulation for the hysteresis behavior of the strengthened
specimens were satisfactorily verified by the experimental results.

Keywords: CFRP jacket; thin high-strength RC jacket; lap splices; RC columns; cyclic loading;
bond-slip; plain bars; retrofit

1. Introduction

The poor overall hysteresis performance of existing RC structures built in the 1960–1970s
or earlier is invariably highlighted in the aftermath of every moderate-to-strong seismic
event worldwide [1–3]. Meanwhile, the catastrophic partial or/and general collapse
of these structures, which form the majority of the building stoke in most countries, is
extremely common, with immense social and economic impact. This has triggered the
continuous reformation of modern codes for the design of RC structures over recent
decades, to incorporate parameters related to the controllable and hierarchically developed
damage control philosophy (capacity design approach). Moreover, various conventional or
innovative materials and strengthening schemes were used to improve the seismic behavior
of the poorly designed structural members, while securing the ductile overall response of
the strengthened structures.

Among other materials, fiber-reinforced polymers (FRPs) have been used for retrofitting,
mainly for providing additional external flexural or shear reinforcement to RC columns [4–7],
beams [8–11], beam-column joints [12–17] and slabs [18,19]. Seifi et al. [20] studied the
effectiveness of the NSM technique for the flexural strengthening of columns, as well as
the effectiveness of FRP jackets for the seismic retrofitting of beam-column joints. They
concluded that the seismic performance of old framed RC structures was significantly
improved when retrofitted, showing increased dissipating energy and lateral capacity. In
the experimental work of Yalçin et al. [21], the effectiveness of the CFRP strengthening
technique was examined, both for columns with continuous longitudinal reinforcement
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and for columns with inadequately lap-spliced bars. Test results showed that retrofitting
with CFRP sheets was effective for columns with continuous rebars, while only a slight
improvement in the seismic behavior was achieved for the columns with lap splices.
Karayannis et al. [22] recently experimentally investigated the seismic performance of RC
beams with CFRP rebars as an alternative solution for the substitution of the traditional
steel bars in RC structures. The application of this innovative material is easy, while
not restrained by space limitations. For instance, the wrapping of CFRP textile around
RC columns was found to be efficient in ensuring a more stable, dissipating hysteresis
performance with a lower reduction ratio of the shear strength and stiffness, while also
increasing the ductility of the columns. Furthermore, if properly designed, the CFRP
jacketing of RC columns may successfully improve the load transfer mechanism between
the inadequately lap-spliced column reinforcement, while allowing for steel yielding by
providing the necessary confinement to the critical region [7].

Nevertheless, the use of FRPs also possesses crucial disadvantages. The main problem
with the FRPs is that, despite their substantial flexural strength, they eventually show a
brittle response, reflecting a linear-elastic stress–strain relation. As a result, the satisfac-
tory seismic performance of an FRP-strengthened member (i.e., column) requires that the
yielding of reinforcement occurs prior to the failure of the FRP jacket. Otherwise, the FRP
rupture or de-bonding governs the member’s response, while causing rapid degrading
hysteresis instead of the desirable ductile performance of the strengthened member. In par-
ticular, the use of FRPs for the flexural strengthening of columns or shear strengthening of
the beam–column joint regions is questionable, due to significant difficulties and restraints
in the proper application of the material. Tsonos [14,23] experimentally and analytically in-
vestigated the cyclic behavior of exterior RC beam–column joints strengthened using CFRP
textile. He concluded that the final failure mode of the specimen, which was retrofitted
solely by wrapping the CFRP textile around the columns and the joint region, is almost
similar to that of the original subassemblage, while collapsing of the strengthened beam-
column joint could not be inhibited. To compensate for the shortcoming of the CFRPs in
confining the joint region, he proposed two mixed-type strengthening schemes. The latter
combined the local use of either RC jacketing or ultra-high-strength steel-fiber-reinforced
concrete jacketing for the strengthening of the joint region, with the CRFP-wrapping of
the columns. Both strengthening systems were found to be particularly satisfactory in
improving the overall seismic behavior of the strengthened subassemblages with respect
to the cyclic response of the original specimen.

Recent analytical works are also found in the literature. A numerical investigation of
the effectiveness of fabric-reinforced cementious matrix (FRCM) systems in the seismic
retrofitting of an existing, multi-span, simply supported RC bridge subject to aging was
made by Zanini et al. [24]. Braga et al. [25] proposed a plain strain analytical model, based
on the elasticity theory, to determine the confining pressure of transverse reinforcement on
the concrete core of RC members. This model is used when the confinement is provided
by stirrups (rectangular or circular), as well as when the confining pressure is applied by
external wrapping in any material (FRPs, S-glass, steel).

An alternative solution to the CFRP jacketing could be the use of RC jackets with
a very small thickness. These jackets, contrary to the commonly used concrete jackets,
cause only slight changes in the dimensions of the RC members, while their application
is not restrained by space limitations. As a result, the dynamics of the structure remains
unaffected. Karayannis et al. [26] experimentally investigated the behavior of ten exterior
beam–column joint subassemblages subjected to earthquake-type loading. The damaged
specimens were subsequently retrofitted using thin RC jackets applied at the beam–column
joint region, and at a small part of the columns and the beam. The retrofitted specimens
were thereupon imposed to the same loading sequence with the original subassemblages.
Two types of jacket, with either light or dense reinforcement, were studied. It was demon-
strated that the strengthened specimens achieved increased lateral strength values and
energy dissipation capacity with respect to the original ones. Tayeh et al. [27] used thin
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concrete jackets of 25 and 35 mm thickness for repairing and strengthening damaged RC
columns of various cross-sectional dimensions. A group of specimens was retrofitted using
RC jackets of normal concrete strength, while another group of columns was jacketed using
ultra-high-performance, fiber-reinforced, self-compacting concrete with steel reinforcement.
The response of the retrofitted columns of both groups showed a significant improvement
with respect to the behavior of the original specimens.

As vertical members of the structural bearing system, the columns are exception-
ally important for preserving the structural integrity, especially in the case of non-ductile
framed RC structures. Moreover, the seismic behavior of the columns involves the influ-
ence of complex interacting phenomena which are not easily well understood, such as
bond, lap splicing, confinement and shear. The influence of the aforementioned parameters
becomes even more crucial in the case of the existing non-ductile RC structures, because
they are coupled with significant structural deficiencies, such as the use of concrete with
low compressive strength, plain steel reinforcement, inadequate lap splice length and poor
confinement [28,29]. For this reason, the efficiency, reliability and range of application of
the strengthening schemes depend on the satisfactory confrontation of these structural
deficiencies. The authors have previously examined the seismic performance of CFRP-
strengthened RC columns [7]. In the present research, the effectiveness of both the thin
high-strength RC jacketing system and the CFRP jacketing system in improving the hys-
teresis performance of existing RC columns is experimentally and analytically investigated.
The critical parameters studied herein were the strengthening material, the lap splice
length (which was increased in the case of the CFRP-strengthened column with respect to
previous research) and the amount of confinement provided by the jackets. Furthermore,
an analytical formulation proposed by Kalogeropoulos and Tsonos [3,7] is used, to allow
for the precise calculation of the ultimate shear capacity of the lap splice region and the
prediction of the hysteretic behavior of the enhanced specimens.

2. Materials and Methods—Experimental Program and Strengthening Interventions

The columns of RC structures are indisputably critical members of the bearing system,
and their resistance to both axial and horizontal (seismic) loads is directly related to their
ultimate capacity and to the preservation of structural integrity. Therefore, during the
reversed inelastic lateral deformations of strong seismic excitations, the columns of both
the modern RC structures and the strengthened ones should ideally remain elastic or, at
least, exhibit a ductile dissipating hysteresis response, characterized by flexural yielding
of reinforcement in the plastic hinges. Damage to the beam–column joint regions should
definitely be precluded, as well.

However, the aforementioned desirable seismic behavior can only be achieved if
adequate confinement is provided to the column critical regions, to allow for the over-
strength development before shear failure or/and premature slipping of the lap-spliced
bars occurs. Nevertheless, this is not possible for most of the existing RC structures built
prior to the 1960s–1970s, due to the poor confinement of the columns and the inadequate
length of the lap splices. Furthermore, the concurrent use of plain steel bars and of concrete
with a low compressive strength adversely affects the inelastic cyclic response. Thus, in
earthquake prone areas, the pre-1960s–1970s RC structures are particularly vulnerable to
exhibiting a rapidly degrading hysteresis behavior, dominated by brittle failure modes
related to catastrophic partial or general collapse.

This can be effectively prevented by improving the shear capacity, ductility and
deformability of the existing columns by means of external confinement. Along these lines,
the effectiveness of CFRP jackets and of thin RC jackets of high strength was experimentally
and analytically investigated herein. In particular, the efficiency of both retrofit schemes
was evaluated by comparing the failure mode of the strengthened specimens with that of
the corresponding original ones (which were tested in a previous work [3]), as well as by
measuring the developed steel micro-strain values of the lap-spliced bars, which should
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exceed the steel yield stress to ensure that premature bar slipping is satisfactorily prevented
and the nominal flexural moment capacity is eventually developed.

An experimental program was, therefore, conducted for three cantilever column
specimens of 1:1.5 scale. The specimens were designated S2, G1 and G2, while incorporating
poor seismic details, typical of those found in columns of pre-1960s–1970s RC structures.
The columns had S220 plain steel lap-spliced bars, poor shear reinforcement consisted
of S220 90-degrees hook end ties of 8mm diameter spaced at 200 mm and concrete of
low compressive strength. The latter was measured by using 150 × 300 mm2 cylinder
compression tests. Strength values of the concrete after twenty-eight days are shown in
Table 1, while in Figure 1 and in Table 2 the dimensions and cross-section details of the
specimens are illustrated. Moreover, the length of the lap splices equaled 200 mm in the
case of specimen G1, and 240 mm in the case of specimens S2 and G2. Specimen S2 was
pre-earthquake retrofitted by CFRP textile-wrapping of the column’s critical region, while
for the strengthening of specimens G1 and G2, a thin, high-strength RC jacket was used to
provide the necessary external confinement to the critical region. The enhanced specimens
were designated FS2, RG1 and RG2, respectively. It should be noted that the hysteresis
performance of FS2, RG1 and RG2, was compared to the seismic response of two similar
original column specimens, O1 and O2, and to that of a control specimen with continuous
reinforcement, C1, which were tested in a previous work [3], to evaluate the effectiveness
of the two strengthening schemes. Details about specimens O1, O2 and C1 are given in
Tables 1 and 2, and in Section 3 of the present study.

Table 1. Experimental program.

Specimen Lap Splice
Length (mm) f’

c (MPa) CFRP Layers fc (MPa) of Thin
RC Jacket

Ties of Thin
RC Jacket

Length of the
Jacket (mm)

* C1 (control) — 10.25 — — - —

* O1 (original) 200 9.81 — — - —

* O2 (original) 240 8.80 — — - —

FS2 (strengthened) 240 13.13 2 — -

max{lcr, 1.30•ls,
600 mm} = 600

RG1 (strengthened) 200 10.42 — 60 Ø8/50 mm
B500C

RG2 (strengthened) 240 9.72 — 60 Ø8/50 mm
B500C

* Specimens O1, O2 and C1 were tested in a previous work [3].

Table 2. Reinforcement of the column specimens.

Specimens * C1 * O1 * O2 FS2 RG1 RG2

Longitudinal reinforcement 4Ø10 mm plain steel bars ( fy = 374 MPa)

Transverse reinforcement Ø6 mm ties (plain steel) with 90◦ hook-ends spaced
at 200 mm ( fywd = 263.5 MPa)

Reinforcement of the thin
high-strength RC jacket — — — — Ø8/50 mm Ø8/50 mm

Column cross-section (mm) 200 × 200 200 × 200 200 × 200 200 × 200 203 × 203 203 × 203

* Specimens O1, O2 and C1 were tested in a previous work [3].
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Figure 1. Dimensions  (in mm) of  (a,b):  the original specimens;  (c)  the strengthened with  thin high‐strength RC  jacket 

specimens RG1 and RG2; (d) the strengthened with CFRP jacket specimen FS2. 
Figure 1. Dimensions (in mm) of (a,b): the original specimens; (c) the strengthened with thin high-strength RC jacket
specimens RG1 and RG2; (d) the strengthened with CFRP jacket specimen FS2.

The strengthening of specimen FS2 required careful smoothening of the column
surface. In particular, a spinning wheel was used to rub the surface in the circumference of
the column along the critical height (600 mm) (see Figure 2c,d) and improve the contact
with the CFRP textile, while also preventing potential damage to the textile from surface
imperfections and protrusions. Furthermore, the column edges were curved with a radius
of two and a half times the width of the concrete cover [30] to prevent tearing of the
CFRP textile (see Figure 2c). Thereafter, the surface of the column was cleaned with
air pressure and covered with epoxy resin. The textile was subsequently applied in the
transverse direction with the fibers perpendicular to the column axis, to secure the effective
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confinement of the column’s critical region (see Figure 2d). A trowel was used to press
the CFRP textile to the surface of the column and removing the captured air. Thus, full
integration of the textile to the resin matrix was achieved. The length of the CFRP jacked
equaled 1700 mm, while the jacket started 20 mm above the foundation block of the
specimen, to avoid potential damage to the CFRP textile layers during cycling [30,31]. The
properties of the CFRP textile and of the epoxy resin are illustrated in Table 3. The required
width, tJ , of the CFRP jacket for providing the necessary confining stress to the critical
region of the column, was calculated using Equation (1), which is introduced by the Greek
Code for Interventions (GCI 2017) [31]. It was found that two layers of the CFRP textile
should be wrapped around the column. In Equation (1), tJ is the width of the CFRP jacket;
AJ is the cross-section area of the jacket; sw is the distance between stirrups or FRP strips;
fyk is the yield stress of the plain lap-spliced bars; ls is the lap splice length; γRd, λs, β and
µ are coefficients equal to 1.5, 0, 1.0 and 1.0, respectively; σJd = Eε Jd is the design stress,
which is equal to the yield stress σJd,max for the CFRP textile used to improve the load
transfer mechanism between the lap-spliced bars; Ab is the diameter of one lap-spliced bar.

Aj

sw
= tj = γRd ·

(1− λs)

β
· 1
µ
·

fyk

σjd
·Ab

ls
(1)

In the case of specimens RG1 and RG2, the necessary external confinement for ensuring
yielding of the columns’ inadequately lap-spliced reinforcement was provided by a thin
RC jacket of high strength. Using a jack hammer, the concrete cover along the column
critical height was chipped-away prior to the construction of the jacket. Subsequently,
B500C steel bars of 8 mm diameter were placed in touch with the initial column, while they
were formed as closed ties spaced at equal distances of 50 mm (see Figure 2a,b). Eventually,
eleven ties were used to confine the critical column height (600 mm). Moreover, electrical
resistant strain gages were attached to the ties of the jacket to allow for the measuring of
the of steel strain value variations during cycling and ascertain if yielding of reinforcement
was achieved. Then, the premixed, rheoplastic, non-shrink and non-segregating concrete
of high strength was poured into the wooden formwork, which was constructed around
the column of each specimen. The material characteristics of the thin RC jacket of high
strength are illustrated in Tables 1 and 2.

Table 3. Material properties of the CFRP textile and the two-part epoxy resin.

CFRP Textile Epoxy Resin (Two-Part)

Jacket height (mm) 600 Life-time in container (min) for +20 ◦C 35
Weight (g/m2) 200 Pasting-time (min) for +20 ◦C 45

Modulus of elasticity Efib (GPa) 235 Minimum temperature for hardening (◦C) 8
Tensile strength Ffib (MPa) 3800 Modulus of elasticity Efib (GPa) 2500

Eu (%) 1.5 Tensile strength Ffib (MPa) 44.6
Nominal width of textile (mm) 0.11 Eu (%) 1.7

The seismic response of the enhanced columns, FS2, RG1 and RG2 was thoroughly
experimentally investigated by conducting seismic tests in the test setup, which is located at
the Laboratory of Reinforced Concrete and Masonry Structures of the Aristotle University
of Thessaloniki (see Figure 3). The earthquake-type loading was intentionally performed
with a strain rate corresponding to static conditions, which is lower than that of a dynamic
earthquake event. As a result, the column specimens exhibited somewhat lower strengths
with respect to the strengths they would exhibit if subjected to displacement histories
similar to actual seismic events [32–34]. Two post-tensioned bars (bolts) were used to fix
the strong foundation block of each column specimen to the reaction frame. Thus, both the
horizontal and the vertical displacement, as well as the rotation of the foundation block,
were effectively precluded (see Figure 3). Subsequently, the reversed lateral loading was
applied by slowly displacing the column free end of the specimen. This was achieved by
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using a two-way actuator perpendicular to the column axis. The reversed inelastic defor-
mations causes cumulative damage, while the seismic performance of the column is mainly
demonstrated by the envelope curves. Thus, a constantly ascending lateral displacement
history with one cycle per amplitude of displacement was adopted (see Figure 4) without
considerable influence in the seismic performance of the specimens [35–37]. Meanwhile,
a compressive axial force was applied to the column by a one-way actuator, which was
laying on a rolling carrier (see Figure 3). The axial force was controlled to remain constant
during cycling, equal to 150 kN.
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The lateral displacement values of the column’s load point were measured using a
calibrated linear variable differential transducer (LVDT) throughout testing. Moreover, the
resisted shear force values were constantly recorded to a data acquisition system by using a
load cell (see Figure 3). Thereupon, the hysteresis loops of the specimens were drawn. The
latter fully reflect the performance of the columns, while allowing for the interpretation
of their seismic behavior. Furthermore, electrical resistant strain gages were installed
on the inadequately lap-spliced bars of the columns, as well as on the ties of the thin,
high-strength RC jackets. This instrumentation was used for measuring the variation in the
steel strain values and to ascertain if yielding or/and strain-hardening of reinforcement
occurs or not. This is crucial for evaluating the effectiveness of the retrofitting scheme
in improving the seismic performance of the columns. For instance, the development of
post-yield steel strain values presupposes that the bonding between the concrete and the
steel bars is adequate to prevent early slipping of reinforcement. This, in turn, demonstrates
the effectiveness of the strengthening scheme in improving the bond stress by means of
the applied external confinement. Contrarily, the descending strain values during the
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consecutive cycles of lateral displacement are related to premature bond-slip failure and,
hence, to the slipping of the lap-spliced bars.

3. Results

The cyclic response of the enhanced column specimens, FS2, RG1 and RG2, was
thoroughly investigated, both experimentally and analytically, to assess the efficiency of
the retrofit schemes examined herein, which included the CFRP-wrapping or the thin RC
jacketing of the column critical region. Thus, the perceived lateral strength, peak-to-peak
stiffness and energy dissipation capacity are subsequently evaluated based on the data
acquired during the seismic tests (see Figures 5–7).
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3.1. Interpretation of the Seismic Performance of the Strengthened Specimens

Due to numerous and significant structural deficiencies (for instance, the use of plain
steel reinforcement and concrete of low compressive strength, the inadequacy of confine-
ment and the short length of the lap splices which are located in the potential plastic hinge
region), the columns found in RC structures of the 1950s–1970s possess poor deformability
and low ductility, while also exhibiting a rapidly degrading hysteresis performance, related
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to catastrophic partial or general collapse. Thus, the efficiency and reliability of the applied
retrofit scheme is primarily and inseparably related to the satisfactory transformation of the
brittle failure mode to a more ductile one, by securing the full exploitation of the material
properties and, hence, the development of the column’s nominal flexural moment capacity.
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For this purpose, it was considered of particular interest to evaluate the effectiveness
of the two examined strengthening schemes (which include either the CFRP-wrapping
of the columns or the use of thin high-strength RC jackets) by comparing the hysteresis
behavior of the strengthened columns with the seismic response of two corresponding
original column specimens with inadequate lap splices, O1 and O2, as well as with that of
a control specimen with continuous reinforcement, C1, which were all tested in a previous
work [3]; see Figures 5d, 6 and 7. The original columns, O1 and O2, with lap splices of 200
and 240 mm length, respectively, demonstrated poor seismic performance dominated by
premature excessive slipping of the inadequately lap-spliced bars, while they eventually
collapsed due to the loss of axial load-carrying capacity. Contrariwise, the control specimen,
C1, performed in a ductile manner when subjected to the same history of reversed inelastic
lateral displacements.
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The column specimen RG1 was pre-earthquake strengthened with a thin RC jacket of
high-strength and it was subsequently subjected to eleven cycles of lateral displacement
increments. The amount of confinement provided by the ties of the jacket was calculated us-
ing Equation (1), while the width of the jacket equaled 15 mm. The seismic behavior of RG1
is clearly reflected in the hysteresis loops shown in Figure 5a. The lateral bearing strength
and peak-to-peak stiffness showed a mild reduction during cycling, while the cumulative
hysteresis dissipated energy progressively increased significantly (see Figure 6).

During the first cycle of the earthquake-type loading, the main flexural crack was
formed at the base of the column. This crack gradually dilated with the increase in
lateral displacement, resulting in increased post-yield strain of the lap-spliced steel bars.
Nevertheless, no other crack was observed on the jacket surface until the end of testing (drift
angle equal to R = 6.63%), as can be observed from the failure mode depicted in Figure 8a.
Eventually, the specimen maintained 82.75% and 69.44% of its initial lateral bearing strength
in the case of the push-half cycles and the pull half-cycles, respectively. Moreover, the
confinement provided by the thin high-strength RC jacket effectively restrained the slipping
of the longitudinal column reinforcement. The latter is clearly reflected in the plots of
resisted shear force-versus-displacement, illustrated in Figure 5a, where it can be observed
that increasing values of lateral strength are required for further displacing the column
free end. For lateral drift angle values, R, higher than 4.59%, the unloading (lower) branch
of the push half-cycles and the unloading (upper) branch of the pull half-cycles become
almost horizontal, causing slight pinching of the hysteresis loops. This is attributed to the
P–δ effect and the significant influence of the axial load.

During the first two cycles of the earthquake-type loading, the peak-to-peak stiffness
of specimen RG1 deteriorated sharply due to the concrete cracking, showing a reduction
of 27.19%. Thereupon, the deterioration rate was slower, while, at the end of testing, the
column maintained almost 18% of its initial stiffness (see Figure 6a).

The strengthened specimen RG1 also showed a remarkable dissipating hysteresis
behavior with constantly increasing values of dissipated seismic energy during the consec-
utive cycles of loading. In particular, the amount of dissipated seismic energy during the
eleventh cycle of loading was increased by almost 318% with respect to the corresponding
value during the first cycle (Figures 6b and 9c).

Ultimately, the strengthening scheme applied to specimen RG1 effectively prevented
the premature bond-slip failure and excessive bar slipping, while also securing the desirable
ductile seismic performance of the column. Furthermore, the thin high-strength RC jacket
substantially increased the lateral bearing strength of the enhanced column, RG1, with
respect to the strength of the corresponding original column, O1, as can be observed in the
plots of strength ratio for peak displacement of each cycle-versus-load point displacement,
shown in Figure 7a. For instance, for lateral displacement of 45mm the strength ratio value
RG1/O1 equals 6.9 and 6.1 for the push half-cycle and the pull half-cycle, respectively.
The same is also true in the case of the energy dissipation capacity of specimen RG1 with
respect to that of O1. In particular, as was obtained in the plots of energy dissipation ratio
for peak displacement of each cycle-versus-load point displacement (see Figure 7b), the
energy dissipation ratio value RG1/O1 ranged from 1.74 for the first cycle of loading to 4.0
for the seventh cycle, when the original column, O1, literally collapsed.

It is worth noting that the hysteresis performance of the strengthened column, RG1,
was also improved with respect to that of the control specimen, C1. In fact, RG1 showed
significantly increased lateral strength values with respect to specimen C1 (see Figure 5d),
due to the additional ties and the high-strength concrete of the thin RC jacket. An increase
of almost 25% in the peak-to-peak stiffness values was also observed throughout testing
(see Figure 6a). This results from the slight increase in the dimensions of the strengthened
column’s cross-section, but is mainly caused by the additional confinement provided by
the thin high-strength RC jacket. Moreover, during the eleven cycles of the earthquake-type
loading the mean value of the energy dissipation ratio, RG1/C1, equaled to 1.36. The latter
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clearly demonstrates the ductile seismic response of the enhanced column RG1 and, hence,
the effectiveness of the applied retrofit scheme.
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The enhanced specimen RG2 was retrofitted similarly to the RG1. From the plots
of resisted shear force-versus-displacement of RG2 (see Figure 5b), it can be observed
that both the lateral strength and the peak-to-peak stiffness showed a mild reduction
during testing, while the energy dissipation capacity of the column gradually increased
significantly during the consecutive cycles of the earthquake-type loading. The main
flexural crack was formed at the base of the column during the first cycle. Thereafter,
this crack dilated progressively with the increase in the reversed lateral displacements of
RG2, causing excessive deformation of the lap-spliced column reinforcement. For a drift
angle value equal to R = 4.59% a hairline flexural crack was formed on the jacket surface
at the exact location where the lap splices of the reinforcement end, namely at a distance
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of 240 mm from the foundation block of the specimen. Propagation of this crack occurred
in the circumference of the thin high-strength RC jacket, due to the gradual increase in
lateral displacement values until the end of testing (see Figure 8b). However, no significant
further dilation of this crack or disintegration of the concrete was observed. Thus, the thin
RC jacket satisfactorily confined the column’s critical region to prevent early bond-slip
failure and excessive slipping of the bars, while the enhanced column, RG2, exhibited a
ductile dissipating hysteresis behavior.
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The slipping of reinforcement was effectively restricted, and it was not before the ninth
push half-cycle when bar slipping showed a considerable increase. The latter is perceived
in the hysteresis loops of RG2 by the less steep (almost horizontal) upper branch of the
push half-cycles (see Figure 5b). Notably, this is not true for the pull half-cycles, where the
continuously ascending lower branch of the hysteresis loops reveals that increasing values
of lateral shear force are required to further displace the column’s free end.

Eventually, after eleven cycles of the earthquake-type loading, the strengthened col-
umn specimen, RG2, maintained 68% (push half-cycles) and 80% (pull half-cycles) of its
initial lateral strength (see Figure 5b). Moreover, the peak-to-peak stiffness values of RG2
were similar to those of the enhanced column RG1, as shown in Figure 6a. The energy
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dissipation capacity of RG2 is illustrated in Figure 6b. As can be observed, the strengthened
column showed a remarkable dissipating hysteresis behavior, with constantly increasing
values of dissipated seismic energy during testing. The lower vales of the seismic energy
dissipated by specimen RG2 with respect to specimen RG1 are reflected by the slightly
reduced area of the hysteresis loops of RG2 compared to the loops of RG1. The latter is
primarily caused by the slipping of reinforcement after the seventh push half-cycle of RG2
and, apparently, by the increased influence of the axial loading (P–δ effect). This influence
is clearly demonstrated by the almost stable values of the resisted shear force, which are
required for displacing the column’s free end backwards from the peak displacement of
each push half-cycle (see Figure 5b). Nevertheless, the amount of dissipated seismic energy
during the eleventh cycle of loading of specimen RG2 was increased by almost 220% with
respect to the value of the first cycle, while also corresponding to almost 70% of the amount
of energy dissipated by specimen RG1 during the eleventh cycle.

A substantial increase in the lateral-bearing strength of specimen RG2 with respect
to the strength of the corresponding original column, O2, was also achieved. The latter
is clearly demonstrated in the plots of strength ratio for peak displacement of each cycle-
versus-load point displacement, illustrated in Figure 7a. In particular, for drift angle
value R = 4.59%, the strength ratio value RG2/O2 equals 7.97 and 3.54 for the push half-
cycle and the pull half-cycle, respectively. Accordingly, the peak-to-peak stiffness of the
enhanced column RG2 was significantly improved with respect to that of the original
specimen, O2. During the first cycle of the earthquake-type loading, the strengthened
column RG2 showed an 16.5% increase in the peak-to-peak stiffness value with respect to
specimen O2. Thereafter, RG2 demonstrated a slower stiffness degradation rate during
the consecutive cycles of loading. For lateral displacement value of 40 mm the original
column, O2, collapsed due to the loss of axial load carrying capacity, while specimen
RG2 retained 32.9% of its initial stiffness. Furthermore, after eleven cycles of inelastic
lateral displacement amplitudes (drift angle value, R, equal to 6.63%), specimen RG2
maintained 16.65 % of its initial stiffness value shown during the first cycle. In Figure 7b
the energy dissipation capacity ratio for peak displacement of each cycle-versus-load point
displacement is presented. As can be observed, a significant improvement in the dissipating
hysteresis performance of RG2 with respect to O2 was indisputably achieved, due to the
external confinement provided by the thin high-strength RC jacket. Indeed, the energy
dissipation ratio RG2/O2 ranged from 1.29 to 2.40 during testing.

Therefore, the strengthened column, RG2, exhibited a ductile overall seismic response,
which was almost similar to the behavior of the control specimen, C1, with the contin-
uous longitudinal reinforcing bars (see Figures 5d and 6b). In particular, RG2 showed
significantly higher values of lateral bearing strength than the specimen C1, while also
achieving an increase of almost 25% in the peak-to-peak stiffness values. As with specimen
RG1, this resulted from the slight increase in the dimensions of the strengthened column’s
cross-section, but is mainly caused by the additional confinement provided by the thin high-
strength RC jacket. Furthermore, the mean value of the energy dissipation ratio, RG2/C1,
during testing, equaled 0.98. Consequently, the strengthening interventions implemented
on specimen RG2 effectively secured the satisfactory ductile seismic performance of the
enhanced column and, thus, were proved to constitute a reliable and efficient strengthening
scheme for improving the seismic behavior of columns found in existing pre-1960s–1970s
RC structures.

Specimen FS2 was strengthened pre-earthquake by wrapping two layers of CFRP
textile around the critical column region. The number of the required layers was determined
using Equation (1). The column eventually exhibited brittle failure due to excessive
slipping of the lap-spliced bars. In particular, during the first cycle of the earthquake-type
loading, the main flexural crack was formed at the column base. The damage gradually
evolved with the increase in lateral displacement values during the subsequent cycles,
while progressive slipping of the lap-spliced reinforcement also occurred. As a result, the
cracking at the column base sequentially dilated, and disconnection of the column from the
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strong foundation block of the specimen eventuated for drift angle values, R, was greater
than 4.08 % (see Figure 8c). At the end of testing of FS2 (after eight cycles of reversed
inelastic lateral displacements), the pullout of the column’s longitudinal reinforcing bars
was apparent. The excessive slipping of the bars was also ascertained from the data
acquired from strain gages, which were attached to the bars, showing almost stable steel
strain values during the consecutive loading cycles (see Figure 11e) [23]. In Figure 8c, the
failure mode of specimen FS2 is depicted, characterized by excessive residual deformation
and rotation of the column. From the plots of energy dissipation capacity-versus-load
point displacement (see Figure 6b), it can be observed that the strengthened column,
FS2, performed similarly to specimens C1 and RG2 during the first five cycles of the
reversed inelastic lateral displacements (drift angle, R, equal to 3.57%), while subsequently
showing a degrading hysteresis behavior similar to that of the corresponding original
column specimen, O2. The latter is also clearly demonstrated on the hysteresis loops of
FS2 (see Figure 5c). For instance, rapid deterioration of lateral bearing strength and peak-
to-peak stiffness, intensive pinching of the hysteresis loops around the axes, horizontal
branches showing excessive bar slipping and poor energy dissipation capacity dominated
the hysteresis behavior of the column after the sixth push half-cycle and the fifth pull
half-cycle of the seismic loading. The peak-to-peak stiffness of specimen FS2 deteriorated
more sharply during the first three cycles, while it subsequently deteriorated with a slower
rate. For a lateral drift angle, R, equal to 5.10%, the peak-to-peak stiffness of FS2 equaled
only 1% of its initial value during the first cycle of loading (see Figure 6a). The hysteretic
energy dissipation capacity of specimen FS2 was similar to the capacities of C1 and RG2 for
up to a drift angle value, R, equal to 3.57%, while afterwards it was rapidly reduced due
to the excessive slipping of reinforcement (see Figure 6b). Nevertheless, the confinement
provided by wrapping the two layers of the CFRP textile around the column of specimen
FS2 improved the failure mode of the specimen with respect to that of the corresponding
original specimen, O2 [3]. In particular, the evolution of damage was delayed, since
excessive disintegration of the core concrete and loss of the concrete cover were effectively
restricted. The strengthened column FS2 initially showed a dissipating hysteresis behavior
until the fifth cycle of the seismic loading. Thereupon, excessive slipping of the lap-spliced
reinforcement dominated the cyclic response of the specimen, causing a degrading overall
hysteresis response.

According to the capacity design approach, RC structures should be able to withstand
increased values of inelastic cyclic deformations during strong seismic excitations, to allow
for the dissipation of a significant amount of kinetic energy through damping. Therefore,
the structures should possess adequate displacement ductility to develop acceptable dam-
age in the plastic hinges, while preserving the structural integrity and preventing partial or
general collapse. Thus, the equivalent viscous damping is highly related to the deformabil-
ity, while consisting of both the elastic and the hysteretic damping. The latter is crucial for
the seismic response of RC structures and depends on the post-yielding characteristics of
the structural members. Furthermore, the desirable ductile seismic performance requires
an adequate energy dissipation capacity of the members, which, in turn, results in higher
equivalent viscous damping ratios. Contrarily, the RC structural members with low energy
dissipation capacity exhibit poor hysteresis behavior, while being susceptible to collapse
due to the cumulative dissipated energy under small deformations.

In order to evaluate the capacity of RC structural members for dissipating seismic
energy, Equation (2) was used [38]. According to this equation, the equivalent viscous
damping coefficient, ζeq, is expressed as the ratio of the dissipated energy within a given
cycle of the earthquake-type loading (represented by the area SABCDEFA) to the elastic
strain energy associated with the maximum force and displacement of the given hysteresis
loop (represented by the areas SOCC′ and SOFF′ ) (see Figure 9a). The energy dissipation
capacity and the equivalent viscous damping coefficient, ζeq, per cycle of loading are
depicted in Figures 6b and 9b, while in Figure 9c,d, the cumulative dissipated energy and
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the cumulative equivalent viscous damping coefficient of specimens FS2, RG1 and RG2 for
different drift ratio values are illustrated.

The enhanced columns RG1 and RG2 showed similar lateral resistance throughout
testing and, therefore, similar elastic strain energy values (see Figure 5a,b and Figure 9a).
As a result, the cumulative equivalent viscous damping coefficient values of specimen RG1
were higher than the corresponding ones of column RG2, because the latter showed a lower
energy dissipation capacity with respect to RG1 (see Figures 6b and 9b–d). Additionally, it
is worth noting that specimen FS2, which was strengthened by CFRP-wrapping, dissipated
an almost similar amount of seismic energy with specimen RG2 during the first five loading
cycles (up to a drift angle ratio equal to 3.57%) (see Figure 6b). However, the shear resistance
of FS2 was a portion of that of RG2 (see Figure 5b,c). As a result, the elastic strain energy
values of FS2 were significantly lower with respect to the ones of RG2. Consequently, the
values of cumulative equivalent viscous damping coefficient of specimen FS2 appear to be
slightly increased when compared to the corresponding ones of RG2 (see Figure 9b,d).

ζeq =
1

2π
·

S(ABCDEF)

S(OCC′) + S(OFF′)
(2)

3.2. Monitoring of the Steel Bar Micro-Strain

The seismic performance of existing RC structures, built prior to the 1960s–1970s, is
mainly dominated by brittle failures of the columns and beam-to-column joints, which are
related to loss of structural integrity and catastrophic partial or general collapse. There-
fore, the applied retrofitting schemes should effectively prevent the occurrence of brittle
failure modes, such as shear failure and/or premature excessive slipping of the lap-spliced
reinforcing bars, while also securing, at least, the yielding of the columns’ longitudinal
reinforcement and the development of the nominal flexural moment capacity. Accordingly,
a thorough analysis of the reinforcement’s strain value variations during the reversed
increments of inelastic lateral displacement would provide valuable information regarding
the effectiveness of the applied retrofit scheme. Similar work can be found in the litera-
ture [39,40], where the transverse reinforcement and fiber hoop strains were monitored
experimentally.

For this reason, electrical resistant strain gages were attached to the lap-spliced bars
of the column specimens, as well as to the ties of the thin high-strength RC jackets of
RG1 and RG2, to allow the monitoring of steel stain variations during the earthquake-
type loading and ascertain if yielding of the bars was achieved. The exact location of
the strain gages is illustrated in Figure 10, while in Figures 11 and 12 the plots of the
load point displacement-versus-strain of reinforcement and the plots of maximum steel
strain per cycle of loading are illustrated, respectively. Based on the strain analysis (see
Figures 10–12), it was concluded that the continuously increasing strain values of the lap-
spliced reinforcement of strengthened specimen RG1 resulted from both the confinement
offered by the additional ties and from the high-strength concrete of the jacket, which
replaced the concrete of low compression strength in the lap splice region. This dual
contribution of the jacket substantially increased the bond stress between the bars and
the concrete along the inadequate lap splice length and allowed for a satisfactory load
transfer between the lap-spliced reinforcement. Therefore, yielding of reinforcement
(εs > εy = 1.87‰) was eventually achieved (see Figure 11b,c and Figure 12). Moreover,
it was clearly demonstrated that only minor steel strain (significantly lower than the
yielding strain εy = 2.50‰) was developed in the ties of the RC jacket (see Figure 11a,d
and Figure 12). The latter was further substantiated by the failure mode of specimen RG1,
which did not include any damage to the thin RC jacket (no increase in volume of the core
concrete or loss of the concrete cover were observed). Consequently, it was evinced that
the strengthened specimen RG1 exhibited a ductile dissipating hysteresis response due to
the satisfactory performance of the thin high-strength RC jacket. The same is also true for
specimen RG2. The CFRP-strengthened column, FS2, showed increasing strain values of
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the lap-spliced reinforcement during the consecutive cycles of loading. This continuous
increase in steel strain values up to the fifth cycle of loading indicates an absence of bar
slipping for a drift angle ratio of up to 3.57% [36]. However, the strain values remained
lower than steel yielding strain εy = 1.87‰ (see Figure 11e). Thus, from the measurements
of the strain gages, it was demonstrated that the confinement provided by the CFRP jacket
was insufficient to allow yielding of the lap-spliced bars. The latter is attributed to the
unexpected failure of the jacket, which, in turn, caused loss of the confinement provided to
the lap splice region, while triggering brittle bond-slip failure and slipping of the bars.
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3.3. Theoretical Conciderations

Kalogeropoulos and Tsonos [3,7] recently proposed a modified version of the analytical
model proposed by Tsonos [41–43], to predict the seismic performance of RC columns
of both existing pre-1960–1970s and modern RC structures. The latter can be achieved
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by controlling the adequacy of length of the lap-spliced reinforcement. Furthermore, the
formulation is used to precisely determine the necessary confinement which should be
provided by the strengthening material during the retrofitting of existing RC structures, in
order to prevent early failure of the lap splices. Thus, the implementation of the proposed
methodology ensures the satisfactory design of the retrofit schemes, which allows for the
yielding of the inadequately lap-spliced bars and the development of the column’s nominal
flexural moment capacity.

In Figures 13 and 14, the details of the lap-spliced column reinforcing bars are depicted.
As can be observed, the shear forces, acting on a 45 degree angle [44], are resisted by
the concrete compression struts that act between diagonally opposite corners of each
rectangular section “abcd”. The diagonal compression strut mechanism depends on the
concrete strength and, therefore, failure of the concrete causes a limitation of the strength of
the lap splice, due to the gradual crushing along the cross-diagonal cracks, and especially
along the potential failure plane, KLMN (see Figure 14b). Meanwhile, slipping of the
bars occurs.
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Figure 13. Formation of splitting cracks in the circumference of the bar due to the exhaustion of the
concrete tensile strength.

Fibers 2021, 9, x    21  of  25 
 

Figure 13. Formation of splitting cracks in the circumference of the bar due to the exhaustion of 

the concrete tensile strength. 

 
(a) 

 
(b) 

Figure 14. (a) Forces acting in the lap splice region through section I‐I from the concrete compression strut mechanism; (b) 

annular critical regions and potential failure plane (KLMN). 

𝑥 𝜓 10𝜓 10𝑥 1  (3) 

𝑥
𝛼𝛾

2 𝑓
  (4) 

𝜓
𝛼𝛾

2 𝑓
∙ 1

4
𝛼

  (5) 

𝑓 𝑘 ∙ 𝑓   (6) 

𝑘 1
𝜌 ∙ 𝑓
𝑓

  (7) 

Table 4. Predicted values of the concrete shear stress in the potential failure plane. 

 Specimen RG1  Specimen RG2 

f   (Mpa)  10.42  9.73 

f   (MPa)  60.00  60.00 

γ   (Mpa)  0.63  0.53 

γ   (Mpa)  1.25  1.25 

γ   (Mpa)  0.63  0.53 

τ   (Mpa)  4.88  4.11 

τ    (Mpa)  9.68  9.68 

τ    (Mpa)  4.88  4.11 

τ   (Mpa)  4.88  4.11 

τ /τ    1.00  1.00 

τ /τ    0.50  0.43 

Figure 14. (a) Forces acting in the lap splice region through section I-I from the concrete compression strut mechanism; (b)
annular critical regions and potential failure plane (KLMN).

According to the proposed methodology, which was presented in detail in previous
works [3,7], the ultimate strength of the lap splice is given by Equation (3), where the values
of x and ψ are given by Equations (4) and (5), respectively and the aspect ratio value α = h/b
is always equal to 1.0. The increased value of the concrete compressive strength, fc, due to
the confinement provided by the jacket, is calculated using Equations (6) and (7) [45].

The validity of the proposed analytical model was checked using experimental data
from 13 column specimens tested in the Laboratory of Reinforced Concrete Structures and
Masonry Buildings of the Aristotle University of Thessaloniki [3,7], as well as data from 23
similar experiments found in the literature [5,30,46–48] (see Figure 15). In Table 4, the shear
capacities and the predicted actual values of the lap splice shear stress are shown. In partic-
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ular, the value of actual shear stress in the potential failure plane between the lap-spliced
bars when yielding of the bars occurs is τcal = γcal

√
f ′c . Thus, γcal is calculated when the

tension force acting in the bar, Vu = As fy, equals the bond force developed between the
bar and the concrete along the lap splice, Vn = γcal

√
f ′c A, where A = 3·db·ls is the area of

the potential failure plane. The coeficient γult is calculated from Equations (3)–(7), and the
ultimate shear stress is subsequently given by the expression τult = γult

√
f ′c . The value

of γexp is calculated from the expression Asσs = γexp
√

f ′c A, where σs is the stress value
calculated according to the Hook’s law (σs = Eεexp) using the maximum measured steel
strain value, εs,max. The latter is measured experimentally by strain gages attached to the
steel bar (εexp = εs,max). If the measured maximum strain, εs,max, exceeds the yielding
strain, εy, then εy is used to calculate the developed stress (εexp = εy) since the Hook’ law
is not applied in the post-yielding range. According to the analytical formulation when
the calculated shear stress is lower than the ultimate strength, τcal = γcal

√
f ′c < τult, then

the predicted actual value of the lap splice shear stress will be near τcal, because the lap
splice permits the yielding of reinforcement τpred = τcal. Contrarily, when τcal > τult lap,
splice failure occurs prior to the yielding of reinforcement and τpred = τult. In the case of
specimens RG1 and RG2, it was demonstrated that the implementation of the analytical
model ensured the satisfactory design of the thin RC jackets, which provided adequate
confinement to the lap splice region and allowed for the yielding of the inadequately
lap-spliced bars.

(x + ψ)5 + 10ψ− 10x = 1 (3)

x =
αγ

2
√

fc
(4)

ψ =
αγ

2
√

fc
·

√(
1 +

4
α2

)
(5)

fc = k· f ′c (6)

k = 1 +
ρs· fyh

f ′c
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Table 4. Predicted values of the concrete shear stress in the potential failure plane.

Specimen RG1 Specimen RG2

fc (Mpa) 10.42 9.73
fcj (MPa) 60.00 60.00

γcal (Mpa) 0.63 0.53
γult (Mpa) 1.25 1.25
γexp (Mpa) 0.63 0.53
τcal (Mpa) 4.88 4.11
τult (Mpa) 9.68 9.68
τexp (Mpa) 4.88 4.11
τpred (Mpa) 4.88 4.11
τpred/τexp 1.00 1.00
τcal/τult 0.50 0.43

4. Conclusions

In the present study, the effectiveness of two strengthening schemes in improving the
overall hysteresis performance of RC columns with poor seismic details was experimentally
and analytically investigated. Three column specimens of 1:1.5 scale were constructed,
designed for gravity loads only. The main structural deficiencies of the columns included
the use of concrete with low compressive strength, plain steel reinforcement, widely
spaced ties and inadequate length of the lap splices of reinforcement. Subsequently, these
specimens were enhanced by either wrapping layers of CFRP textile along the critical
column height (specimen FS2) or by using high-strength concrete to confine the critical
region with a thin RC jacket (specimens RG1 and RG2). The strengthened columns were
then subjected to a large number of incremental amplitudes of lateral displacement under
constant axial loading, to simulate the equivalent effect of strong earthquake motions.
The examined variables were the strengthening material, the length of the lap splices
and the amount of confinement provided by the jackets. Based on both the experimental
data acquired during the seismic tests and the implementation of the proposed analytical
formulation, a comprehensive analysis of the hysteresis response of the specimens was
attempted. Moreover, the seismic behavior of the strengthened columns was further
evaluated with respect to the cyclic performance of two corresponding original specimens,
O1 and O2, and the response of a control one, C1, with continuous reinforcement, which
were tested in a previous work [3].

It was clearly demonstrated that the thin RC jackets of high strength provided ade-
quate confinement to the critical region of specimens RG1 and RG2, where the lap splices of
reinforcement are located, and hence, satisfactorily improved the load transfer mechanism
between the lap-spliced bars. Meanwhile, premature lap splice failure and excessive bar
slipping were effectively precluded. Consequently, the strengthening interventions applied
to specimens RG1 and RG2 allowed for the development of the columns’ nominal flexural
moment capacities, while securing a ductile dissipating hysteresis behavior. Thus, RG1
and RG2 showed an indisputably superior hysteresis behavior with respect to the seismic
response of the original columns, O1 and O2, which was mainly dominated by bond-slip
failure and excessive slipping of the lap-spliced reinforcement which, eventually, resulted
in the collapse of the specimens due to the loss of axial load-carrying capacity. It is also
worth noting that the application of the aforementioned strengthening scheme is relatively
easy and requires limited labor work with respect to the application of conventional RC
jacketing. Furthermore, due to the limited dimensions of the thin high-strength RC jacket,
only minimal impact is caused in the exploitation of the available floor space. Ultimately,
the use of a thin high-strength RC jacket was proved to be an efficient, cost-effective
and competitive strengthening scheme which can be easily applied, while able to secure
a satisfactory seismic performance of the strengthened non-ductile RC columns when
implementing the proposed analytical formulation to define the necessary confinement.
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The strengthened specimen FS2 showed almost similar values of dissipated hysteresis
energy with specimen RG2 for a drift angle ratio up to 3.57 %, which were also increased
with respect to the corresponding values of the original column, O2. Moreover, the con-
finement provided by the CFRP jacket improved the failure mode of FS2 with respect to
that of specimen O2, since excessive disintegration of the core concrete and loss of the
concrete cover were not observed in the case of FS2. However, due to the unexpected
premature failure of the CFRP jacket, column FS2 exhibited a rapidly degrading hysteresis
behavior, dominated by the excessive slipping of the lap-spliced bars. This indicates the
severe consequences of the brittle failure of the CFRP jacket in the seismic response of the
strengthened column. In particular, the cracking of the CFRP jacket triggered immediate
loss of the provided confining stress, which resulted in the slipping of the inadequately
lap-spliced reinforcement. Contrarily, specimen RG2 showed a continuous increase in the
energy dissipation capacity during the consecutive cycles of the earthquake-type load-
ing until the end of testing, despite the cracking formed in the circumference of the thin
high-strength RC jacket. This is attributed to the beneficial influence of the jacket’s ties
in the confinement of the existing column. Eventually, it was concluded that wrapping
layers of CFRP textile around the column’s critical region may also be a cost-effective and
easy-to-apply strengthening scheme with negligible influence on the dimensions of the
column [7], which can satisfactorily improve the seismic response of the column only if
premature failure of the CFRP jacket is successfully precluded to allow for the yielding of
the lap-spliced bars.
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