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A B S T R A C T

For economical and fast construction, a prefabricated composite (PSRC) column that uses steel angles has been
developed. In the existing PSRC columns, transverse bars are welded to the steel angles in a factory. In the
present study, to further improve the constructability, transverse steel plates are used, and the plates are bolted
to the steel angles. In addition, steel forms (for concrete casting) can be integrated with the steel angles, which
significantly reduces the construction time. As a fundamental structural test, concentric axial loading was ap-
plied to the proposed PSRC columns, to verify their axial load-carrying capacity. The test results showed that the
axial load-carrying capacity of the PSRC columns was comparable with that of the conventional concrete-en-
cased steel (CES) columns. Z-section plates for transverse reinforcement provided good lateral confinement to
the cover concrete as well as the core concrete. In contrast, the PSRC columns with transverse flat plates were
vulnerable to bond failure of the cover concrete, which degraded their load-carrying capacity. The strengths of
the test specimens were predicted by the current design method and nonlinear numerical analysis. The pre-
dictions agreed with the test results.

1. Introduction

In order to improve the constructability, particularly for buildings
with long and large columns, a prefabricated steel-reinforced concrete
(PSRC) column has been developed (Fig. 1a) [1–3]. In the existing PSRC
columns, the steel angles at the four corners of the cross section are
weld-connected to transverse reinforcing bars. The corner steel angles
can provide the axial and flexural capacity of the columns, without the
use of longitudinal reinforcing bars. The transverse bars provide lateral
confinement to the core concrete, lateral restraint for the steel angles,
and shear transfer between the steel angle and concrete [1–3]. The steel
cage of PSRC columns is prefabricated in factories, and forms for con-
crete casting can be integrated with the steel angles. Thus, field work
can be minimized and constructability can be improved. Further, the
steel angle column can be fabricated with steel beams before concrete
casting. Due to the high rigidity of the steel cage, temporary supports to
resist construction load are unnecessary. Unlike in concrete filled tub-
ular columns with exposed steel, the cover concrete can provide fire
resistance and restrain premature buckling of the steel angles.

In early studies, various researchers performed compression tests for
RC columns externally strengthened with steel angles (at the four

corners of the cross section) and transverse plates (battens or strips)
[4–10]. The test results showed that the load-carrying capacity of steel
angle columns improved due to the lateral confinement provided by the
steel angles and transverse plates, particularly with the increased vo-
lume ratio of the transverse plates [6,9]. Column failure was initiated
by buckling of the steel angles after yielding [10]. Kim et al. [11] re-
ported that the fire resistance of columns degraded significantly with
premature buckling of the exposed steel angles.

On the other hand, in the case of PSRC columns, the cover concrete
can restrain premature buckling of the steel angles and provide fire
resistance. In the early experimental studies on PSRC columns, trans-
verse reinforcing bars were weld-connected to the steel angles [1–3,12].
Under concentric compression force, the deformation and load-carrying
capacities of PSRC columns were greater than those of a conventional
CES column (with a wide flange section steel at the center of the cross
section) due to lateral confinement of the corner angles and transverse
bars [3]. Under cyclic lateral load tests, the PSRC columns exhibited
lower deformation capacity due to the spalling of cover concrete and
subsequent local buckling of the steel angles [3]. This failure was also
observed in eccentric axial testing [12]; based on the tests, the authors
recommended that the transverse bar spacing be a quarter of the
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column dimension to prevent early spalling of cover concrete [3,12]. In
the flexural test, the flexural strength and stiffness of PSRC columns,
respectively, were 35 and 26% greater than those of the CES column

with the same steel ratio [1]. Other researchers performed cyclic lateral
loading tests for nine concrete-encased steel angle columns using weld-
connected transverse steel plates [13]. The test result showed that, as
the steel plate (volume) ratio increased, the ductility and energy dis-
sipation capacity of the specimens increased. The failure mode of the
specimens was similar to that of [3].

Despite the advantages of existing PSRC columns, the weld con-
nection between steel angles and transverse bars requires significant
labor and quality control in fabricating the steel cage. Thus, for the
present study, a new PSRC column method was developed that uses bolt
connections (Fig. 1b); bolt connections enable fast fabrication and
better quality control, and the bolt head can provide additional bond
resistance between steel angle and concrete. Further, forms (for con-
crete casting) can be integrated into the steel cage by bolt connections,
which significantly reduces the field concrete work.

As a fundamental structural verification of the novel method, con-
centric axial loading tests were performed on PSRC columns and con-
ventional CES columns to investigate their compressive strengths and
lateral confinement effect. The load-carrying capacity, deformation
capacity, and failure mode of the column specimens were evaluated,
and the tested strengths were compared with the predictions by existing
design code and nonlinear numerical analysis. A parametric study was
performed for the proposed PSRC columns to investigate the effect of
various design parameters on the axial performance.

2. Test plan

2.1. Test specimens

Table 1 and Fig. 2 show the geometric and material properties of
two conventional CES column specimens (C1 and C2) and four PSRC
column specimens (P1–P4). For comparison, Table 1 also presents the
specimen properties (PSRC columns with weld connections) of Hwang
et al. [3], which is discussed in Section 4.2. In Table 1, Fy and Fu in-
dicate the yield and tensile strength of longitudinal steel, respectively,
while those of longitudinal bars are denoted as fy and fu. The test
parameters were the vertical spacing of transverse reinforcement

Fig. 1. PSRC composite columns: (a) weld-connected steel angles (previous
study [1–3]); (b) bolt-connected steel angles (present study).

Table 1
Test parameters of specimens.

Longitudinal steel Longitudinal bars Transverse reinforcements

Specimens Section
[steel ratioa, %]

Fy(MPa) Fu(MPa) Section
[steel
ratioa, %]

Fy(MPa) Fu(MPa) Section @ vertical
spacing (mm)

fyor Fy

(MPa)
fuor Fu
(MPa)

Present study:
Bolt-connected steel angles

C1 H-140 × 140 × 8 × 10b [1.5] 502 567 4-D19
[0.5]

554 648 D10 @ 250c 565 686

C2 H-140 × 140 × 8 × 10b [1.5] 502 567 4-D19
[0.5]

554 648 D10 @ 150c 565 686

P1 L-75 × 75 × 9 [2.0] 378 551 – – – FB-40 × 3.2
@ 250

353 489

P2 L-75 × 75 × 9 [2.0] 378 551 – – – FB-40 × 3.2
@ 150

353 489

P3 L-75 × 75 × 9 [2.0] 378 551 – – – Z-30 × 50 × 30
@ 250

353 489

P4 L-75 × 75 × 9 [2.0] 378 551 – – – FB-40 × 3.2
@ 150

353 489

Previous study:
weld-connected steel angles [3]

S2 L-90 × 90 × 7 [2.0] 444 689 4-D19
[0.5]

523 650 D10 @ 200d 522 654

S3 L-90 × 90 × 7 [2.0] 444 689 – – – D10 @ 100d 522 654
S4 L-90 × 90 × 7 [2.0] 444 689 – – – D10 @ 200d 522 654
S5 L-90 × 90 × 7 [3.1] 444 689 – – – D10 @ 100d 522 654
S6 L-90 × 90 × 7 [3.1] 444 689 – – – D10 @ 200d 522 654

Note : Column section dimensions = b× h= 500 mm× 500 mm for S2, S3, and S4; b× h= 400 mm× 400 mm for S5 and S6; column net height = 1,500 mm for
S2–S6; concrete strength = 23.5 MPa for S2-S6 [3].

a Area ratio of longitudinal steel section to gross column section.
b Wide flange section H-depth × width × web thickness × flange thickness.
c Rectangular hoop re-bars with 135° end hooks.
d 390 mm-long re-bars welded to steel angle with a weld length of 85 mm (Hwang et al. [3]).
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(s = 150 or 250 mm), section type of transverse steel plates (flat- or Z-
section), and width-to-thickness ratio of steel angles (slender or non-
slender section [14]).

The dimensions of the cross section was
h × h = 500 mm × 500 mm, and the net height of the specimens
(excluding rigid ends) was Hc = 2,150 mm. To prevent local damage at
the ends of the column specimens, the top and bottom concrete of the
specimens were externally strengthened by rectangular steel tube sec-
tion B-524 × 524 × 12 and bearing plates.

In CES specimens C1 and C2, a wide flange steel section of H-
140 × 140 × 8 × 10 (depth × width × web thickness × flange
thickness, Fig. 2a) was placed at the center of the cross section. Four
D19 (No. 6) longitudinal bars (diameter db = 19.1 mm and cross-sec-
tional area Ab = 287 mm2 each) and D10 (No. 3) hoop bars
(db = 9.5 mm and Ab = 71 mm2 each) were used. The steel ratio in-
cluding longitudinal bars (=the area ratio of the steel section to the
gross section) was 2.0% (>minimum steel ratio specified in AISC 360-
16 [14] = 1.0%), which is identical to the steel ratio of the PSRC
specimens. For full composite action between the wide flange steel and
concrete, four-headed studs (diameter = 16 mm and nominal tensile
strength = 400 MPa) were welded to the flange at vertical spacing of
250 mm (Fig. 2a). In C1, the vertical spacing of the hoop bars was
250 mm (=0.5 h), which satisfied the maximum spacing specified in
AISC 360–16 [14]. In C2, the hoop spacing was decreased to 150 mm
(=0.3 h).

In PSRC specimens P1, P2, and P3, four non-slender section angles
of L-75 × 75 × 9 (width-to-thickness (b/t) ratio = 8.3, Fig. 2b) were
used at the corners of the cross section. According to AISC 360–16 [14],
when the b/t ratio of a steel angle is less than 0.45 E F/s y = 10.4 (in
which Es = 200 GPa is the elastic modulus of steel), the steel section is
regarded as non-slender section (slender section for the opposite case).
In P4, slender section angles of L-90 × 90 × 7 (b/t = 12.9, Fig. 2b)
were used. Transverse steel plates were connected to the vertical steel
angles using tension control bolts (twist-off type, diameter of bolt
body = 16 mm, and nominal tensile strength = 1000 MPa). The bolt
assembly was designed in accordance with KS B 2819 (Korean Stan-
dard) [15].

In P1, transverse flat plates [see the section of FB-40 × 3.2 in
Fig. 2b, length = 390 mm and cross sectional area = 128 mm2 each]
were used at vertical spacing of 250 mm (=0.5 h). Compared to P1, the
spacing of P2 and P4 was decreased to 150 mm (=0.3 h) to investigate
the effect of the transverse plate spacing on the structural performance
of PSRC columns. In P3, transverse Z-section plates were used at

spacing of 250 mm [see the section of Z-30 × 50 × 30 in Fig. 2b,
length = 390 mm and cross-sectional area = 332 mm2 each]. When
compared to flat plates and reinforcing bars, the use of Z-section plates
was expected to increase the lateral confinement to concrete and the
bond resistance of steel angles due to the larger flexural rigidity and
bearing area.

2.2. Bolt connection between steel angles and transverse plates

In PSRC columns, tension force acting on the transverse plates
provides lateral confinement and shear resistance. To evaluate the
available tensile strength of the transverse plates, failure modes of the
transverse plates and bolt-connection were considered. According to
AISC 360-16 [14], the nominal tensile resistance Rn of transverse re-
inforcement is determined as the minimum strength of the following
limit states (Fig. 3): (A) yielding of the gross section [Ro, Eq. (A.1) in
Appendix A], (B) tensile rupture of the effective net section [Re, Eq.
(A.2)], (C) bearing/tear-out failures at the bolt hole [Rbh, Eq. (A.3)], (D)
block shear rupture [Rbs, Eq. (A.4)], and (E) shear failure of the bolt [Rs,
Eq. (A.5)]. The detailed equations are available in Appendix A.

Table 2 presents the nominal strengths according to failure modes
(A)–(E). In the PSRC specimens, the nominal transverse reinforcement

Fig. 2. Test specimens (unit: mm).

Fig. 3. Failure modes of bolt-connection between steel angle and transverse
plate.
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resistances Rn = 34.4 and 40.9 kN of FB-40 × 3.2 (P1, P2, and P4) and
Z-30 × 50 × 30 (P3) were determined from the tensile rupture of the
effective net section and the block shear rupture, respectively. Rn of the
transverse plates in PSRC specimens was close to the yield strength Ro
(=40.1 kN) of the hoop bars in CES specimens. It is noted that the
cross-sectional area of the Z-section plate was intentionally increased to
enable form-integrated PSRC columns (i.e., to fix the exterior form
plates). Thus, Rn of the Z-section plates was significantly less than Ro of
the section.

2.3. Material properties and testing method

Fig. 4 shows the stress–strain relationships of the steel used in the
specimens, while Table 1 presents the yield (Fy and fy) and tensile
strengths (Fu and fu) of the steel. To directly compare the structural
capacities of CES and PSRC columns, the steel yield strength of the CES
specimens should be the same as that of the PSRC specimens. However,
because the number and shape of the steel sections were different, it
was difficult to design two different steel sections with an identical steel
grade. Thus, considering available steel grade and thickness, 502 MPa
yield strength steel was used for CES specimens, and 378 MPa yield
strength steel was used for PSRC specimens. The yield strength of the
longitudinal D19 bars in CES columns was fy = 554 MPa. Compression
tests were performed on six concrete cylinders (diameter = 100 mm
and height = 200 mm). The average of the concrete strengths measured
on the day of the column tests was fc

' = 23 MPa. The strengths of the
concrete, steel, and reinforcing bars measured from the material tests
were used for predicting the nominal tensile strength of the transverse
reinforcements, the nominal compressive strengths of the test speci-
mens, and nonlinear numerical analysis.

Fig. 5 shows the test setup for concentric axial loading. An axial load
was applied to the center of the column using a universal testing ma-
chine (10 MN capacity UTM), and the loading rate was

0.01–0.015 mm/s. The bottom of column specimens was simply sup-
ported on the rigid test bed without using fasteners. Axial shortening
of the columns was measured by four linear variable differential
transformers (LVDTs). The strains of longitudinal steel (wide flange
section steel of CES and steel angles of PSRC) and transverse re-
inforcements (hoop bar of CES and steel plates of PSRC) were measured
using uniaxial strain gauges.

3. Test results

3.1. Axial load-strain relationship

Fig. 6 shows the axial load–strain (P– ) relationships of the speci-
mens. The thick solid line indicates the test result. The axial strain was
calculated by dividing the axial shortening by net column height
Hc = 2150 mm; indicates the average of the measured displacements
(Fig. 5). Table 3 summarizes the peak strength Pu, nominal compressive
strength Pn, axial strain o at the peak strength, yield stiffness Ky, and
ultimate strain u of the specimens. Ky was defined as the slope corre-
sponding to 0.75Pu before the peak strength, while the ultimate strain

u was defined as the post-peak strain corresponding to 0.75Pu [1,3].
Fig. 6 and Table 3 also present the results of nonlinear numerical
analysis, which are discussed in Section 5.1.

Fig. 6a and b show the test results of CES specimens C1 and C2,
respectively. C1 with D10 hoops at a vertical spacing of 250 mm
(s = 250 mm) showed the peak strength Pu = 8660 kN at axial strain

o = 0.0022. After the peak strength, strength degradation occurred
due to the spalling of cover concrete. The maximum strain corre-
sponding to 75% of the peak strength was u = 0.0029. In C2 with
greater lateral confinement (hoop spacing s = 150 mm), due to fabri-
cation error (initial crookedness), early concrete spalling (at P 6600
kN) occurred at the surface, which significantly degraded axial stiffness.
For this reason, the peak strength Pu = 6956 kN (at o = 0.0021) was
less than that of C1. However, due to the closely spaced hoop bars, the
ultimate strain corresponding to 0.75Pu increased to u = 0.0037. The
yield stiffness of C1 and C2 was Ky = 2580 and 2485 kN/mm,

Table 2
Tensile strength of transverse reinforcement with bolt connection.

Specimens C1, C2 P1, P2, P4 P3
Transverse reinforcement Re-bar

D10
Steel plate
FB-40 × 3.2

Steel plate
Z-30 × 50 × 30

Ro(kN) 40.1 45.2 117
Re (kN) – 34.4 133.9
Rbh (kN) – 61 61
Rbs (kN) – 40.9 40.9
Rs (kN) – 100.5 100.5
Rn (kN) 40.1 34.4 40.9
= Rn/Ro 1 0.76 0.35

Note: Nominal tensile strength was predicted based on the measured yield and
tensile strengths of transverse reinforcements.

Fig. 4. Stress-strain relationships of steel.

Fig. 5. Test set-up (unit: mm).
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respectively.
Fig. 6c–e show the test results of PSRC specimens P1, P2, and P3

with non-slender section angles [14], respectively. In P1 with trans-
verse flat plate FB-40 × 3.2 (s = 250 mm), the peak strength was
Pu = 7391 kN at o = 0.0017. After the peak strength, the load-carrying
capacity was significantly degraded by concrete spalling. The de-
formation capacity corresponding to 0.75Pu was u = 0.0025 (Fig. 6c).
In the case of P2 with closely spaced transverse flat plates
(s = 150 mm), early cracking occurred in cover concrete. Thus, the
peak strength Pu = 6358 kN (at o = 0.0021) was the lowest. However,
post-peak behavior was ductile, exhibiting the greatest deformation
capacity ( u = 0.0066), due to the lateral confinement provided by the
closely spaced transverse plates (Fig. 6d). In P3 using transverse Z-
section plates Z-30 × 50 × 30, the peak strength Pu = 7,934 kN (at

o = 0.0022) was the greatest in the PSRC specimens, despite the re-
latively large spacing of the transverse plates (s = 250 mm). The de-
formation capacity ( u = 0.0030) was slightly greater than that of P1
with transverse flat plates (Fig. 6e). In P4 using slender section steel
angles L-90 × 90× 7 [14] (with transverse FB-40 × 3.2, s=150 mm),
early failure of cover concrete did not occur, the peak strength in-
creased to Pu = 7722 kN (at o = 0.0018), and the deformation ca-
pacity was u = 0.0031 (Fig. 6f). The peak strength of P4 was the

second largest in the PSRC specimens despite the use of the slender
section angles. This is because the closely spaced transverse plates re-
strained early buckling of the steel angles and provided good lateral
confinement to the core concrete (see section 4.2).

In PSRC specimens, the peak strength Pu = 7391–7934 kN (except
for P2 that showed early concrete damage) and yield stiffness
Ky = 2156–2423 kN/mmwere less than those of C1. This is because the
yield strength ( fy = 378 MPa) of the steel angles was less than that of
the steel ( fy = 502 MPa) in the CES specimens (Fig. 4 and Table 1), and
the bolt holes decreased the effective area of the steel angle (see the
effective section of steel angle in Fig. 2b).

3.2. Failure modes

Fig. 7a–f show concrete damage of the specimens at the end of the
tests. In the CES specimens (Fig. 7a and b), concrete cracks were dis-
tributed in the flat surface of the column. In contrast, in the case of the
PSRC specimens (Fig. 7c–f), vertical cracking was concentrated at the
corners of the cross section where the steel angles were placed. The
vertical cracks are attributed to bond failure between the smooth sur-
face of the steel angles and cover concrete [1,3,12] (Fig. 7g). This
failure mode was pronounced in P1, P2, and P4 using transverse flat

Fig. 6. Axial load–strain relationships of test specimens.

Table 3
Summary of test results.

Test results Predictions

Specimens Pu(kN) o (mm/mm) Ky (kN/mm) u (mm/mm) AISC 360-16 Numerical analysis

Pn[Pn1] (kN) Pu/Pn [Pu/Pn1] Pn,num (kN) Pu/Pn,num

C1 8660 0.0022 2580 0.0029 7250 [−] 1.19 [−] 7790 1.11
C2 6956 0.0021 2485 0.0037 7250 [−] 0.96 [−] 8017 0.87
P1 7391 0.0017 2423 0.0025 6185 [6675] 1.19 [1.11] 7333 1.01
P2 6358 0.0017 2191 0.0066 6185 [6675] 1.03 [0.95] 7494 0.85
P3 7934 0.0022 2156 0.0030 6185 [6675] 1.28 [1.19] 7478 1.06
P4 7722 0.0018 2297 0.0031 6210 [6592] 1.24 [1.17] 7551 1.02

Note: Pn = Nominal compressive strength predicted by using the reduced effective section of steel angle; Pn1 = Nominal compressive strength predicted by using the
gross section of steel angle.
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plates, where concrete spalling occurred in the entire surface of the
steel angles (Fig. 7g). In P3, in contrast, the vertical cracks were located
closer to the section corner, and concrete spalling was restrained until
the failure point (Fig. 7e and h). This is because the transverse Z-section
plates provided lateral confinement to the cover concrete as well as core
concrete (Fig. 7i). For all PSRC specimens, ultimately, the cover con-
crete was delaminated along the interface between the transverse plates
and cover concrete due to the out-of-plane deformation of the steel
angles and transverse plates.

Fig. 7j–p show failure modes of the longitudinal bar, steel angle, and
transverse reinforcements. In CES specimen C1 (Fig. 7j), local buckling
of the longitudinal bar occurred between the hoop bars. In PSRC spe-
cimens P1 and P3 with non-slender section angles (Fig. 7k and n), local
buckling was not clearly seen in the steel angle. In contrast, in P2
(Fig. 7m), local buckling of steel angles occurred after large inelastic
deformation. In P4 (Fig. 7p), local buckling of steel angles was more
pronounced due to the slender section angles. Fig. 7k–p show that the
transverse plates were deformed in the out-of-plane direction, but the
bolt connections did not fail.

3.3. Strains of longitudinal steels and transverse reinforcements

The strains of the longitudinal steels and transverse reinforcements
were measured from the strain gauges located at the mid-height of the
columns (Fig. 2). Fig. 8a shows the compressive strains (positive sign)
of the longitudinal steels (wide flange section steel of CES and steel
angles of PSRC) according to the axial strain of columns. Until the
peak strength Pu, the strains of the steel increased proportionally to . In
C1 and C2, the strains of the wide flange section steel at Pu were 0.0022
and 0.0021, respectively, which were slightly less than their yield strain

y = 0.0025 and increased until column failure. In contrast, in the PSRC
specimens, the strains of the steel angles were almost uniform after they
reached 0.0015–0.0019 at Pu, which was less than its y = 0.0019. This
is because after the peak strength, yielding of the steel angle was lo-
calized at the bolt holes where the effective area was reduced. For this

reason, the stress and strain of the gross section are limited.
Fig. 8b shows the tensile strains of the transverse reinforcements

(hoop bars of CES and transverse plates of PSRC) measured at the mid-
height of the columns. The strains of the hoop bars and transverse
plates were significantly less than their yield strains y = 0.0028 and
0.0017, respectively. Further, the strains of the flat plates and Z-section
plates did not reach the allowable maximum strains y = 0.0013 and
0.006 [see in Eq. (2)] of the transverse plates corresponding to bolt
connection failure, respectively. These results indicate that for all spe-
cimens, the lateral confinement was not high [16,17]. The strains of the
transverse plates in the PSRC specimens were less because the sectional
areas of the flat and Z-section plates were 80 and 368% greater than
that of the hoop bars, respectively.

4. Evaluation of axial load-carrying capacity

4.1. Comparison to AISC 360

The axial load-carrying capacities of the specimens were predicted
according to AISC 360-16 [14], in which the nominal compressive
strength Pn of a concrete encased composite column is calculated con-
sidering inelastic buckling. In PSRC specimens, the sectional loss of
steel angles due to the bolt-connection was 25.5% for L-75 × 75 × 9
and 20.8% for L-90 × 90 × 7, respectively. Thus, in the calculation of
Pn, the gross sectional properties (i.e., cross-sectional area and second-
order moment of inertia) of the steel angle were replaced by the re-
duced properties of the effective section (Fig. 2b). For comparison, the
nominal compressive strength Pn1 using the gross sectional properties of
the steel angle was calculated.

Fig. 6 presents the nominal compressive strengths Pn and Pn1 of the
specimens as horizontal dotted lines, while Table 3 summarizes the
ratios of the test result to prediction Pu/Pn and Pu/Pn1 (Pn = Pn1 for
CES). In PSRC specimens, Pn was 5.7–7.3% less than Pn1 (Table 3). Due
to the higher yield strengths of the steel in the CES specimens and the
bolt hole in the steel angles of the PSRC specimens, Pn of the PSRC
specimens was about 1000 kN less than that of the CES specimens.

Fig. 7. Failure modes of test specimens at the end of the test.
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However, in actual PSRC columns with larger dimensions of column
and steel angle section, the sectional loss of the steel angle due to the
bolt connection is not as significant as that for the specimens.

In Table 3, the test strengths of the specimens were 3–28% greater
than the predictions Pn of AISC 360–16 [14], except for C2 with early
concrete spalling. The strength ratios of C1 and C2 were Pu/Pn = 1.19
and 0.96, respectively. In the case of the PSRC specimens, the strength
ratios ranged from Pu/Pn = 1.03 to 1.28, which indicates that the
nominal strength can safely predict the strength of PSRC columns.
When considering the gross section of the steel angle, the predictions
Pn1 of P1, P3, and P4 were close to the test results. However, in P2
showing early spalling of cover concrete, the test strength was slightly
less than the prediction (Pu/Pn1 = 0.95).

4.2. Lateral confinement effect

To investigate the lateral confinement effect of the steel angles and
transverse plates on the load-carrying capacity of PSRC columns, the
effective confining pressure fle,p corresponding to the peak strength Pu
[17] was calculated from Eq. (1), in which the tensile stress of trans-
verse reinforcement fh was calculated using the measured strain of the
transverse reinforcement, based on the elastic-perfectly plastic beha-
vior.

=f K fle e sh h (1)

where Ke = effective confinement coefficient for the area of effec-
tively confined core concrete [17–19] (see Eq. (B.4) in Appendix B);
ρsh = sectional area ratio of transverse reinforcement to confined
concrete within a vertical spacing of transverse reinforcement; and
fh = tensile stress of transverse reinforcement. In the calculations of Ke,
the geometric configuration of the steel angles and transverse plates
was considered. The Ke values for the PSRC specimens were greater
than those of CES specimens (Table 4). Fig. 9 shows the relationship
between the strength ratio Pu/Pn (i.e., normalized parameter of strength
increase) and lateral confinement index fle,p/ fc

' (i.e., normalized para-
meter of lateral confinement effect) of the PSRC specimens. In the
present test (denoted as a dark-colored circle), fle,p/ fc

' of P3 and P4
were greater than that of P1, and the corresponding Pu/Pn increased
with the increase of fle,p/ fc

' , except for P2 that showed cover concrete
spalling. These results indicate that the lateral confinement provided by
the closely spaced transverse plates or transverse Z-section plates in-
creased the axial load-carrying capacity of the PSRC specimens.

For comparison, Fig. 9 shows compression test results for existing
PSRC columns S2–S6 using weld connections between steel angles and
transverse bars [3]. As shown in Table 1, the specimen details from the
existing study were almost the same as those for the present study,
except for the spacing of transverse reinforcements. D10 bars were used
for transverse reinforcement at spacing of 100 or 200 mm. Table 4

presents the geometric confinement parameters (Ke and ρsh), lateral
confinement index fle,p/ fc

' , and strength ratio Pu/Pn for all specimens. In
the previous study, the geometric confinement parameter Ke sh [=
(0.83–3.18) × 10−3] was similar to that of the present PSRC specimens
P1–P4 [Ke sh = (1.07–3.12) × 10−3].

Fig. 10a shows the axial load–strain (P– ) relationships of S2–S6,
while Fig. 10b shows the present test results. In S2 with both steel
angles and longitudinal bars (with transverse bars of s = 200 mm),
Pu = 8081 kN was the highest, despite the early failure of cover con-
crete. The ultimate strain corresponding to 0.75Pu was u = 0.0055. In
S4 and S6 with transverse bars of s= 200 mm, the peak strengths were
Pu = 6719 and 5680 kN, while the ultimate strains were u = 0.0070
and 0.0050, respectively. In S3 and S5 with greater lateral confinement
(s = 100 mm), the peak strength and ultimate strain increased to
Pu = 7684 and 5842 kN; u = 0.0081 and 0.0075, respectively. Fig. 9
shows that in S2–S6 (denoted as a white-colored circle), Pu/Pn in-
creased with the increase of fle,p/ fc

' . In S3 and S5, fle,p/ fc
' was greater

than that of S2, S4, and S6. The closely spaced transverse bars increased
the load-carrying capacity of the existing PSRC specimens, which
agreed with the present test result.

However, the strength increases Pu/Pn of S2–S6 were less than the
increase in the present specimens, except for P2 (Fig. 9). In particular,
despite the greater fle,p/ fc

' , Pu/Pn of S3 and S5 was less than that of P1,
P3, and P4. The reasons for the lower Pu/Pn ratios of S3 and S5 can be
explained as follows: (1) In the previous study (S2–S6), the yield
strength of steel angles (Fy = 444 MPa) was 17% higher (i.e., yield
strain is greater); thus, the peak strength Pu was developed at a higher
axial strain, in which spalling of cover concrete became severe. Due to
the loss of the cover concrete area, the lateral confinement effect did
not significantly increase the axial strength of the column. (2) Further,
in S2–S6, weld connections were used for the connection between the
longitudinal and transverse steels. The flat surface of the weld con-
nection provides less bond between concrete and steel than the bolt
connection in P1, P3, and P4. Thus, early concrete damage can occur in
the cover concrete. Due to such early damage of the cover concrete, the
strength increases Pu/Pn of S2–S6 were less than that of the present
specimens.

5. Nonlinear numerical analysis

To evaluate the axial contributions of the concrete, steel and long-
itudinal bars and to investigate the effect of various design parameters
on the axial load capacity, nonlinear numerical (section) analysis was
performed, assuming uniform axial strain in the cross section
(Compatibility). For sectional analysis, fiber model analysis was im-
plemented in MATLAB program. Considering the loading condition of
pure compression, the longitudinal strains of concrete, steel, and re-bar
were assumed to be identical, and the corresponding stresses were

Fig. 8. Strains of steel sections: (a) longitudinal steel; (b) transverse reinforcement.
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calculated based on the uniaxial stress-strain relationships of the ma-
terials (Compatibility and Constitutive equation). The compressive
strength of the composite section was defined as the sum of the axial
contributions of the structural components (Force equilibrium).
Because the specimens are not slender, buckling of the column was
neglected.

Fig. 11a shows that the confined concrete section was defined as the
rectangular area (core concrete) enclosed by the transverse

reinforcements, while the remaining area (cover concrete) was defined
as unconfined concrete section. For the confined and unconfined con-
crete, the stress-strain relationship proposed by Cusson and Paultre
[17] and modified by Légeron and Paultre [16] was used (Fig. 11a).
Appendix B presents the detailed equations. In the model, the stress-
strain relationship of the confined concrete is defined as a function of
the effective confining pressure fle

' at peak stress fcc
' of the confined

concrete (for unconfined concrete, fle
' = 0). At the peak stress of the

confined concrete fcc
' , the fle and fh that are shown in Eq. (1) are defined

as fle
' and fh

' , respectively. In the calculation of fh
' [see Eq. (B.5) in

Appendix B], the transverse reinforcement does not reach the yield
stress at fcc

' when lateral confinement is insufficient [17]. In the present
test, the transverse reinforcements did not yield (Fig. 8b). For the PSRC
specimens, to consider bolt connection failure, the maximum stress of
the transverse reinforcement fh,max was limited as follows:

=f Fh,max yh (2)

where = ratio of the nominal tensile resistance to yield strength of
transverse reinforcements (see Table 2).

For the longitudinal bars and the steels, the stress-strain relation-
ships were idealized as elastic-perfectly plastic behavior, neglecting
strain hardening (Fig. 11b). In the test, the maximum axial strains of the
column specimens ( u = 0.0029–0.0066) did not reach the hardening
strain measured from the material tests ( h = 0.010–0.023, Fig. 4). The
elastic modulus of steel Es was assumed as 200 GPa, which was close to
the material test result (Fig. 4). For the PSRC specimens, the reduced

Table 4
Geometric confinement parameters and lateral confinement index.

Geometric confinement parameters Lateral confinement index Strength ratio

Specimens Ke
b

sh
c Ke sh(10

−3) h
d at Pu

(10−6 mm/mm)
fhat Pu
(MPa)

fle,p (MPa) fle,p/ fc
' Pu/Pn

Present study:
Bolt-connected steel angles

C1 0.25 0.0014 0.34 842 168 0.051 0.0027 1.19
C2a 0.34 0.0023 0.78 689 138 0.095 0.0047 0.96
P1 0.42 0.0025 1.07 387 77 0.083 0.0031 1.19
P2a 0.57 0.0042 2.42 340 68 0.165 0.0078 1.03
P3 0.47 0.0066 3.12 419 84 0.261 0.0106 1.28
P4 0.62 0.0042 2.61 639 128 0.333 0.0106 1.24

Previous study:
weld-connected steel angles (Hwang et al. [3])

S2a 0.56 0.0017 0.96 1215 243 0.232 0.0099 1.04
S3 0.66 0.0035 2.30 1062 212 0.489 0.0208 1.07
S4a 0.49 0.0017 0.83 429 86 0.071 0.0030 1.10
S5 0.69 0.0046 3.18 924 185 0.587 0.0250 0.96
S6a 0.45 0.0023 1.04 1164 233 0.243 0.0104 1.12

aSpecimens showed early failure of concrete.
b Effective confinement coefficient introduced by Sheikh and Uzumeri [18] and by Mander et al. [19].
c Sectional area ratio of transverse reinforcement to confined concrete within a vertical spacing of transverse reinforcement.
d Strain of transverse reinforcements was measured from strain gauge located at mid-height of the column.

Fig. 9. Strength ratio–lateral confinement index relationship.

Fig. 10. Axial load–strain relationships of PSRC columns: (a) Hwang et al. [3]; (b) present test result.
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effective section of the steel angle was used for sectional analysis. For
the longitudinal bars and steel angles, post-buckling behavior (strength
degradation) was included in the stress-strain relationships according to
Morino et al. [20] (Fig. 11b). For the steel angles, the strain bs corre-
sponding to the onset of buckling was defined according to Kim and
Hwang [21] and assumed to be greater than the strain c

' corresponding
to the peak stress of the unconfined concrete (i.e., cover concrete pro-
vides restraint for buckling). For the longitudinal bars, bs was equal to

c
' [20]. For the wide flange section steel, local buckling was neglected
due to the strong restraint provided by surrounding concrete and
headed studs (welded to the flange).

The PSRC specimens were susceptible to cover concrete spalling on
the surfaces of the steel angles, and the spalling was accelerated by the
out-of-plane deformation of the steel angles (see section 3.2 and Fig. 7).
Thus, when the strain c of the unconfined concrete exceeded the
smaller of the ultimate strain cu (=0.003) and buckling strain bs of
steel angles, the axial contribution of the unconfined concrete was ne-
glected as follows [12,21]:

= >f 0, if min( , )c c bs cu (3)

5.1. Comparison to test result

In the axial load–strain (P– ) relationship in Fig. 6, the numerical
analysis results are presented as thin dotted lines. The circled letters U,
C, S, and R indicate the contributions of the unconfined concrete,
confined concrete, longitudinal steel, and longitudinal bars to the axial
load-carrying capacity of the column, respectively. Table 3 summarizes
the strength ratios of the test result to the numerical analysis result Pu/
Pn,num. In general, the numerical analysis results agreed with the test
results, in initial stiffness, peak strength, and strength degradation. In

CES specimen C1, the tested peak strength was 11% greater than that of
the numerical analysis (Fig. 6a). In the PSRC specimens except P2, the
test strengths Pu were 101–106% of the numerical analysis (Table 3 and
Fig. 6c, e, and f). The strengths Pu of C2 and P2, which suffered early
damage to cover concrete, were 13 and 15% less than the numerical
analysis, respectively (Fig. 6b and d).

In the numerical analysis results for the PSRC specimens, the con-
tribution of core concrete was 52–54% of the predicted strength Pn,num
(see dotted lines with a circled C in Fig. 6), which were slightly greater
than those of the CES specimens (about 46% of Pn,num), due to the in-
creased area of the effectively confined core concrete (i.e., greater ef-
fective confinement coefficient Ke due to corner steel angles, Table 4
and Fig. 11a). In the case of steel angles, due to the lower yield strength
and reduced effective section, the contributions (about 19% of Pn,num,
dotted lines with a circled letter of S) were less than the sum of the
contributions of longitudinal bars and wide flange section steel
(28–31% of Pn,num, dotted lines with circled letters of S and R) in the
CES specimens. The strength degradation after the peak strength was
almost equal to the decrease of the contribution of cover concrete in the
numerical analysis (dotted lines with a circled letter of U). In the test
result of P1 and P4 (Fig. 6c and f), after the peak strength, the load-
carrying capacity decreased more rapidly than in the numerical ana-
lysis. This is because the out-of-plane deformation of steel angles oc-
curred earlier than the numerical analysis probably due to the presence
of lateral pressure (to resist lateral expansion of core concrete) on the
steel angles, thus promoting early spalling of cover concrete. Such effect
was not considered in determining bs of the steel angles [21]. In con-
trast, in P3 with transverse Z-section plates of the same spacing, the
post-peak strength degradation agreed with the numerical analysis
owing to the better confinement effect of the Z-section plate (Fig. 6e). In
P2 with transverse flat plates of s = 150 mm, due to the early concrete
spalling, the peak strength Pu and the corresponding strain o were less
than those of the numerical analysis. After cu = 0.003, the post-peak
strength was slightly greater than that of the numerical analysis.

5.2. Parametric study

Nonlinear numerical analysis was performed for PSRC columns
(h×h = 500 mm × 500 mm) depending on various design parameters.
In this study, the variation of the parameters reflected the field ap-
plicability of PSRC columns: fc

' = 25 to 100 MPa ( c
' = 0.0021–0.0028

according to Eurocode 2 [22]) for concrete strength; tc = 25–100 mm
for cover concrete thickness; Fy = 400–1000 MPa for yield strength of
steel angles; ρs = 2–8% (under the same b/t) for longitudinal steel ratio;
b/t = 8.3–24.0 (under the same ρs) for width-to-thickness ratio of steel
angles; Fyh = 200–800 MPa for yield strength of transverse steel;
tp = 3–15 mm for transverse plate thickness; and s = 125–500 mm (s/
h = 0.25–1.0) for spacing of transverse plates. As summarized in
Fig. 12, the default parameters were defined almost identical to those of
PSRC specimen P1 (low confinement case, denoted as dark-colored
lines). For comparison, the case for high confinement (denoted as gray-
colored lines) was additionally considered. The bolt connections be-
tween steel angles and transverse plates were designed to be the same
as those of tested PSRC specimens.

Fig. 12 compares P– relationships resulting from the parametric
study. The figure included the nominal compressive strengths [14]
(denoted as horizontal dotted lines), and the points corresponding to
the peak contributions of the unconfined concrete, confined concrete,
and steel angles to the axial strength. As shown in Fig. 12a, as concrete
strength fc

' increased, the axial strength and stiffness of columns sig-
nificantly increased, but post-peak behavior was less ductile showing
greater strength loss due to cover concrete spalling. This result was also
seen in the case that the larger thickness tc of cover concrete was used
(Fig. 12b). However, before cover concrete spalling, the overall beha-
vior was almost the same despite the reduced area of confined concrete.
This is because the lateral confinement given by the default condition

Fig. 11. Concrete and steel models for numerical analysis.
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was not high [17].
In the case of steel angles, the yield strength Fy highly influenced the

post-peak behavior of columns significantly, but the effect on the peak
strength was ignorable (Fig. 12c). This result was also observed when
high-strength concrete was used (not seen in the figure). This is because
the peak contribution of steel angles occurred much later than that of
concrete (i.e., yield strain of steel angles y > c

' ). For this reason, the
axial strength of the columns for Fy 800 MPa was slightly less than the
nominal strength. This result indicates that, when Fy is extremely high,
existing design methods may overestimate the compressive strength of
PSRC columns. As shown in Fig. 12d, the use of higher steel ratio ρs
resulted in better strength and deformation capacity due to the in-
creased axial contribution of steel angles. However, the effect of ρs on
lateral confinement was not significant (i.e., similar slope of descending
curve). Regarding the width-to-thickness ratio (Fig. 12e), the slender
section steel angles with b/t > 12.9 [14] caused an abrupt strength
loss directly after peak strength. This is because the strength was de-
graded by the interaction between the concrete spalling and steel angle
buckling [see Eq. (3)].

The design parameters relevant to transverse steel plates affected
the lateral confinement to concrete. As presented in Fig. 12f–h, the
effects of the thickness tp and spacing s were more significant than that
of the yield strength Fyh of transverse plates. This is because the

parameters tp and s not only affected the geometric confinement effi-
ciency [related to Ke sh in Eq. (1)], but also had a great effect on the
stress of transverse plates fh: the more a column was confined (i.e.,
larger tp or smaller s), the higher fh was developed at the peak stress of
confined concrete fcc

' [16,17] [see Eq. (B.8) in Appendix B]. As a result,
the effective confining pressure fle

' much varied with tp and s, rather
than with Fyh. Further, the use of Fyh over 400 MPa was ineffective in
increasing fle

' due to the low confinement efficiency (i.e., fh remained
small at peak stress of confined concrete) (Fig. 12f). This result in-
dicates that, for effective use of high-strength transverse steel, the
geometric details of transverse plates (e.g., tp and s) need to be suffi-
cient for good lateral confinement. According to Légeron and Paultre
[16], to develop the allowable maximum stress of transverse plates
fh,max at fcc

' , the geometric confinement parameter Ke sh should be
greater than f E/10c

'
s c

' [Eqs. (B.8) and (B.9) in Appendix B]. For all
variation of tp, s, or Fyh, the Ke sh values ranged from 0.001 to 0.005,
which was less than the f E/10c

'
s c

' value of 0.006 ( fc
' = 25 MPa).

To investigate the effect of the parameters on highly confined PSRC
columns, the conditions for transverse plates were replaced by
s = 125 mm, tp = 15 mm, and Fyh = 800 MPa (limiting conditions for
practical use), remaining the other control parameters the same. In the
case, the Ke sh value ranged from 0.015 to 0.02, and the effective

Fig. 12. Parametric study result: axial load-strain relationships.
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confining pressure fle
' (=8.0 MPa, f f/le

'
c
'= 0.32) was about 40 times

greater than that for the default condition, which corresponds to high
confinement class ( f f/le

'
c
' > 0.2) of Cusson and Paultre [17]. In general,

when the columns were highly confined (denoted as gray-colored lines
in Fig. 12), the axial performance, particularly for ductility, was sig-
nificantly improved. Unlike the results of the default condition, the
axial strength of columns continued to increase after the peak con-
tribution of cover concrete (denoted as circular marks). Further, the
strength was restored soon even after cover concrete spalling. Never-
theless, some cases need to be carefully considered on the basis of the
following results: the use of high-strength concrete ( fc

' = 100 MPa) still
resulted in significant loss of strength after cover concrete spalling
(Fig. 12a); (2) the use of large thickness of cover concrete
(tc = 100 mm) increased the axial contribution of cover concrete,
which caused significant strength degradation at cover concrete spal-
ling (Fig. 12b); and (3) when extremely slender section (b/t = 24.0)
was used for steel angles, the strength increase due to lateral confine-
ment was limited due to the premature buckling of steel angles
(Fig. 12e).

6. Summary and conclusions

In the present study, concentric axial loading tests were performed
to investigate the axial load capacity of PSRC columns with bolt-con-
nected steel angles and transverse steel plates. From the test results, the
load-carrying capacity, deformation capacity, and failure mode of the
PSRC columns were investigated. The test results were compared with
the predictions of current design codes and nonlinear numerical ana-
lysis. Numerical analysis was also performed to investigate the effect of
various design parameters on the axial load capacity. The primary re-
sults are summarized as follows:

1. When considering the reduced effective section of steel angles (due
to bolt holes), the axial load-carrying capacity of the PSRC speci-
mens was safely predicted by AISC 360-16 [14]. The strength ratio
(Pu/Pn) and ultimate deformation ( u) of the PSRC specimens were
87–108% and 86–228% of those of CES specimen C1, respectively.
The transverse plates and bolt-connections did not fail until the end
of the tests.

2. The PSRC specimens with transverse flat plates were vulnerable to
bond failure between the steel angles and concrete, particularly at
the corners of the cross section. In contrast, when Z-section plates
were used, the lateral confinement effect was enhanced, restraining
spalling of the cover concrete. Thus, the strength and ductility in-
creased. For more reliable performance, the use of Z-section plates is
recommended for transverse reinforcement.

3. In the PSRC specimen with slender section (as specified in AISC 360-
16 [14]) steel angles, the angle subjected to high axial compression
was susceptible to local buckling after the peak strength of the
column. However, when the closely spaced transverse plates
(s=150 mm) were used, the degradation of the structural capacity
was not significant.

4. Nonlinear numerical analysis confirmed that the early spalling of
cover concrete was the main cause of strength degradation in the

PSRC columns.
5. In general, the load-carrying capacity of the PSRC columns in-

creased as the lateral confinement increased. The axial strength
increases were greater than those of existing PSRC specimens
(S2–S6, Hwang et al. [3]), despite the lower lateral confinement.
This is because in S2–S6, spalling of the cover concrete occurred
before the peak strength due to higher yield strength of steel angles
and less bond between concrete and steel.

6. The parametric study revealed that, when lateral confinement was
insufficient [16,17], the use of high-strength steel angles (yield
strength over 800 MPa) was ineffective in increasing the compres-
sive strength of columns. The large thickness (up to 15 mm) and
close spacing (up to 125 mm, s/h = 0.25) of transverse plates sig-
nificantly improved the confinement efficiency, which increased the
axial strength and ductility. Nevertheless, the columns using ex-
tremely high-strength concrete (100 MPa), large thickness of cover
concrete (100 mm, tc/h= 0.2), or slender section of steel angles (b/
t = 24.0) were vulnerable to large strength degradation after cover
concrete spalling.

This study provides design considerations and structural verifica-
tions for the design of the novel PSRC columns subjected to axial
compression. For reliable application of the PSRC columns in the actual
field, experimental verifications under different loading conditions
should be also performed: (1) flexural tests to verify the flexural ca-
pacity and bond performance between steel angles and concrete; (2)
eccentric axial loading tests to verify the axial-flexural capacity and to
investigate buckling effect; and (3) dynamic or cyclic loading tests to
verify the seismic performance.
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Appendix A. Bolt connection design of AISC 360–16

AISC 360-16 [14] provides failure strengths of bolted steel plates corresponding to the following limit states (A)–(E).

=R F A(A) o yh g (A.1)

=R F A(B) e uh e (A.2)

=R min L t F d t F(C) (1.5 , 3.0 )bh c p uh h p uh (A.3)

= + +R F A F A F A F A(D) 0.6 0.6bs uh nv uh nt yh gv uh nt (A.4)
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=R F A(E) 0.563s nb b (A.5)

where Fyh and Fuh = yield and tensile strength of the transverse reinforcement [hoop bars (CES) or transverse plates (PSRC)], respectively; Ag and
Ae = gross sectional area and effective net area of the transverse reinforcement, respectively [Ae = Ae dhtp, dh = diameter of the bolt hole
(=18 mm), tp = thickness of the transverse plates (=3.2 mm), Fig. 2 (b)]; Lc = clear distance between the hole and transverse plate end along the
plate length (=26 mm, Fig. 3); Agv = gross sectional area subjected to shear (=dgv × tp = 112 mm2, dgv = distance between the hole center and
transverse plate end along the plate length, Fig. 3); Anv = net area subjected to shear [= dnv × tp = 83.2 mm2, dnv = clear distance between the
hole and transverse plate end along the plate length (=Lc), Fig. 3]; Ant = net area subjected to tension (=dnt × tp = 35.2 mm2, dnt = clear distance
between the hole and transverse plate edge along the plate width, Fig. 3); Fnb = nominal tensile strength of the bolt; and Ab = gross sectional area of
the bolt body (=201 mm2).

Appendix B. Concrete model for numerical analysis

For the confined and unconfined concrete, the stress-strain relationship proposed by Legeron and Paultre [16] was used [Fig. 9].

= +
f for

f exp k for

0

[ ( / ) ]

k
k

k
cc

cc
' ( / )

1 ( / ) c cc
'

cc
'

1 c cc
'

c cc
'

k
c cc

'

c cc
'

2 (B.1)

where,

= +
f
f

f
f

1 2.4cc
'

c
'

le
'

c
'

0.7

(B.2)

= +
f
f

1 35cc
'

c
'

le
'

c
'

1.2

(B.3)

=k E

E f

c

c
cc
'

cc
' (B.4)

=k ln0.5
( )k1

cc50 cc
' 2 (B.5)

= +k
K f

f
1 25( )2

e sh h,max

c
'

2

(B.6)

where cc = stress of confined concrete; fcc
' = compressive strength of confined concrete; c = strain of concrete; cc

' = strain corresponding to the
maximum confined concrete stress; k = coefficient to determine the initial slope and curvature of the ascending branch, in which Ec = elastic
modulus of concrete, which is calculated as 4,700 fc

' [23]; k1 = coefficient to determine the general slope and curvature of the descending branch;

cc50 = post-peak strain of confined concrete corresponding to 50% of peak stress, which is calculated as + K f f(1 60 / )c50 e sh h,max c
' ; and

k2 = coefficient to determine curvature of the descending branch. The maximum stress of transverse reinforcements fh,max is calculated from Eq. (2).
Effective confining pressure fle

' corresponding to fcc
' is calculated from Eq. (1), in which Ke and fh

' are calculated as follows:
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where,

=
f

K E
c
'

e sh s c
' (B.9)

where wi
2 = sum of the squares of all the clear distances between adjacent longitudinal reinforcements (re-bar in CES or steel angle in PSRC, see wi

in Fig. 9a, i= 1,2,3, and 4); sc = clear spacing between transverse reinforcements = s–ht (ht = diameter of hoop bar in CES = 9.5 mm or height of
transverse plates in PSRC = 40 mm for FB-40 × 3.2; 76.8 mm for Z-30 × 50 × 30); dc = core dimension enclosed by the centerline of transverse
reinforcements [= 410 mm for CES; 403 mm for PSRC, Fig. 9a]; and c = area ratio of longitudinal bars (in CES) or steel angles (in PSRC) to core
concrete section. For the unconfined concrete, the stress–strain ( uc – c) relationship is equivalent to Eq. (B.1), substituting fcc

' and cc
' by fc

' and c
' ,

respectively. In the calculation of k1, cc50 is replaced by the post-peak strain c50 of unconfined concrete (=0.004) and k2 = 1.5 [17].

Appendix B. Supplementary material

Supplementary data to this article can be found online at https://doi.org/10.1016/j.engstruct.2020.110650.
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