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In this study, the bond behavior between steel reinforcing bars and concrete confined via steel wrapping
jackets is estimated. Lateral bending tests are conducted for the reinforced concrete columns with con-
tinuous longitudinal reinforcement or lap-spliced longitudinal bars confined by the steel wrapping jack-
ets. It is found that the jackets increase the bond strength and ductile behavior due to the transfer of
splitting bonding failure to pull-out bonding failure. In the column tests, the steel wrapping jackets
increase the flexural strength and ultimate drift for the lap-spliced column. However, the jacket for
the column with continuous longitudinal reinforcement only increases the ultimate drift since the flex-
ural strength depends on the yield of reinforcement. Finally, this study suggests a basic concept for deter-
mination of the thickness of the steel wrapping jackets which is different from the conventional method.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

With the prevalence of social media and the Internet since the
late 1990s, the knowledge of major seismic events in more heavily
populated areas, such as Chirstchurch in New Zealand and Tohoku
in Japan, has increased and thus, the public perception of ‘‘safe’’
structures is becoming more important. Therefore, it is sensible
to emphasize seismic protection for civil structures with a particu-
lar goal of placating public perception of the safety of the civil
structures. Most countries in area of high or moderate seismic risk
have seismic codes that reflect their seismic situations and design
philosophies. However, bridges that have been in service for long
periods of time may not have sufficient seismic protection due to
their non-seismic design and construction. Bridge failures during
previous earthquakes have been primarily caused by inadequate
construction details such as inadequate lateral reinforcement or
insufficient lap length of the bars [1–4]. Sometimes, even struc-
tures that have been constructed according to seismic codes re-
quire seismic retrofitting when the seismic hazard in the area is
re-estimated and the risk level is estimated to have increased [5].
Accordingly, many of bridges are exposed to seismic hazards and
require seismic retrofit plans. For reinforced concrete (RC) col-
umns, external jackets have been proven to be effective in provid-
ing seismic protection and increasing the ductile behavior of the
columns [6,7]. Steel and fiber reinforced polymer (FRP) jacketing
methods have been proposed and have demonstrated good perfor-
mance for the seismic protection of RC columns [8–10]. However,
these two methods possess critical drawbacks such as grouting
for steel jackets or bonding for FRP jackets. The grouting of the
steel jackets increases the cross-sectional area and creates the dis-
continuity in the column surface. Also, the grouting bonds the steel
jacket to the concrete surface, and the steel jacket enhances the
flexural stiffness and shortens the fundamental natural period of
the column as indicated by Bracci et al. [11]. This may have a neg-
ative effect on the column because the shortened natural period
draws more seismic inertia force. The bonding of the FRP jackets
with an adhesive such as epoxy causes a problem of wrinkles in
the FRP sheet surface. These wrinkles inhibit the confining action
on the concrete and reduce the effectiveness of the FRP jacket.
Researchers have attempted to introduce prestress on the FRP
sheet in order to solve this problem; however, a large device is re-
quired to accomplish this [12].

For retrofit of RC beam–column joints, Karayannis et al. [13]
proposed the use of a thin and locally applied steel jacket to elim-
inate the disadvantages of cast-in-place concrete or shotcrete jac-
keting techniques requiring labor-intensive procedures [14]. For
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Nomenclature

Abl area of one main column reinforcing bar
Ag gross area of the column cross-section
c thickness of the concrete cover for the longitudinal steel

bars
D diameter of the column
db nominal bar diameter
dlb diameter of a longitudinal bar
Ej elastic modulus of the jacket
Et elastic modulus in tension
F applied force in the bar
f 0c peak compressive strength of the unconfined concrete
fck specific concrete strength
fh confining pressure provided by the transverse steel

reinforcement at the strain level of 0.1%, fje = 1.1fyj

fl required lateral clamping pressure
fs stress at the bar
fyj yield strength of the steel plate
fyl yield strength of longitudinal bars

H height of the column
L length of the column
Lb development length
Ls length of the lap splice
lj length of the steel jackets
n number of spliced bars along p
P tension of the cable
p perimeter in the column cross section along the lap-

spliced bar locations
ql volumetric ratio of longitudinal reinforcing bar
smax slip limit for the ultimate bond stress
s2 limit for the stable bond stress range
sf slip starting frictional slippage
tj required thickness of the steel jacket
sb bond stress of a reinforcing bar
sb,max maximum bond strength
sb,f frictional bond strength
W width of the jacket
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monolithical beam–column joints, the application of steel jackets
changed a joint shear failure to a ductile flexural failure [15]. How-
ever, the study of Engindeniz et al. [16] indicated that the use of
the steel jackets for beam–column joints has disadvantages such
as potential for corrosion, difficulty in handling and in application
for actual three-dimensional joints. Recently, a new jacketing
method using shape memory alloy wires was proposed in an
effort to overcome the problems of grouting and adhesives, and
its effectiveness was proved through experimental tests [17–19].
However, several researchers have noted the price of shape mem-
ory alloys as a critical obstacle to their use in seismic retrofitting
[20,21]. Steel is the cheapest material among these three materials,
and steel jackets are very effective to improve ductile behavior
for seismically deficient RC columns [22–24]. Choi et al. [25] sug-
gested a steel wrapping jacket without grouting and demonstrated
the effectiveness of the jacketing method through axial compres-
sive tests of concrete cylinders. The steel wrapping jackets in-
creased the peak strength and ductility of the concrete by
providing external confinement. However, the bonding behavior
of the concrete confined by the steel wrapping jacket has not yet
been discussed.

The bond between the steel reinforcing bars and concrete is a
crucial factor for RC columns exposed to seismic events. In partic-
ular, RC columns with lap-spliced reinforcements in the plastic re-
gion demonstrated a splitting bond failure and did not provide
adequate ductility [26]. Pull-out failures develop under conditions
of sufficiently thick concrete cover or well confinement. The pull-
out mode demonstrated higher bond strength and more toughness
than the splitting mode. Therefore, the external confinement can
transform the splitting mode into the pull-out mode by providing
additional external confinement. Pull-out tests for the steel-
encased specimens subjected to reverse cyclic loading have been
conducted [27], and the specimens in the study were fabricated
using a preparation of a steel tube inside which the concrete was
poured. For this case, the composite behavior was developed
between the steel and the concrete, and this simulated the grouted
steel jackets.

The first aim of this study is to demonstrate that steel wrapping
jackets increase the bond strength of concrete. While steel wrap-
ping jackets have been applied previously to confine lap-spliced
RC columns, the results were not satisfactory [28]. The previous
study was a partially successful test because their specimens expe-
rienced degrading behavior after reaching the yield. Therefore, the
second aim of this study is to propose a new wrapping method for
the steel wrapping jackets in order to demonstrate force–
displacement behavior without degradation and to explain how
steel wrapping jackets affect the failure mode of RC columns.
2. Bonding behavior of concrete confined by steel wrapping
jackets

2.1. Specimens and test setup

In this study, the specimens of concrete cylinders prepared
were expected to induce splitting bond failure in an unconfined
state; concrete cylinders with dimensions of 100 mm � 200 mm
were used. Stainless steel jackets with the dimensions of
324 mm � 200 mm were prepared in order to confine the concrete
cylinders; the width was 10 mm larger than the perimeter of the
cylinder in order to create the welding overlap. Steel jacket thick-
nesses of 1.0 mm and 1.5 mm were chosen to assess how the
amount of confinement has an effect on the bond behavior. There
were three types of specimens for the splitting failure mode: (1)
unconfined, (2) confined by a 1 mm jacket, and (3) confined by a
1.5 mm jacket. Each type had two specimens, and a total of six
specimens were prepared for the bonding tests.

The yield strength of the steel jackets was measured to be
288 MPa, and the measured peak strength of the concrete was
30 MPa. The total length of the reinforcing bars was 260 mm, and
a part measuring 60 mm protruded beyond the top surface of the
specimens. The embedment length of the bars was 150 mm, with
25 mm of length at the top and bottom of the specimens wrapped
with oil paper. The D22 reinforcing bar (with a nominal diameter
of 22.2 mm) was used in the tests. The detail description of the jac-
keting process can be found in Choi et al. [25]. Fig. 1 shows the jac-
keting process briefly. First, a rolled steel jacket was prepared and
the concrete surface was treated. Then, two clamps and three steel
bands were used to press the steel jacket onto the concrete surface.
Next, the steel jacket under an external pressure was welded and
attached tightly to the concrete surface after the subsequent re-
moval of the clamps and the steel bands.

The bond test in this study was a push-out test, and Fig. 2 illus-
trates the test setup graphically. A specimen was placed on a sup-
port frame that has a circular rigid plate at the top with a hole of
25 mm at the center of the plate. The protruding reinforcing bar



Fig. 1. Process for steel wrapping jackets.
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was pushed down through the hole by an actuator, and the slip
was measured by a displacement transducer fixed using a mag-
netic base on the bottom plate of the support frame. The measured
slip of the reinforcing bar was used to calculate the bond stress.
During the push-out process, the compression plate in Fig. 2b
was just contacted on the top of the extrusion bar and thus, the
connection was similar to a pin and any bending loading was not
transferred to the bar. All specimens were pushed out up to
22 mm, which is the distance from the start of one rib to the end
of an adjacent rib of the reinforcement.

2.2. Bond test results

The failure mode of the unconfined specimens was the splitting
mode as initially planned. Figs. 3 and 4 indicate the inside and out-
side views of the unconfined and confined specimens after the



Strain gage

LVDT

Force

25mm

150mm

25mm

200mm

60mm

Circumferencial
Extensometor

Steel bar

Paper winding

(a) Specimen-dimensions and instruments (b) Picture of test set-up 

Fig. 2. Schematic of test setup.

Fig. 3. Splitting failure mode of unconfined concrete.
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completion of the test, respectively. For the splitting failure mode,
radial cracks developed due to the splitting stress, and the concrete
surface contacting the reinforcing bar was clear because the bar
slipped on the surface. For the pull-out failure mode, the radial
crack was not visible to the naked eye. The concrete between the
ribs of the reinforcing bar was sheared off, and the smoothened
contact surface was attributed to the friction between the two con-
crete surfaces.

Assuming that the bond stress (sb) of a reinforcing bar embed-
ded in the concrete is distributed uniformly over the development
length (Lb), the applied force (F) in the bar can be calculated from
the equilibrium of forces as follows:

F ¼ sbpdbLb ð1Þ

where db is the nominal bar diameter of 22.2 mm and the uniform
bond stress for each specimen was calculated using Eq. (1). The
experimental bond stress–slip curves were compared with the non-
linear expression provided by Ciampi et al. [29] to check the accu-
racy of the experimental results. The above bond stress–slip
model does not concern uncracked concrete essentially. As a



Fig. 4. Pull-out failure mode of concrete confined using a steel wrapping jacket.
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consequence, it provides general validity for nonlinear empirical
expression of bond stress–slip relationship. The analytical model
was divided into four parts: (1) the initial loading phase in Eq.
(2), (2) the plateau state, (3) the linear softening phase, and (4)
the residual stable plateau. Each state is described below:

sb ¼ sb;max
s

smax

� �a

0 6 s 6 smax ð2Þ

The pull-out bond failure: smax = 1 mm, s2 = 3 mm, sf = clear rib
spacing

sb;max ¼ 2:5f 1=2
ck sb;f ¼ f 1=2

ck ; and a ¼ 0:4

The splitting bond failure: smax = s2 = 0.6 mm, sf = 1 mm

sb;max ¼ 2:0f 1=2
ck sb;f ¼ 0:3f 1=2

ck ; and a ¼ 0:4

where sb,max and sb,f represent the maximum bond strength and the
frictional bond strength value, respectively. Also, the smax is the slip
limit for the maximum bond stress, s2 is the limit for the stable
bond stress range, and sf is the slip starting frictional slippage. Ta-
ble 1 shows the bonding strengths of the unconfined and confined
specimens. In addition, Fig. 5 shows the bond stress–slip relation-
ship and the comparison between the experimental results and ana-
lytical model. The results of the unconfined and confined specimens
are compared in Fig. 5d. As indicated in Fig. 5a, the experimental re-
sults for the splitting failure mode correspond well to the analytical
model. However, in the case of the pull-out failure mode for the
confined specimens in Fig. 5b and c, the experimental curves did
not show a plateau phase following an increasing branch as the
model does, although the other sections matched with the model
well. The bond stress–slip curves in previous studies did not dem-
onstrate the plateau for the pull-out failure mode clearly [27,30].
The steel jackets demonstrated an increment of bond strength of
65.3% for a 1.0 mm jacket and 73.5% for a 1.5 mm jacket. The
1.5 mm jackets increased the bond strength by 5.0% on average
compared to the 1.0 mm jacket. It appears that a critical confine-
ment exists beyond which the bond strength does not increase con-
finement. The investigation of the experimental results
demonstrated that the steel wrapping jackets increased the bond
Table 1
Bonding strengths of specimens.

Specimen Unconfined (MPa) Steel-1.0 mm (MPa) Steel-1.5 mm (MPa)

SP-1 9.50 17.23 17.70
SP-2 10.84 16.39 17.60
Average 10.17 16.81 17.65
strength of the reinforced concrete although it did not provide the
composite behavior between the steel jacket and the concrete in
the axial direction.

3. Test preparation of the RC columns confined by steel
wrapping jackets

3.1. Specimen preparation

Four circular columns, each 400 mm in diameter and 1400 mm
in height, were fabricated with a ratio of 3.5, as indicated in Fig. 6.
Each column was fabricated with 16-D13 longitudinal bars and
D10 bars with a spacing of 160 mm for the transverse reinforce-
ment. The concrete cover of the specimens was 40 mm. The mea-
sured yield strength of the longitudinal reinforcements was
325 MPa, and the measured compressive strength of the concrete
was 20 MPa.

Two of the four columns had a 50% lap splice in the longitudinal
reinforcements from the starter bars projecting from the founda-
tion. These specimens are indicated as SP50-NSJ and SP50-SJ1 in
Table 2. In this paper, NSJ refers to the non-steel jacket and SJ1 rep-
resents the specimen with steel jackets. A 50% lap splice indicates
that half of the 16 bars were spliced from the starter bars, and the
length of a lap splice was 200 mm. The remaining columns were
constructed with continuous longitudinal reinforcements and are
indicated as SP00-NSJ and SP00-SJ1. One sample of each type of
specimen was jacketed at the bottom of the column using the steel
wrapping jacketing method. The steel jacket used to retrofit the
bridge columns provides a lateral confining pressure on the con-
crete and can be considered as a continuous hoop reinforcement.
The required thickness of the steel jacket (tj) based on the equiva-
lent volumetric ratio of the hoop reinforcement is generally calcu-
lated using the following three design equations

(a) ATC-32 [31]
tj ¼
D
4

0:16f 0c
fje
ð0:5þ 1:25

P
f 0cAg
Þ þ 0:13ðql � 0:01Þ

� �
ð3Þ
where D is the column diameter; fje = 1.1fyj in which fyj is the yield
strength of the steel plate; f 0c is the peak compressive strength of
the unconfined concrete; Ag is the gross area of the column cross-
section; and ql is the volumetric ratio of longitudinal reinforcing bar.

(b) AASHTO [32]
tj ¼ 0:03D
f 0c
fyj

ð4Þ
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(c) Caltrans [33]
tj ¼ 0:03D
f 0c
fyj
½0:5þ 1:25

P
f 0cAg
� ð5Þ
The measured yield strength of the steel plate was 288 MPa.
Using Eqs. (3)–(5), the estimated thicknesses of the steel jackets
were 0.715 mm, 0.833 mm, and 0.521 mm for ACT-32, AASHTO,
and Caltrans, respectively. The maximum thickness was
0.833 mm; therefore, this study used the 1.0 mm thickness for
the steel plate conservatively. The length of the steel jackets (lj)
was determined to be 400 mm using the following equation [8]:

Max
lj P D

lj P 0:25L

� �
ð6Þ

where D and L are the diameter and the length of the column,
respectively.

The jacketing procedure for the columns was mechanically the
same as that for the bonding test. However, clamps could not be
used for the column; thus, the combination of a cable and a special
device was used to press the steel jacket as shown in Fig. 7. The
special device pulled the cable out by rolling a nut. A total of four
cables were placed on the steel jacket, and the tension of the cable
was estimated to be approximately 8.8 kN.

3.2. Test setup, instrumentation, and loading pattern

The test setup was established for a combination of axial and
lateral loadings using the column footing assemblages, as shown
in Fig. 8. A constant axial load of 0:1f 0cAg was applied by introducing
the prestressing force of two strands against the reinforced strong
floor via a loading frame. Cyclic lateral loads were applied using a
hydraulic actuator at a height of 1400 mm. All columns were
instrumented to measure the lateral displacements and corre-
sponding applied loads. The loads were measured using the cali-
brated load cell of the actuator. A displacement transducer was
installed on the reference frame at a height of 1400 mm from the
bottom of the footing. A quasi-static load was applied at the top
of the columns under displacement control. A lateral load was ap-
plied in the form of a drift ratio starting from ±0.25%, which was
first increased to ±0.5% and was then increased in 0.5% increments
up to failure. Two cycles were applied for each drift ratio, which
was the ratio of the input displacement to the column height of
1400 mm.
4. Test results of the RC columns confined by the steel wrapping
jackets

4.1. Force–lateral displacement behavior

The cyclic behavior of the force–lateral displacement is shown
in Fig. 9; the displacement was measured at the loading point
using the actuator stroke. The corresponding envelope curves are
illustrated in Fig. 10, and Table 3 presents the summary of the test
results, such as the flexural strength, yield and ultimate drift ratios,
and displacement ductility. The ultimate point was estimated to be
85% of the peak shear force in the degrading zone. The yield point
was the intersection point of the horizontal line that indicates 85%
of the peak force and the line from the origin to the point of 75% of
the peak force. This study compared the average values of the
pushing and pulling results. For the continuous reinforcement col-
umn SP00-NSJ, the yield and ultimate points occurred at a drift of
0.694% and 4.394%, respectively; the displacement ductility was
6.129. For the jacketed continuous reinforcement column SP00-
SJ1, the yield and ultimate points were observed at 0.772% and
6.982%, respectively; thus, the displacement ductility was 9.059.
The steel wrapping jacket increased the ultimate drift by 59.0%
compared with that of the unjacketed specimen although the flex-
ural strength of the jacketed specimen showed nearly the same
strength as the unjacketed specimen. The flexural strengths for
the two specimens were 97.1 and 94.6 kN, and the difference
was only 2.6%. Accordingly, the steel jacket increased the ductile
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behavior of the continuous reinforcement specimen, but it had no
effect on the flexural strength. Also, the steel jacket delayed the
yield point by 11.2%.

For the lap-spliced specimen SP50-NSJ, the yield occurred at
0.618% drift ratio, which was 12.3% less than that for the SP00-NSJ
specimen. Also, the drift ratio was 1.975% for the ultimate state;
thus, the displacement ductility was 3.193, which was almost half
of the ductility of the SP00-NSJ. When a steel jacket was applied to
the lap-spliced column (SP50-SJ1), the yield and ultimate points
developed at 0.665% and 5.598% drift ratios, respectively, and the



Table 2
Description of RC column specimens.

Specimen Diameter/height (mm) Longitudinal reinforcement Transverse reinforcement Steel jacket

No. of bars/volumetric steel ratio Lap splice (%) Volumetric confinement steel ratio Space (mm)

SP00-NSJ D=400 #16-D13 0 qs ¼ 0:46% 160 Non
SP00-SJ1 H=1400 qs ¼ 1:61% 0 1 mm
SP50-NSJ 50 Non
SP50-SJ1 50 1 mm

Fig. 7. Jacketing process for a column.

Fig. 8. Test set-up and instrumentation.
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displacement ductility was 8.40. Thus, the steel jacket increased the
ultimate drift 2.83 times. Also, the jacket increased the flexural
strength by 19.4% from 79.7 kN to 95.2 kN. The strength of the jack-
eted lap-spliced specimen was almost identical to that of the contin-
uous reinforcement specimens. The lap-spliced specimen was
observed that the steel jacket increased the ultimate drift and flex-
ural strength.

The initial stiffnesses of the force-deformation curves in Fig. 10
are summarized in Table 3. The jacketed specimen with the contin-
uous reinforcements demonstrated less stiffness; however, the
jacketed lap-spliced specimen demonstrated more stiffness. There-
fore, it appears that the jacket did not influence the initial flexural
stiffness of the columns; the steel wrapping jacket did not behave
compositely with the concrete and did not influence the flexural
stiffness. This non-composite behavior is beneficial in the seismic
retrofitting of RC columns because it does not alter the original
stiffness of the columns. The conventional steel jacketing method
produces composite behaviors between the jacket and the concrete
as a result of the bond of the grout so that it increases the stiffness
and shortens the fundamental natural periods of the retrofitted
structures. The increased stiffness may draw more seismic acceler-
ation into the columns; thus, the effectiveness of the steel jackets
could be reduced.
4.2. Failure modes

Fig. 11 shows the failure mode of each specimen. The continu-
ous reinforcement specimen SP00-NSJ demonstrated a typical
buckling failure of reinforcement. The reinforcing bars located fur-
thest from the neutral axis were buckled and subsequently frac-
tured. The specimen demonstrated yielding behavior because of
the yield of reinforcement, and the cover concrete was spalled
off. The reinforcement was not protected from the buckling as a re-
sult of the spalling of concrete cover, and the flexural strength was
degraded in relation to the buckling of the reinforcement. For the
jacketed continuous reinforcement specimen SP00-SJ1, the buck-
ling of the reinforcing bars was delayed since the cracked cover
concrete was confined by the jacket, which postponed the reinforc-
ing bars from the buckling. Accordingly, the flexural strength of the
specimen was maintained after the yield until the drift ratio of
6.44% was reached. The abrupt degradation of the flexural strength
in Fig. 9b was caused by the tensile fracturing of the reinforcing
bars. The reinforcing bars in Fig. 11b were bent much less than
those in Fig. 11a.

For the lap-spliced specimen SP50-NSJ, the flexural strength
was 21.8% lower than that of specimen SP00-NSJ because the
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lap-spliced reinforcements failed due to slippage before yielding.
After the failure, the flexural strength degraded sharply. The con-
tinuous reinforcements in the specimen were buckled and lost
strength continuously. When the lap-spliced specimen was con-
fined using the steel wrapping jacket, the bond strength increased
and caused the lap-spliced reinforcements to yield, which in-
creased the flexural strength to the same level as that of the contin-
uous reinforcement specimen. Also, the jacket constrained the
cracked cover concrete and delayed the buckling of the reinforce-
ment as in the case of specimen SP00-SJ1.

5. Analysis of the bond stresses in the lap splices

Strain gauges were mounted on the surfaces of the starter bars
and longitudinal bars of the as-built and jacketed columns at the
plastic zones. The stresses in the bars at the measuring locations
can be estimated using the measured strains and elastic-perfectly
plastic behavior of steel. Using the equilibrium condition, the aver-
age bond stress (sb) along the surface of the starter bar can be cal-
culated from the estimated stress of the bar as follows:

sb ¼
fsdlb

4Ls
ð7Þ



Table 3
Summary of force–lateral displacement behavior of columns.

Specimen Loading direction Strength (kN) Yield drift ratio (%) Ultimate drift ratio (%) Displacement ductility Stiffness (kN/mm)

SP00-NSJ Pushing 99.0 0.686 4.020 5.466 17.30
Pulling 95.2 0.702 4.768 6.791 13.46
Average 97.1 0.694 4.394 6.129 15.38

SP00-SJ1 Pushing 94.5 0.798 6.828 8.561 12.23
Pulling 94.7 0.747 7.136 9.556 13.29
Average 94.6 0.772 6.982 9.059 12.76

SP50-NSJ Pushing 76.7 0.620 2.146 3.462 12.77
Pulling 82.7 0.617 1.804 2.924 12.38
Average 79.7 0.618 1.975 3.193 12.58

SP50-SJ1 Pushing 101.4 0.656 4.324 6.572 14.83
Pulling 89.0 0.672 6.874 10.228 16.63
Average 95.2 0.665 5.599 8.400 15.73

Fig. 11. Failure modes of RC columns.
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where fs is the stress at the bar; dlb is the diameter of a longitudinal
bar; and Ls is the length of the lap splice. Fig. 12a compares the
developed stresses in the starter bars of the lap-spliced columns
with the stresses in the longitudinal bars of the continuous rein-
forcement columns as a function of the drift ratio. When the lap-
spliced column was retrofitted by the steel wrapping jacket, the
developed stress in the starter bar reached the yield stress of steel
(400 MPa), and it was 51% larger than the peak stress in the starter
bar of the unjacketed column. Also, the starter bar demonstrated a
similar trend for the stress in those of the longitudinal bars in the
continuous reinforcement columns. Fig. 12b compares the stresses
in the starter or the longitudinal bars of the lap-spliced columns,
and the developed stress in the longitudinal bars was close to that
in the starter bars. The peak bond stress of the jacketed column
SP50-SJ1 was 6.5 MPa, which appeared with a yield stress of steel
and was 51% larger than the peak bond stress 4.29 MPa in the
unjacketed column SP50-NSJ. For the unjacketed column, the bond
stress was suddenly degraded at a drift ratio of 1.78%, which
corresponds to that for the peak flexural strength in Fig. 9c. For
the jacketed column, the peak bond stress was developed at a drift
ratio of 2.08% and was maintained at the peak value. This coincided
with the behavior of the envelope curve for the column; the enve-
lope reached the peak flexural strength at a 1.91% drift ratio and
was maintained until a 3.18% drift ratio. Thus, it was found that
the peak bond stress was developed at the peak flexural strength
and retained until the degradation of the flexural strength.

For the continuous reinforcement columns, the steel wrapping
jacket did not increase the stresses in the longitudinal bars. How-
ever, the jacket maintained the peak flexural strength up to 8.27%
drift ratio without degradation, which was 2.16 times as large as
the unjacketed continuous reinforcement column SP00-NSJ in
Fig. 12. The more ductile behavior of the jacketed continuous rein-
forcement column SP00-SJ1 was resulted from the jacket delaying
the buckling of the longitudinal reinforcing bars, and the delayed
degradation of the flexural strength of the SP00-SJ1 was not related
to the bond stress.
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Fig. 12. Stressed developed at the starter and longitudinal bars; (a) bar-stress for
unjacketed and jacketed columns and (b) stresses of the starter or the longitudinal
bars in lap-spliced columns.
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6. Discussion of the results and applicability

The primary roles of the steel wrapping jacket are to increase
bond strength and delay the buckling of the longitudinal bars be-
cause it provides confining pressure for the lap-spliced RC col-
umns. Therefore, the jackets increased the flexural strength and
ultimate drift. For a continuous reinforcement column, the jacket
did not contribute to the increase in the flexural strength because
the flexural strength depended on the slip and yield of reinforcing
bars. Based on the above findings, the thickness of the steel wrap-
ping jacket should be determined from the bonding and confining
actions. However, Eqs. (3)–(5), which are used to determine the
thickness of the steel jacket, were based on the failure of steel dur-
ing an axial compressive test as indicated by Priestly et al. [8]. The
peak strength of the concrete in a compressive test was increased
with a thicker steel jacket; however, the thicker steel jacket of
1.5 mm used in this study did not significantly increase the bond
strength when compared with the 1.0 mm jacket. Accordingly, it
appears that the thickness of the jacket has a limited ability to in-
crease the bond strength.

Seible et al. [34] indicated that the lap splice debonding or rel-
ative slippage started at the dilation strain levels between 0.001
and 0.002. This implies that the circumferential strain of the exter-
nal jacket should be less than 0.001 in order to prevent the bond
slippage. Accordingly, the thickness of the jacket required for a cir-
cular column can be estimated by
tj ¼
500Dðfl � fhÞ

Ej
ð8Þ

where fh represents the confining pressure provided by the trans-
verse steel reinforcement at the strain level of 0.1%, D is the diam-
eter of the column, and Ej is the elastic modulus of the jacket. Seible
et al. [34] also suggested that the required lateral clamping pressure
that can prevent the occurrence of the lap splice debonding or the
relative slippage of longitudinal bars can be calculated by

fl ¼
Ablfyl

½p=ð2nÞ þ 2ðdlb þ cÞ�Ls
ð9Þ

where p is the perimeter in the column cross section along the lap-
spliced bar locations, n is the number of spliced bars along p, Abl is
the area of one main column reinforcing bar, fyl and dlb are the yield
strength and diameter of longitudinal bars, respectively, Ls is the
length of the lap splice, and c is the thickness of the concrete cover
for the longitudinal steel bars. The elastic modulus of steel is
200 GPa, and the yield strength of the steel reinforcement is
400 MPa. Thus, the fh and fl for the column in this study are equal
to 0.578 and 1.554 MPa, respectively. If only the slippage is consid-
ered, the required thickness of the steel jacket was 0.976 mm. How-
ever, the jacket thickness required to restrain the buckling of the
longitudinal reinforcement up to a demand-ductility has not yet
been discussed clearly. Therefore, further study is required in order
to set up a design procedure for steel jackets based on the slippage
at the lap-spliced zone and the buckling of the longitudinal
reinforcement.

The steel wrapping jacket was installed using the same mecha-
nism of the prefabricated FRP sheet jacket [35], which uses a pre-
fabricated FRP sheet for a specific column and an adhesive to
attach it to a concrete surface. Steel wrapping jackets have advan-
tages from both conventional steel and FRP jackets; the jacketing
method wraps a steel plate around an RC column in the same man-
ner as that used to apply an FRP jacket, although it does not require
adhesive to attach the steel plate. The welding connects the steel
jacket mechanically, thereby effectively eliminating opportunities
for peel-off of the FRP jackets. The jacket can be installed in any
column location and can be easily replaced by a new jacket. Fur-
thermore, the jacketing method can use double or multi-layered
jackets to secure large thickness as required, which is also a feature
of FRP jackets.

The total thickness of the wrapping steel jacket will increase for
an unretrofitted column with large diameter. In the case, the
weight of the jacket and pressing method could be potential prob-
lems. However, to satisfy the required thickness of the jacket, a
multi-layered jacket consisting of several thin plates can be pro-
vided. In addition, each layer can be comprised of two or three
pieces which can be welded together in site. Thus, the proposed
jacketing method of wrapping steel plates can overcome potential
problems encountered during construction.

7. Conclusions

This study conducted bond strength tests of concrete confined
by steel wrapping jackets, as well as, bending tests for RC columns
jacketed by the steel wrapping jackets. This study found that the
steel wrapping jacket transferred the splitting bond failure to the
pull-out bond failure and increased the bond strength of the con-
crete. Also, it appears that the steel jacket thickness had a limited
ability to increase bond strength because the jackets of 1.0 and
1.5 mm demonstrated almost identical bond strength.

The jacket in the bending tests of the continuous reinforcing RC
columns contributed to increase the ultimate drift and displace-
ment ductility because it prevented the cracked concrete cover
from spalling off and thereby delaying the longitudinal reinforcing
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bars from the buckling. For the lap-spliced RC column, the jacket
further increased the flexural strength because the reinforcement
yielded before starting the slip at the lap splice zone due to the
jacket’s contribution to increasing bond strength. This study esti-
mated the developed bond stresses at the lap-spliced zones. The
bond strength of the lap-spliced bar in the jacketed column was
estimated as 6.5 MPa that was 1.52 times as large as that of the
lap-spliced bar in the unjacketed column. The flexural strength of
the jacketed lap-spliced column was 1.32 times as large as that
of the unjacketed column. Consequently, it was reasoned that the
increment of the flexural strength of the lap-spliced column was
due to the increment of the bond stress in the lap-spliced bars pro-
viding lateral confining pressure of the steel jacket.

The critical factors of failure for the lap-spliced and continuous
reinforcement RC columns were the slip in the lap-spliced zone
and buckling of the reinforcing bars. Steel wrapping jackets acted
on these factors to improve the seismic performance of the RC col-
umns. Accordingly, the thickness of the steel jacket should be
determined based not on the failure of steel in the compressive test
of the concrete, but on the bonding and confining actions.
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