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Abstract - The effectiveness of FRP in retrofitting/strengthening
existing steel reinforced concrete (SRC) structures has been
widely recognized. However, investigation on the performance of
CFRP band-confined square SRC (CFRPBC-SSRC) columns are
still limited. This paper compares the performance of SSRC
columns without and with different CFRP bands to examine the
effect of the location and width of CFRP bands on the
performance of CFRPBC-SSRC. The test results exhibited that
SSRC columns obtained a considerable enhancement in the
ductility and load-bearing capacity (LBC) by strengthening with
CFRP bands. At the same amount of CFRP employed, SSRC
columns confined discontinuously with CFRP bands placed in
between lateral ties under concentric and eccentric compression
obtained higher LBC and ductility than their counterparts
confined discontinuously with CFRP bands without taking into
account the location of lateral ties. The axial-flexural interaction
diagrams of CFRPBC-SRC columns were established based on
two codes of FIB-Bulletin-14 and ACI-440.2R-17.

Key words - Square columns; discontinuous confinement; FRP
confined concrete; eccentric compression; strength diagram

1. Introduction

Strengthening/retrofitting  of  existing  concrete
structures may be required due to the load demand
increase, the structure deterioration resulting from
environment attack and excessive load and the correction
of improper design and construction [1-3]. Strengthening
or upgrading concrete structural members with FRPs has
been widely applied and well recognized as an efficient
solution as this solution takes full advantages of FR
comprising corrosion free, high tensile strength and light
weight [1, 2, 4-6] as well as ease to construct on site [7, 8].

Strengthening/retrofitting concrete columns with FRP
is usually carried out by externally bonding FRP sheets on
concrete columns in which the FRP fibres are arranged in
transverse direction. The FRP jacket generates confining
pressure when concrete expands, which in turn prevents
concrete dilation, resulting in a remarkable enhancement in
the column LBC and deformability [9-13]. Extensive
investigation on the performance of FRP confined-SSRC
columns (FRPC-SSRC columns) has been devoted during
the last few decades; however, most of the available
investigation focused on the performance of FRPC-SSRC
columns under concentric compressions [1, 9, 14-20] and

Tém tit - Hiéu qua ciia vat liéu vai soi FRP trong gia cudng két
cdu bé tong cbt thép (SRC) di dwoc thira nhin rong rii.
Tuy nhién, cac nghién ciru vé su lam viée cua cot SRC tiét dién
vuong (SSRC) gia cudng gian doan bai ban CFRP con rat han
ché. Nghién ctru nay so sanh sy lam viéc cia cot SSRC khong
gia cuong va c6 gia cudng khong lién tuc bdi cac dai ban CFRP
¢6 bé rong khac nhau nhim danh gia sy anh huong cua bé rong
ban CFRP dbi v6i umg xur clia cot SSRC. Két qua nghién ctru
cho thdy ring, cac ban CFRP lam gia ting dang ké kha ning
chiu tai va gia tang 16n do dn dinh cua cot SSRC. Cot SSRC
duogc gia cudng béi ban CFRP dit giita cdt thép dai c6 kha ning
chiu tai va ¢6 do én dinh 16n hon cot SSRC gia cudng boi ban
CFRP khong dat gitta cbt thép dai. Nghién ciru nay ciing xiy
dung duong cong phé hoai cua cft SSRC gia cudong bodi ban
CFRP dua trén 02 tiéu chuén qudc té 1a FIB-Bulletin-14 va ACI-
440.2R-17.

Tir khéa - Cot tiét dién vudng; gia cuong khong lién tuc; gia
cuong cot bé tong cot thép bang vai soi FRP; cot chiu nén 1éch
tam; duong cong pha hoai ctia cdt bé tong cot thép

fewer investigation considered the performance of FRPC-
SSRC columns under eccentric compressions [3, 21-26]. In
practice, a column is usually subject to eccentric axial
compression because of its position (i.e., corner column) or
accidental applied load resulting from construction errors
[27]. 1t is well established that a higher magnitude of load
eccentricity, a lower level of FRP confinement
effectiveness [10, 21-23, 28-34].

In addition to the load eccentricity, the column cross-
sectional shape substantially affects the FRP confinement
efficiency. As the confining pressure generated by FRP
jacket is non-uniformly distributed over square cross-
sectional shape, the FRP confinement efficiency over
square cross-section is much smaller than that over circular
cross-section, which receives uniform FRP confining
pressure [1, 3, 19, 35-38]. It is noted that the practical SRC
columns are commonly formed in the square cross-section
because of the low construction costs and the fast and easy
construction of SSRC columns [39, 40]. Few investigation
devoted to the performance of eccentrically-compressed
FRPC-SSRC columns [8, 23-25, 30, 41-45].

Discontinuous FRP strengthening has been proven as
an efficient strengthening solution along with continuous
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FRP strengthening to improve the deformability and LCC
of SSRC columns [8, 25, 30, 40, 46-52]. Discontinuous
FRP strengthening has attracted a number of studies
because of its practical advantages compared to continuous
FRP strengthening, consisting of the possibility in
eliminating air-bubble forming under the FRP jacket [53],
less adhesive and FRP used [51] and the ease of
construction [40, 53]. However, available investigation on
the performance of eccentrically compressed CFRPBC-
SSRC columns is inadequate [8, 25, 30, 45]. This
investigation did not take into account the position of
lateral ties in strengthening SSRC column with FRP bands.
It is noted that the lateral confinement generated by
discontinuous FRP confinement play an important role in
preventing the concrete dilation, delaying cover concrete
detachment and postponing longitudinal reinforcement
buckling [30, 51, 54]. The longitudinal reinforcement
buckling, which usually causes the FRP premature failure,
is much more obvious for SSRC columns with sparse and
insufficient transverse reinforcement [20, 51, 55, 56].
Therefore, it is expected that discontinuous strengthening
of SSRC columns with CFRP bands placed in between the
existing lateral ties may result in a better performance of
CFRPBC-SSRC columns. Triantafyllou, et al. [51]
experimentally found that, although the effective FRP

confinement ratio (fl/f,) lower than minimum value of
c

0.07 for achieving a post-peak stress-strain response, the
post-peak stress-strain response of CFRPBC-SSRC
columns with bands located in between lateral ties under
axial compression still showed ascending curves.
Therefore, for deep understanding the effect of lateral ties’
position on the flexural performance of CFRPBC-SSRC
columns, the performance of CFRPBC-SSRC columns
should be extensively studies.

The aforementioned literatures exhibits that the
investigation on the effect of lateral ties on the performance
of EC-CFRPBC-SSRC columns is not available yet in the
literature. Additionally, the investigation on performance
of eccentrically compressed CFRPBC-SSRC columns has
been inadequate. Thus, this investigation examines the
effect of the position and width of CFRP bands on the
performance of EC-CFRPBC-SSRC columns. The main
parameters are considered in this investigation consisting
of different discontinuous strengthening schemes (non-
strengthening,  discontinuous  strengthening  without
considering the position of lateral ties and discontinuous
strengthening with CFRP bands placed in between lateral
ties) and applied load eccentricity magnitudes.

2. Experimental Program
2.1. Specimen configuration

The test program consisted of twelve SSRC columns,
which were cast from the one concrete batch and had an
identical cross-sectional shape, length and reinforcement.
Twelve SSRC columns having an identical height and side
dimension, which were 800 mm and 150 mm; respectively.
The longitudinal and transverse reinforcement of SSRC
columns were, respectively, deformed and plain steel bars,
which were 12-mm and 6-mm in diameter, respectively.

The height and side dimension of the SSRC columns were
selected in line with ACI 318-11 [57] for capturing the
performance of short columns. The spacing of lateral ties
(bs) is 80-mm. The 20 mm rounded corners (r.) were
implemented on the corners of SSRC columns as
recommended in FIB Bulletin 14 [54] to improve the CFRP
confinement efficiency for the CFRPBC-SSRC columns
and to hinder the premature of CFRP strengthening at the
two bottoms of the control SSRC columns. As the cover
concrete of the SSRC columns at two ends and along the
height was remained with a thickness of 20 mm, 760 mm
deformed steel bars were employed to construct the SSRC
columns. The details of the reinforcement and the
geometry of the SSRC columns are graphically presented
in Figure 1.

Additional layers at the top and bottom
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Figure 1. Details of the reinforcement and geometry of SSRC
columns (mm): (1) Group SSRC-BO; (2) Group SSRC-B40;
(3) Group SSRC-B60

The test program was designed to examine the effect of
CFRP band width and its position on the performance of
CFRPBC-SSRC columns, thus three groups of four columns
(Groups of SSRC-B0, SSRC-B40 and SSRC-B60) with
three CFRP strengthening systems were subjected to four
different loads, which were concentric and eccentric
compression (15 mm and 25 mm eccentricity) and pure
bending. Group SSRC-BO is the first group without external
confinement, which was referred as the control group.
Groups SSRC-B40 and SSRC-B60 (second and third
groups, respectively) were discontinuously confined with
40 mm and 60 mm CFRP bands, respectively. For Groups
SSRC-B40 and SSRC-B60, the clear distance of two
consecutive bands (sy) was taken to be the same the CFRP
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band width (bs) as commonly employed in some studies on
discontinuous FRP strengthening available in the literatures
[25, 30, 34, 47]. Accordingly, the b, of Groups SSRC-B40
and SSRC-B60 was 40 mm and 60 mm, respectively. As
Group SSRC-B40 considered the dual confinement of CFRP
bands and lateral ties, thus the CFRP bands of Group SSRC-
B40 were placed in between the lateral ties. Accordingly, the
by of Group SSRC-B40 was a half of lateral ties’ spacing.
Also, one CFRP band of Group SSRC-B40 was placed at the
column height. In contrast, Group SSRC-B60 did not take
into consideration the dual confinement of CFRP bands and
lateral ties, thus one CFRP band of Group SSRC-B60 was
placed at the column mid-height while remaining bands
placed along the height with the clear distance of two
consecutive bands was 60 mm. Due to the difference of the
CFRP band width, the total amount of CFRP employed for
each column of Group SSRC-B60 (898,500 mm?) was
slightly higher than that of each column of Group SSRC-
B40 (862,560 mm?). The total amount of CFRP employed
for each column was computed as the product of the CFRP
plies, width and length. It should be mentioned here that

these three groups were separately presented in previous
studies of the first author. In fact, Groups of SSRC-BO0, and
SSRC-B60 can be found in [58] while Group SSRC-B60 can
be found in Mai, et al. [59]. It is also important to clarify that,
Groups of SSRC-BO, SSRC-B40 and SSRC-B60 were
assembled in this study to examine the effect of CFRP band
width and its position on the performance of CFRPBC-
SSRC columns, which were not taken into consideration in
the previous studies.

The columns of Groups SSRC-B40 and SSRC-B60 were
externally confined with CFRP bands using wet lay-up
process in which each ply of the CFRP bands were saturated
in the adhesive, which was made by mixing the hardener into
adhesive resin with the ratio of 1:5. The outer ply of CFRP
band was ended when the overlapping length of CFRP band
was 100 mm, which was utilized to provide sufficient bond
for CFRP bands. The CFRP bands having a width of
100 mm were also employed to externally confine the
column two ends to inhibit the column premature failure
resulted from the stress concentration. The detailed
configuration of each group is presented in Table 1.

Table 1. Configuration of SSRC columns

Longitudinal and Type of 1 A e
Column transverse reinforcement wrapping (mm) s (mm) (mm2) (mm)

SSRC-B0-EO0 0
SSRC-B0-E15 15
SSRC-BO-E25 4N12 and R6@80 None - - . ”

SSRC-B0-B Bending
SSRC-B60-E0 o _ 0
SSRC-B60-E15 iscontinuous 15
SSRC-B60-E25 4N12 and R6@80 strengthening without 60 60 898,500 o

considering lateral ties

SSRC-B60-B Bending
SSRC-B40-E0 o _ 0
SSRC-B40-E15 iscontinuous 15
SSRC-B40-E25 4N12 and R6@80 strengthening in 40 40 862,560 o

o between lateral ties
SSRC-B40-B Bending

A = Amount of CFRP used per specimen = (length) x (width) x (number of plies)

As presented in Table 1, the column of each group was
given a label which consists of three portions separated by a
dash. The first portion of the label, which is SSRC, denotes
the SSRC columns. The second portion comprises of a letter
and number, which refer to the type of strengthening system
and CFRP band width. The third portion of the label
indicates the load types applied to test the columns. For the
SSRC columns subjected to eccentric compression, the third
portion includes the letter E and a number presenting the
load eccentricity, while the SSRC columns subjected to pure
bending, the third portion is a letter B, standing for pure
bending. For instance, Column SSRC-B0-E25 is a column
of control group (Group SSRC-B0), which had no
confinement and was subjected to 25 mm eccentric
compression while Column SSRC-B60-B is a column of
third group (Group SSRC-B60), which was strengthened
with 60 mm CFRP band and subjected to pure bending.

2.2. Material properties

The concrete properties (i.e., compressive strength -
fz0) Were determined in line with the AS 1012.9:2014 [60].

The f;, at the 28-day was 36 MPa, which was the test result
of three concrete cylinders, which had a height and
diameter of 200 mm and 100 mm, respectively. The
engineering properties of steel reinforcement (i.e., tensile
strength - f;,,) determined in line with AS 1391-2007 [61],
are presented in Table 2. The f;, of longitudinal
reinforcement (deformed steel bar with 12mm diameter)
was 568 MPa and f;, of lateral ties (plain steel bar
with 6mm diameter) was 517 MPa. The unidirectional
CFRP sheet used to make CFRP bands had a thickness of
0.167 mm. The engineering properties of CFRP (i.e.,
elastic modulus - E; tensile strain - &¢,; tensile strength -
ffrp) determined in line with ASTM D3039/D3039M-14
[62] are presented in Table 3.

Table 2. Tensile properties of the steel bars

Diameter  f5y

Bar Reinforcement gy (%) E (GPa)b

(mm) (MPa)a
N12 Longitudinal 12 568 0.327 173
R6 Transverse 6 517 0.284 182
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Table 3. Mechanical properties of one ply CFRP flat coupons

. w E
Material n t; (mm) (mrj; ) frrp (MPa) &5, (%) © Ff:a)
CFRP 1 0167 26.12 3729 1.6 240.43

where w, = Width of coupons
2.3. Test setup and Instrumentation

The high strength plaster was employed for capping the
column two ends and attaching the columns with two steel
adaptor plates (SAP) to make sure a uniform distribution
of the compression loading. A Universal Testing Machine
(UTM) with a testing ability of 5 ton was employed for
generating the compression loading in testing all the SSRC
columns. The concentric compression loading was
transferred to the SSRC columns via SAP while the
eccentric compression loading was transferred to the SSRC
columns via a pair of the SAP connected to the ball joint
plates (BJP). The pure bending loading was distributed to
the SSRC columns, which behaved as beams, via two steel
rigs (SR) placed at the column bottom and top. The details
of the SAP, BJP and SR could be found in [23]. The axial
and lateral deformation of the SSRC columns happened
during the test was recorded by a pair of the Linear
Variable Differential Transformer (LVDT) and a laser
triangulation, respectively, which were linked to the data
loggers for recording the deformation every two seconds.
The instruments and test setup can be found in Figure 2.

vz P A -
i - - P

Adap’or Plate
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/
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Figure 2. Loading system and instruments: (a) test setup of the EC-
SSRC column, (b) loading head system for concentrically loaded
specimens, (c) loading head system for eccentrically compressed

columns, and (d) test setup of the column under pure bending

The preload and unload procedures were undertaken
before officially starting the test to ensure that the test
columns were kept straight and stable on the UTM. In fact,
the columns were preloaded with 2kN/s loading rate up to
10% of its expected strength and unloaded to 2% of its
expected strength before starting the test. After the preload
and unload procedures, the official testing of the columns

was carried out with 0.3 mm/min loading rate and ended
when the recorded axial load after the peak reduced by
20-30% of the peak load.

3. Experimental results and discussion
3.1. Column failure modes

Figure 3 presents the typical failures of concentrically
compressed SSRC (CC-SSRC) columns. Column SSRC-B0-
EO was failed by the cover concrete loss and the longitudinal
reinforcement buckling. Unlike Column SSRC-BO0-EO, the
failure of Columns SSRC-B60-E0 and SSRC-B40-EO started
by cover concrete cracking at the non-strengthened zone and
followed by the CFRP band above the mid-column rupture,
ended by the longitudinal reinforcement buckling. The CFRP
band of Columns SSRC-B60-E0 and SSRC-B40-E0 was
ruptured at one of the column corners because of the stress
concentration. The CFRP band rupture caused a loud sound.
Column SSRC-B40-EQ failure was consistent with the
observation from experimental investigation carried out by
Triantafyllou, et al. [51] and by Matthys, et al. [46] in which
the CFRP bands were placed in between lateral ties and steel
helixes, respectively. It should be mentioned here that the
level of cover concrete cracking at the non-strengthened zone
during the failure period occurred on Column SSRC-B60-EQ
was much more severe than that occurred on Column SSRC-
B40-EQ, which was ascribed to the dual confining pressure of
lateral tie at the non-strengthened zone in inhibiting the
dilation of the core concrete and postponing the non-
strengthened cover concrete cracking.

SSRC-B60-E0

SSRC-B0-EO
| ol

SSRC-B40-E0

|
l

Figure 3. Failure modes of SSRC columns under axial
compression: (a) Column SSRC-B0-EO,
(b) Column SSRC-B60-EOQ, and (c) SSRC-B40-EO

Figures 4 and 5 present the typical failures of eccentrically
compressed SSRC (EC-SSRC) columns. Columns SSRC-BO-
E15 and SSRC-B0-E25 failed by the cover concrete crushing
occurred on the compression face at the mid-column vicinity,
followed by the hair line cracks in transverse direction of cover
concrete on the tension face at the mid-column and the
longitudinal reinforcement buckling on the compression face.
The failure of Columns SSRC-B60-E15 and SSRC-B60-E25
was characterized by non-strengthened cover concrete crushing
occurred on the compression face at the mid-column vicinity,
followed by the hair line cracks in transverse direction of
concrete in the tension face. The CFRP bands of Columns
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SSRC-B60-E15 and SSRC-B60-E25 were not ruptured. The
longitudinal  reinforcement  buckling occurred at the
compression face was seen by removing the cover concrete
after removing the columns from the testing machine. Unlike
Column SSRC-B60-E15, the failure of Column SSRC-B40-
E15 was controlled by the CFRP band rupture occurred on the
compression face at the mid-column after the crushing of non-
strengthened cover concrete in the compression face and the
hair line cracks in the tension face in transverse direction. The
CFRP band rupture occurred on the compression face of
Column SSRC-B40-E15 could be because of the dilation of the
core concrete and the longitudinal reinforcement buckling.
Similar to other EC-CFRPBC-SSRC, CFRP band rupture was
observed at the column corner indicating that the column
corners happened stress concentration. Similar Column SSRC-
B60-E25, Column SSRC-B40-E25 failed by non-strengthened
cover concrete crushing occurred on the compression face and
hair line cracks on the tension face in transverse direction
without the CFRP band rupture.

LR

- | _SSRC-BO-E15

Figure 4. Failure modes of columns tested under 15 mm
eccentric compression: (a) Column SSRC-B0-E15,
(b) Column SSRC-B60-E15, and (c) Column SSRC-B40-E15

SSRC-B40-E25
Wag/l B

SSRC-B60-E25
3 2 -

)
Figure 5. Failure modes of specimens tested under 25 mm
eccentric compression: (a) Column SSRC-B0-E25,

(b) Column SSRC-B60-E25, and (c) Column SSRC-B40-E25

Figure 6 presents the typical failures of SSRC columns
subjected to pure bending of four-point loads. Columns
SSRC-B0-B, SSRC-B60-B and SSRC-40-B failed by tensile
longitudinal reinforcement break after cover and core
concrete at the tension face underwent a wide vertical crack
and concrete at the compression face underwent a crushing.
Columns SSRC-B0-B, SSRC-B60-B and SSRC-40-B
started to be failed by vertical concrete cracks at the tension
face due to flexural stresses and quickly extended the cracks
to the compression face. The first vertical crack was initiated
nearby the midspan for Column SSRC-B0-Band at the non-
strengthened zone near by the mid-span for Columns SSRC-
B60-B and SSRC-40-B. Unlike Column SSRC-40-B
occurring vertical cracks in the zone between two loading
points, Columns SSRC-B60-B and SSRC-40-B occurred
vertical cracks at non-strengthened zone at the two loading
points. After the wide vertical cracks were developed, the
crushing of compression concrete was witnessed in the non-
strengthened zone for both Columns SSRC-B60-B and
SSRC-40-B. In contrast, the crushing of compression
concrete was witnessed at the position nearby the loading
points for Column SSRC-B0-Band. Next, the rupture of
longitudinal reinforcement occurred in Columns SSRC-BO-
B, SSRC-B60-B and SSRC-40-B causing an explore sound.

Figure 6. Failure modes of columns tested under four-point
bending: (a) Column SSRC-BO0-B, (b) Column SSRC-B60-B,
and (c) Column SSRC-B40-B
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3.2. Behaviour of column specimens

Tables 4 and 5 present, respectively, the key test results
of CC-SSRC and EC-SSRC columns. The column ductility
(A) was computed as a ratio of two areas of A; and A4, in
which the A; was area under the load-deformation
relationship up to the ultimate failure load (P,f) and A,
was the area under the load-deformation relationship up to
the yield load (P,) [30, 42] as:

A= 1
-7 (1)

The P, was determined as the axial load in the post-
peak descending portion of the load-deformation
relationship, which was equal to 85% of the ultimate load
(Pue) [63]. The P, was the axial load in the pre-peak
ascending portion of the load-deformation relationship at
the intersection point between two straight lines in which
the first one was formed by the point corresponding to 75%
of the first peak axial load (Ppeq1) and the origin, while
the second one was the horizontal line passing the Ppeqy: -

The first column of each group was subjected to
concentric compression loading and the key test results of
CC-SSRC columns is presented in Table 4 while the load-
deformation response is presented in Figure 7. The load-
deformation response of Columns SSRC-B0-B, SSRC-B60-
B and SSRC-B40-B showed the similar ascending portion
before concrete cracking, which indicates that external FRP
Strengthening had no effect to the response of the SSRC
columns before the concrete cracking. However, CFRP
strengthening had profound effect on the response of SSRC
columns after concrete cracking by providing the lateral
confinement in inhibiting the concrete dilation [16, 64],
leading to the distinctive post-peak load-deformation
response. The post-peak axial load of Column SSRC-B60-
EO and SSRC-B40-E0 underwent a slight reduction and
slight rise, respectively; whereas, the post-peak axial load of
Column SSRC-BO-EO experienced an abrupt fall to the P,
Column SSRC-BO0-EO experienced an abrupt fall of the axial
load after reaching the P, as cover concrete was spalling
which revealed the brittle behaviour of Column SSRC-BO0-
EO. In contrast, Column SSRC-B60-EQ underwent a slight
reduction of the post-peak axial load as non-strength cover
concrete was cracked. The cracked cover concrete still
attached to the core concrete and supported the column in
sustaining the applied load as well as preventing abrupt fall

of the axial load. However, the axial load of Column SSRC-
B60-EO steadily decreased until reaching the P, because
the confinement effect of CFRP bands was less than the
degradation of SSRC column. A similar load-deformation
response of CC-FRPBC-SSRC columns was also found in
[30]. Unlike Column SSRC-B60-EO, Column SSRC-B40-
EO experienced a slight rise in the axial load after reaching
the P,.qx1 because of non-strengthened cover concrete
cracking then underwent a steady rise to reach the second
peak load (Ppeqk2)- The rise in the post-peak axial load of
Column SSRC-B40-EOQ indicated that the dual confinement
provided by lateral ties and CFRP bands at non-strengthened
zone was higher than the degradation of SSRC column
caused by cover concrete cracking.
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Figure 7. Axial load-deformation relationship of
the concentrically compressed columns

The P, obtained by Column SSRC-B0-EO0 was
993.5 kN, which is 12.1% lower than the P,;, of Column
SSRC-B0-E0. Column SSRC-B40-EQ carried the highest
P,;; with 8.1% higher than the P,;, of Column SSRC-B60-
EO and 21.2% higher than the P,;; of Column SSRC-BO-
EO. The higher P,;; of Columns SSRC-B60-EO and SSRC-
B40-EQ than that of Column SSRC-BO0-EO indicated the
effect of CFRP bands in enhancing the strength of SSRC
columns. The higher P, of Column SSRC-B40-EO
compared to Column SSRC-B60-EO revealed the effect of
lateral ties in preventing the dilation of the non-
strengthened core concrete and in postponing the non-
strengthened cover concrete cracking. The A of Column
SSRC-B60-EO0 was 400% higher than the A of Column
SSRC-B0-EQ. The A of Column SSRC-B40-E0 was
561.3% higher than the A of Column SSRC-B0-EO and
32.3% higher than the A of Column SSRC-BO0-EQ.

Table 4. Experimental results of the concentrically and eccentrically compressed SSRC columns

Ayatp,

A, at Py, 8y at Py, Ay at Py

Column e P, (kN) (mm) Pi: (kN) (mm) (mm) (mm) A

SSRC-B0-EO 902 2.17 993.5 2.76 - 3.15 1.86
SSRC-B60-E0 0 990 2.46 1114.2 4.18 - 14.25 9.3
SSRC-B40-EQ 1004 2.55 1204.4 14.9 - 16.96 12.3
SSRC-B0-E15 687 1.93 731.8 2.24 2.46 2.41 1.48
SSRC-B60-E15 15 733.2 2.07 802.3 2.8 321 5.9 4.51
SSRC-B40-E15 836.4 2.22 905.1 2.92 3.59 5.1 3.45
SSRC-B0-E25 595.4 1.85 630.2 2.19 2.52 2.46 1.61
SSRC-B60-E25 25 665.8 2.08 684.93 2.58 3.42 4.55 3.24
SSRC-B40-E25 683.7 2.31 742.8 3.07 4.7 6.0 3.97

A, = axial deformation at Py; A,, = axial deformation at Pult; A,,;; = axial deformation at 0.85Pult;
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A total of six columns (two columns from each group)
were tested under eccentric compression loading including
three 15 mm eccentrically compressed SSRC columns and
three 25 mm eccentrically compressed SSRC columns.
Table 4 presents the key test results of eccentrically
compressed SSRC columns, while Figures 8 and 9 present
the load-deformation and the load-lateral deformation
response (hereafter referred as the load-deformation-lateral
deformation response for brevity) of 15 mm and 25 mm
eccentrically compressed SSRC columns, respectively. In
overall, the load-deformation-lateral deformation response
of 15 mm and 25 mm eccentrically compressed SSRC
columns only experienced the Py, Which represents the
LCC of SSRC columns before the spalling/crushing of
non-strengthened cover concrete in the compression face.

Table 5. Experimental results of SSRC columns under pure bending

Py at )2 Pu at | Pur at
Column P, (kN)| P Ue | P | Pus A
Y | (KN)
(mm) (mm) | (mm)
SSRC-B0-B |111.08| 3.5 |[126.1| 6.11 | 56.44 |27.4
SSRC-B60-B | 111.03 | 3.5 |[155.9|24.46| 36.84 |28.1
SSRC-B40-B | 126.0 41 |160.4|3265| 414 |305

Where p,, = midspan deformation at P, ; p,, = midspan deformation
at Py¢; pyie = Midspan deformation at Pys; Py = 0.85Py,;
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As illustrated in Figure 8, the ascending portion of the
load-deformation-lateral deformation response of Columns
SSRC-B0-E15, SSRC-B60-E15 and SSRC-B40-E15
showed similar pattern up to the P,;; of the control column
(Columns SSRC-B0-E15), which indicated the identical
stiffness between the SSRC columns before the concrete
cracking. After reaching the P,;;, Column SSRC-B0-E15
experienced abrupt loss of the axial load to the P, s because
of the cover concrete spalling in the compression face. In
contrast, the axial load of Columns SSRC-B60-E15 and
SSRC-B40-E15 passed the P,,;; of Column SSRC-B0-E15
then continued to increase to the P,;, before decreasing to
the P, progressively. Column SSRC-B40-E15 showed
higher stiffness and P,,;; compared to Column SSRC-B60-
E15 after passing the P,,;; of Column SSRC-B0-E15, which
was ascribed to the confinement effect of lateral ties in the
compression face of Column SSRC-B40-E15. It should be
mentioned that the gradient of the post-peak load-
deformation-lateral deformation response of Column SSRC-
B40-E15 was slightly higher than those of Column SSRC-

B60-E15 resulted from CFRP band rupture in the mid-height
of the Column SSRC-B40-E15. Unlike Column SSRC-B40-
E15, there was no rupture of CFRP band occurred.

The highest P,;, was carried by Column SSRC-B40-
E15 (905.1 kN), followed by Column SSRC-B60-E15
(802.3 kN) and Column SSRC-B0-E15 (731.8 kN). The
P, of Column SSRC-B60-E15 was 9.6% higher than the
P,;.0f Column SSRC-B0-E15. The P,;, of Column SSRC-
B40-E15 was 12.9% and 23.7% higher than the P, of
Columns SSRC-B60-E15 and SSRC-B0-E15,
respectively. The A of Column SSRC-B60-E15 was
204.7% higher than the A of Column SSRC-B0-E15. The A
of Column SSRC-B40-E15 was 23.5% lower than the A of
Column SSRC-B60-E15 and 132.7% higher than the A of
Column SSRC-BO0-E15. The lower ductility of Column
SSRC-B40-E15 compared to Column SSRC-B60-E15 was
due to the higher slope of post-peak axial load of Column
SSRC-B40-E15, which was resulted from CFRP band
rupture at the mid-column.

Figure 9 presents the load-deformation-lateral
deformation response of 25 mm eccentrically compressed
SSRC columns. The post-peak load-deformation of
Columns SSRC-B60-E25 and SSRC-B40-E25 showed
similar pattern with the gradual reduction of the axial load,
whereas the post-peak load-deformation of Column SSRC-
BO-E25 showed an immediate loss of axial load after
attaining the P,;;. The higher P,;; and the steady reduction
of the axial load of Columns SSRC-B60-E25 and SSRC-
B40-E25 after the P, compared to those of Column
SSRC-BO0-E25 illustrated the confinement effect of CFRP
bands in preventing the sudden spalling of cover concrete
in the compression face.

800

700 " SSRC-B40-E25

SSRC-B40-E25
600 + b i O e H

A“ i
e s

¥ | S

w
S
=3

\
. \
|} hY

— : !
% - = == " SSRC-B60-E25 g
= 400 - H s v
he=1 H
3 | 5 YSRC.B60-E25
2 SSRC-B0-E25 ——»- \
= 300 | | ¥ |
k] & SYRC-BO-E25
= fota
. ¢
. AY
200 -
100
0
40 35 .30 25 20 415 -0 -5 0 5 0 15

Axial deformation (mm) Lateral deformation (mm)
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Column SSRC-B0-E25 sustained the lowest P, of
683.7 kN, which was 8.6% lower than the P,;; of Column
SSRC-B60-E25 (684.9 kN) and 17.9% lower than the Py,
of Column SSRC-B40-E25 (742.8 kN), respectively. The
P,;; of Column SSRC-B40-E25 was 8.5% higher than the
P,;; of Column SSRC-B60-E25. The higher P,,;, of Column
SSRC-B40-E25 compared to Column SSRC-B60-E25 was
because of higher confining pressure generated by lateral ties
at the non-strengthened zone of Column SSRC-B40-E25
leading to the later cracking and no-spalling of non-



30 Anh Duc Mai, Ngoc Duong Vo, Van Huong Nguyen, Phuoc Dung Tran, Van Tuoi Nguyen

strengthened cover concrete in the compression face. The A
of Column SSRC-B40-E25 was 22.5% higher than the A of
Column SSRC-B60-E25 and 146% higher than the A of
Column SSRC-B0-E25. Unlike to Column SSRC-B40-E15,
the post-peak axial load of Column SSRC-B40-E25 had the
similar pattern as the post-peak axial load of Column SSRC-
B60-E25 because of no rupture of CFRP band occurred on
Columns SSRC-B40-E25 and SSRC-B60-E25. The A of
Column SSRC-B60-E25 was 101.2% higher than the A of
Column SSRC-B0-E25. The higher ductility of Columns
SSRC-B60-E25 and SSRC-B40-E25 compared to Column
SSRC-B0-E25 was ascribed to the progressive reduction of
the post-peak load-deformation of Columns SSRC-B60-E25
and SSRC-B40-E25. Table 5 presents the key test results of
SSRC columns under pure bending, while Figure 10
presents the flexural load-midspan deflection (hereafter
referred as flexural load-deflection) response of SSRC
columns under pure bending. The ascending portion of the
flexural load-deflection response of Columns SSRC-B0-B,
SSRC-B60-B and SSRC-B40-B was similar up to the yield
flexural load (P;) of Columns SSRC-B0O-B. Columns
SSRC-B60-B and SSRC-40-B experienced the ascending
post-peak flexural load-deflection response, whereas
Column SSRC-B0-B experienced the linear post-peak
flexural load-deflection response. The higher ultimate
flexural load (P;;;) and the post-peak ascending flexural
load-deflection response of the CFRP confined SSRC
columns were also reported in [3], [23], [28]. This could be
ascribed to the CFRP confinement effect on the concrete of
compression face the CFRP confined columns after tensile
longitudinal reinforcement yielding. The contribution of
compressive concrete strength on the Pj;, (the ultimate
moment) of non-strengthened under-reinforced column was
insignificant [27]. The linear post-peak flexural load-
deflection of Column SSRC-B0-B was due to the yielding
of tensile longitudinal reinforcement. A similar observation
of the linear post-peak flexural load-deflection of control
SSRC column was reported in [28].
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The P, of Columns SSRC-B60-B (155.9 kN) and
SSRC-B40-B (160.4 kN) was 23.6% and 27.2% higher
than the P;;,, of Column SSRC-B0-B, respectively. The
P of Column SSRC-B40-B was closed to the P;;, of
Column SSRC-B60-B with 2.9% difference. The A of
Column SSRC-B60-B and Column SSRC-B40-B was
2.6% and 11.4% higher than the A of Column SSRC-B0-B,
respectively. The A of Column SSRC-B40-B was 8.5%
higher than the A of Column SSRC-B60-B.

3.3. Effect of load eccentricity (e)

As illustrated in Table 4, the higher e, the lower LCC
and A of the SSRC columns. The reduction of the LCC and
A of the SSRC columns resulting from the increase of the e
was due to the reduction of compression area confined by
CFRP. It is noted that the increase of the e from 15 mm to
25 mm resulted in the increase in the A of Column SSRC-
B40-E15, which was due to the abrupt loss of the axial load
of Column SSRC-B40-E15 compared to the steady
reduction of the axial load of Column SSRC-B40-E25. The
abrupt loss of the axial load of Column SSRC-B40-E15
was resulted from CFRP band rupture, whereas, the steady
decrease of the axial load of Column SSRC-B40-E25
resulted from cover concrete cracking in the compression
ace without any CFRP band rupture.

4. Axial and flexural interaction diagrams (strength
diagram)

Figure 11 shows the experimental axial-flexural
interaction (P-M) diagrams of SSRC columns, plotted
based on four points in which the first point presents the
column LCC under concentric compression. The second
and third points present the P,; and bending moment
(M,,;;) of the SSRC columns tested under 15 mm and 25
mm eccentric compression, respectively. The experimental
M, at the mid-column of CC-SSRC column was given
using Eq. (2). The fourth point presents the pure bending
moment of column under four-point flexural load. The M,,
at the midspan of column was given using Eq. (3).

My = Pue(e+ 6) 2
1 3)
My = E Py

where § indicates the column lateral deformation at the
P, and L indicate the distance between two supports of
the test column, which is 233 mm.

As illustrated in Figure 11, the increase of the M,,;; of
SSRC columns was corresponding to the decrease of the
P,;:. Columns of Groups SSRC-B0, SSRC-B60 and
SSRC-B60 showed the similar experimental axial-flexural
behaviour under concentric and eccentric compression.
The discrepancy of the axial-flexural behaviour of the
columns of Groups SSRC-B0, SSRC-B60 and SSRC-B60
under pure bending may be ascribed to non-pure bending
of columns because of the short of span-to-depth ratio of
the columns. However, under all loading condition, Group
SSRC-B40 columns always showed the highest P,;, and
highest M,,;,, followed by Group SSRC-B60 columns and
Group SSRC-B0O columns. Under 15 mm and 25 mm
eccentric compression, the M,,;; of Columns SSRC-B60-
E15 and SSRC-B60-E25 were 14.1% and 12.5% higher
than the M,,;, of Columns SSRC-B0-E15 and SSRC-BO0-
E25, respectively. The M,,;; of columns SSRC-B40-E15
and SSRC-B40-E25 were 15% and 13.3% higher than the
M,,;; of Columns SSRC-B60-E15 and SSRC-B60-E25 and
31.3% and 27.5% higher than the M,,;; of Columns SSRC-
BO-E15 and SSRC-B0-E25. For pure bending, the M,,;, of
Column SSRC-B60-B was 23.5% higher than the M,,;; of
Column SSRC-B0-B. The M,,;; of Column SSRC-B40-B
was 3% higher than the M,,;; of Column SSRC-B60-B and



ISSN 1859-1531 - TAP CHi KHOA HOC VA CONG NGHE - DAl HOC DA NANG, VOL. 22, NO. 5A, 2024 31

27.1% higher than the M,,;; of Column SSRC-B0-B. The
higher P,;; and M,,;, of the columns of Groups SSRC-B60
and SSRC-B40 compared to those of the columns of Group
SSRC-BO0 indicated the efficiency of discontinuous FRP
strengthening in improving the performance of SSRC
columns.
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Figure 11. Experimental axial-flexural interaction diagrams

The theoretical P-M diagrams were established based
on equivalent stress block in accordance with AS
3600:2009 [65], which is relied on an assumption of strain
compatibility and force equilibrium and then compared
with the experimental P-M diagrams. The theoretical P-M
diagram was plotted based on four points, which is
corresponding to four points of the experimental P-M
diagram. It should be mentioned that the theoretical P-M
diagrams of CFRPBC-SSRC columns were constructed
similarly to the theoretical P-M diagram of unconfined

25000

SSRC columns; however, the stress and strain of FRP
confined concrete was employed instead of the stress and
strain of unconfined concrete.

The theoretical P,;; of CFRPBC-SSRC columns under
concentric compression was calculated in accordance with
ACI 440.2R-17 [2], as illustrated in Eq. (4)

Py = 0.85f5.(A; — As) + fiyAs 4)
where f,. stands for the FRP confined concrete strength,
Ay and A, stand for the gross cross-sectional area of
column and longitudinal reinforcement; respectively and
fsy stands for the longitudinal reinforcement yield strength.

The compressive strength (f;,) and strain (g..) of FRP
confined concrete were computed based on two
distinguished codes including ACI 440.2R-17 [2] and FIB
Bulletin 14 [54]. In FIB Bulletin 14 [54], the lower
confinement effect of discontinuous strengthening in
comparison to continuous strengthening was taken into
account by introducing a confinement -effectiveness
coefficient (k,), which was adopted from the k, proposed
by Mander, et al. [66] in calculating effective lateral
confining pressure (f;) of lateral ties. In contrast, ACI
440.2R-17 [2] has not yet included partial wrapping, thus,
there has no k., proposed. Therefore, when applying the
code of ACI 400.2R-17 [2] for calculating the strength of
CFRPBC-SSRC columns, the k, proposed in FIB Bulletin
14 [54] was adopted for considering the lower confinement
effect of discontinuous strengthening in comparison to
continuous strengthening. The f,. and ¢.. of FRP confined
concrete were calculated based on the equations presented
in Table 6.

Table 6. Equations of ACI 440-2R and FIB Bulletin 14

ACI 440.2R-17 [1]

FIB Bulletin 14 [2]

fc—c =1+ a)f3.3kaif =1+ 3.135kaif

fc’o co co

£,.1,045
Eeu = co [1.5 + 12k, (}{—1) (Sf—e) ]
co co

0.02 [1.5 + 12k, (i) (Sf—e)o'“]

fo=fol 0243 [l
feo

E. e
£ = Eco <2 + 1.25;—,” /ﬁfﬂ)
co co

1
fi = Eprfgfekeka

fc’o Eco
_ ZEfnSfetfk pr = ﬂ
1= D e f df
&re = kegp = 0.55¢¢ E. = 47004/,
a2 Ay (m\0S [, (h=2m)? + (b — 21)?
ke = 5(0) o = 22(3) ka = [1‘ 34,(1— py)
b h
L1 ((E) (h=21) + ()b~ 2rc)2)/(3Ag) s s\
Ae _ 1=5a; s\
A 1-p) =——T ~(1-
c s e 1= Psg de
D =+/h? + b?

The experimental and theoretical results presented in
Figure 12 indicates that using the models provided in ACI
440.2R-17 [2] in estimating the P,;; of CFRPBC-SSRC
columns was more accurate compared to using the models
provided in FIB Bulletin 14 [54]. The estimation of P,;; of

specimens under concentric and eccentric compression
using the model provided in ACI 440.2R-17 [2] was
conservative. The model provided in FIB Bulletin 14 [54]
overestimated the P,;; of the CFRPBC-SSRC columns.
The lower theoretical M,,;; compared to experimental M,,;;
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of SSRC columns under pure bending could be due to the
non-pure bending of test columns.
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Figure 12. Comparison between the experimental and
theoretical P-M diagrams: (a) Group SSRC-BO,
(b) Group SSRC-B60, and (c) Group SSRC-B40

5. Conclusions

This investigation examines the effect of the position and
width of CFRP bands on the performance of eccentrically
compressed CFRP band-confined SSRC columns by testing
four control SSRC columns and eight CFRP band-confined
SSRC columns. The key parameters consider in this
investigation  consisting of different  discontinuous
strengthening schemes (non-strengthening, discontinuous
strengthening without considering the position of lateral ties
and discontinuous strengthening with CFRP bands placed in
between lateral ties) and the magnitude of the applied load
eccentricity. Based on the observation and test findings, the
main conclusions are as follows:

(1) The SSRC columns sustained higher strength by
discontinuously confined with CFRP bands compared to
their counterparts without CFRP strengthening. Under
concentric, eccentric axial compression (15 mm and 25
mm eccentricity) and pure bending, the strength of the
SSRC columns discontinuously confined with CFRP band
without taking into account the position of the lateral ties
was 12.1%, 9.6%, 8.6% and 23.6%, respectively, higher
than that of their counterparts without CFRP confinement,
while the improvement of strength of SSRC columns
discontinuously confined with CFRP bands placed in
between lateral ties was 21.2%, 23.7%, 17.9% and 27.2%.

(2) At the same amount of CFRP utilized for
discontinuous confinement of SSRC columns, employing
smaller CFRP bands and placing CFRP bands between
lateral ties resulted in better performance of CFRP band-
confined SSRC columns compared to placing CFRP bands
without taking into account the position of lateral ties. The
differences between the strength of discontinuous
confinement with and without considering the position of
lateral ties under concentric, eccentric axial compression

(15 mm and 25 mm eccentricity) and pure bending were
8.1%, 9.6%, 8.6% and 8.5%, respectively.

(3) The SSRC columns achieved a remarkable
enhancement of the ductility by discontinuously
strengthening with CFRP bands. The ductility of the SSRC
columns discontinuously confined with CFRP bands
without taking into account the position of the lateral ties
was much lower than that of their counterparts
discontinuously confined with CFRP bands in placed in
between the lateral ties.

(4) The experimental compressive strength-bending
moment capacity of SSRC columns discontinuously
confined with CFRP bands placed in between lateral ties
was higher than that of their counterparts confined with
CFRP bands without taking into account the position of
lateral ties. The compressive strength-bending moment
capacity of CFRP band-confined SSRC columns was
higher than that of SSRC columns without CFRP
strengthening.

(5) The theoretical compressive and flexural strength of
CFRP band-confined SSRC columns determined based on
the adoption of confinement effectiveness coefficient and
ACI 440.2R-17 [2] model was in good agreement with the
test results.

(6) The ACI 440.2R-17 [2] model was found to be more
accurate in estimating the compressive and flexural
strength of CFRP band-confined SSRC columns, whereas,
the FIB Bulletin 14 [54] model was found to overestimate
ultimate compressive and flexural strength of CFRP band-
confined SSRC columns.
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Notations

fee, = maximum compressive strength of FRP confined concrete,
f1 = lateral confining pressure generated by FRP jacket;

fzo = compressive strength of unconfined concrete;

&¢ = Ultimate axial compressive strain of confined concrete;
€0 = maximum compressive strain of unconfined concrete;
&r = effective strain of FRP;

E; = tensile modulus of elasticity of FRP;

&r = tensile strain of FRP;

t; = nominal thickness of one ply of FRP;

n = number of FRP plies;

py = volumetric ratio of FRP jacket;

k, = efficiency factor accounting for the geometry of the
section in calculating the ultimate axial strength;

k;, = efficiency factor accounting for the geometry of the
section in calculating the ultimate axial strain;

k. = efficiency factor accounting for the discontinuous
confinement;

b = short-side dimension of the cross-section;
h = long-side of the dimension of the cross-section;
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. = corner radius;

D = equivalent diameter of cross-section;

A, = effectively confined cross-sectional area;

A, = cross-sectional area of concrete;

ps = ratio of longitudinal steel reinforcement;

E.. = secant modulus of elasticity of FRP confine concrete;
E. = initial tangent modulus of elasticity of concrete;

B = constant coefficient representing the concrete properties;
d; = minimum dimension of cross-section;

s’ = clear spacing between transverse FRP bands.
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