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ABSTRACT

Currently, fully encased composite columns (FECCs) and high-strength concrete (HSC) are widely used in the
construction industry to build durable structures. Specifically, HSC is primarily employed in high-rise buildings,
highway bridges, and tunnels. This study examined eight FECC specimens with 200 mm x 250 mm x 1000 mm
dimensions. Four FEC columns were considered control specimens, while the remaining four were cast with
the optimum content of 0.60% Steel Fibre (SF). These specimens were fabricated with two different lateral rein-
forcement spacing: 100 mm and 80 mm. All specimens were tested under axial loading using a 500 T capacity
frame. The main objective of this study was to evaluate the axial load-carrying capacity, axial load-deformation
behaviour, ductility, stiffness, energy absorption capacity, and mode of failure of all FECC specimens. Adding
0.6% steel fibre and reduced lateral reinforcement spacing enhanced the specimens axial load-carrying capacity,
ductility, and energy absorption capacity. The steel fibre was crucial in preventing concrete cover spalling and
cracks on the specimens. Experimental test results for the FECC specimens were compared to various codes,
including IS: 456 — 2000, JGJ 138-2016, and EN 1994-1-1. The present results were compared to previously
published data and evaluated using the same codes. According to the experimental and analytical findings, the
prediction results from JGJ 138-2016 and EN 1994-1-1 were highly correlated with the experimental results. EN
1994-1-1 is recommended for developing two proposed methods, which were also compared to the experimental
test results. These proposed methods demonstrated good agreement with the experimental outcomes, with mean
values of 1.08 and 1.06, standard deviations of 0.04, and coefficients of variation of 3.54% and 3.53% for pro-
posed methods 1 and 2, respectively.

Keywords: Fully encased composite columns; High strength concrete; Peak ductility; Energy absorption
capacity; Steel fibre.

1. INTRODUCTION

The FECC is widely used in the construction industry compared to the conventional Reinforced Concrete (RC)
columns. The FECC had superior performances, such as resistance to shear cracks, resistance to buckling, high
load-carrying capacity, and ductility [1]. Regarding fire resistance, Fiber-Encased Composite Columns (FECC)
outperformed traditional reinforced concrete. This superiority arises from the steel section fully enveloping the
concrete, providing enhanced protection against fire damage. Several studies have investigated FECC made
with high-strength concrete under various loading conditions such as axial [2-9], uniaxial [10], eccentric [11,
12] and cyclic load [13]. Theoretical research examined by ELLOBODY and YOUNG [14] delved into the
behaviour of axially loaded encased steel composite columns with concrete cylinder strengths ranging from 30
MPa to 100 MPa. These studies examined the experimental and analytical investigation of the FECC. The FECC
specimens are made with high-strength concrete, which reduces the specimens’ cross-section and increases the
ductility and durability of the FECC [15-20]. Limited studies have investigated the various loading conditions,
including axial load and combined axial load and bending moments. The FECC specimens are examined in
different types: fully-encased composite columns, Partially-Encased Composite Columns (PECC) and Con-
crete-Filled Tubes (CFT) [21-23]. Additionally, the FECC specimens have superior performance and improved
load-carrying capacity, ductility, corrosion resistance, fire resistance, stiffness, and seismic resistance compared
to conventional RC columns [24-26].
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CHANG et al. [27] investigated how various factors affect the ultimate compressive strength of these
double-skin tubular columns. The study compared experimental results with design approaches from three codes:
GB50936 (2014), AISC (2010), and EC4 (2004). GB50936 (2014) yielded the best outcomes; AISC (2010) fol-
lowed GB50936 in performance; and EC4 (2004) showed slightly lower performance. Interestingly, the type
of in-filled concrete and interior tube material had no significant impact on sample performance at elevated
temperatures. This research provides valuable insights into the field of structural engineering, especially in the
context of composite columns. Combining steel, UPVC, and concrete offers promising possibilities for future
construction practices. Several variables significantly impact the capacity of encased column sections. These
variables include the height of the column, dimensions of the concrete encasement, area of the steel reinforce-
ment, area of the steel core, strength of the concrete encasement, strength of the steel core, and strength of the
steel reinforcement bars. According to the American Institute of Steel Construction (AISC) LRFD 2005 code,
there are specific criteria that any column section must meet to be covered by this code. One critical limitation is
the steel core area (A ) ratio to the gross section area (Ag). The code specifies that AS/Ag should not be less than
1.0%. Consequently, composite column sections with AS/Ag values below 1.0% are designed as standard rein-
forced concrete columns, with the steel core serving as concentrated steel reinforcement. These columns then
adhere to the terms and clauses outlined in the ACI code [28]. Concrete-encased composite structures combine
concrete and structural steel (of various shapes) to provide load-carrying capacity for both axial and eccentric
loads. The integral interaction between concrete and steel enhances ductility, stiffness, and cost-effectiveness.
These structures are famous in high-rise buildings due to their seismic performance and space efficiency [29].

The primary objective of this study is to investigate fully encased concrete core (FECC) specimens.
These specimens are examined for axial load-carrying capacity, axial load-deformation behaviour, ductility,
stiffness, energy absorption capacity, and failure mode under axial loading conditions. The experimental results
are then compared to various design codes, including IS: 456 — 2000 [30], JGJ 138-2016 [31], and EN 1994-1-1
[32]. The predicted results using JGJ 138-2016 and EN 1994-1-1 strongly correlate with the experimental find-
ings. These codes serve as the foundation for developing two proposed methods that offer improved accuracy
in predicting the experimental behaviour of FECC specimens. The flow of research methodology is depicted in
Figure 1.
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Figure 1: Research methodology of this research.



O MARUTHALI M.S.; PALANISAMI, S., revista Matéria, v.29, n.3, 2024

2. EXPERIMENTAL STUDY

2.1. Details of the materials

This study cast the FECCs with M75 HSC, High Yield Strength Deformed (HYSD) fy 500 rebar, and ISMB
100. Based on the experimental study, the optimum content of 0.6% SF was found. Beyond the optimum mix,
the bond between the cement paste and aggregates is reduced, resulting in reduced strength. Hooked steel fibres
with dimensions of a diameter of 0.75 mm, a length of 60 mm, and an aspect ratio of 80 were used. Two types of
HSC mix were used, and their mechanical properties are reported in Table 1. The 12 mm rebar used in the pri-
mary reinforcement was tested under the Universal Testing Machine (UTM) capacity of 400 kN. Similarly, the
steel section is tested under the loading frame capacity of 100 T. The mechanical properties of the steel section
and rebar, including stress, strain, and modulus of elasticity, are evaluated. The stress-strain curve of the steel
bar and steel section is shown in Figure 2.

2.2. Fabrication of specimens

Four groups were developed, and each group contains two specimens with dimensions of 200 mm x 250 mm
x 1000 mm, as indicated in Table 2. All FECC specimens (including HSC80-FECC-CC-100, HSC80-
FECC-SF0.6-100, HSC80-FECC-CC-80, HSC80-FECC-SF0.6-80, HSC80-FECC-1-CC-100, HSC80-FECC-
1-SF0.6-100, HSC80-FECC-1-CC-80, and HSC80-FECC-1-SF0.6-80) are made with high-strength concrete.
The first and second group specimens (HSC80-FECC-CC-100, HSC80-FECC-SF0.6-100, HSC80-FECC-CC-80,
and HSC80-FECC-SF0.6-80) are cast with four numbers of HYSD rebar (each with a 12 mm diameter). Sim-
ilarly, the third and fourth group specimens (HSC80-FECC-1-CC-100, HSC80-FECC-1-SF0.6-100, HSC80-
FECC-1-CC-80, and HSC80-FECC-1-SF0.6-80) were cast with six numbers of HYSD 12 mm rebar. HYSD 6 mm
diameter lateral reinforcements were used and provided at 100 mm spacing for the first two groups (HSC80-
FECC-CC-100, HSC80-FECC-SF0.6-100, HSC80-FECC-CC-100 & HSC80-FECC-SF0.6-100) and 80 mm
spacing for the latter two groups (HSC80-FECC-CC-80, HSC80-FECC-SF0.6-80, HSC80-FECC-CC-80 &

Table 1: Physical properties of high-strength concrete, steel section and reinforcement rebar.

PROPERTIES CONCRETE STEEL SECTION STEEL REINFORCEMENT
Cube compressive strength (MPa)
Control sample 79.63 - -
Optimum simple (SF-0.6%) 86.42 - -
Stress (MPa) - 246.72 486.42
Strain 0.003 0.0021 0.002
Poisson ratio 0.3 0.28 0.29
Young’s Modulus (GPa) 39.2 202 201
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Figure 2: Stress-strain curve for steel rebar and section.
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Table 2: Comparative study between experimental and analytical results.

SPECIMEN ID | SPECIMEN DIMENSION (mm) STEEL SECTION (mm) REINFORCEMENT
DETAILS (mm)
BREADTH | DEPTH | LENGTH | BREADTH | DEPTH | T, | T, | MAIN TIE
REBAR | REBAR
HSC80- 200 250 1000 50 100 7 |42 [4-#12 mm | #6 mm @
FECC-CC-100 100 mm c/c
HSC80- 200 250 1000 50 100 7 |42 [4-#12 mm | #6 mm @
FECC-SF0.6-100 100 mm c/c
HSC80- 200 250 1000 50 100 7 |42 [4-#12 mm| #6 mm @
FECC-CC-80 80 mm c/c
HSC80- 200 250 1000 50 100 7 |42 [4-#12 mm | #6 mm @
FECC-SF0.6-80 80 mm c/c
HSC80-FECC- 200 250 1000 50 100 7 |42 |6-#12 mm | #6 mm @
1-CC-100 100 mm c/c
HSC80-FECC- 200 250 1000 50 100 7 |42 |6-#12 mm| #6 mm @
1-SF0.6-100 100 mm c/c
HSC80-FECC- 200 250 1000 50 100 7 |42 |6-#12 mm| #6 mm @
1-CC-80 80 mm c/c
HSC80-FECC- 200 250 1000 50 100 7 |42 |6-#12 mm| #6 mm @
1-SF0.6-80 80 mm c/c
o5 #6mm @ 100 & 80mm c/c 5 #6mm @ 100 & 80mm c/c :
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Figure 3: Cross-section details of the column specimens and steel section.

HSC80-FECC-SF0.6-80). The cross-section and longitudinal reinforcement details are illustrated in Figures 3
and 4. For this study, the Indian Standard Medium Beam (ISMB) with dimensions 100 mm x 50 mm x 7 mm x
4.2 mm was used to fabricate the FECC specimens. The steel cage was prepared, and steel sections were placed
in the center of the steel cage. The FECC specimens were cast using a steel mould. The steel cage was positioned
on the mould, and the high-strength concrete mix was poured and compacted using a vibrator to prevent the
formation of honeycomb structures. Finally, the HSC was levelled and left to set for 24 hours at room tempera-
ture, as shown in Figure 5. The next day, the specimens were carefully removed from the steel mould without
any damage and placed in a water tank for 28 days of curing. After curing, the FECC specimens were removed
from the water tank, cleaned on the outer surface, and then whitewashed and marked with specimen numbers
for testing.

2.3. Experimental setup and instrumentation

The FECC specimens were placed on the 500 T loading frame and tested until the failure. After placing the
specimens, the Linear Variable Differential Transfers (LVDTs) were used; one was placed in the vertical direc-
tion, and the remaining two were placed in a vertical direction to measure the vertical and lateral deformation
is shown in Figure 6. The specimens are controlled strain, and the loading rate is applied on the specimens at
0.3 mm/minute [4-7, 33, 34]. The boundary condition of the FEC columns used in this study was both end-
hinged. Initially, the specimens are tested using 5% of the axial load for accuracy. After that, the values are
resent, and the axial load is applied until the FECC specimens are obtained. During the experimental study, the
axial load and deformation were recorded in all FECC specimens, and experimental results are discussed in
upcoming sections.
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Figure 5: Fabrication of FECC specimens.

3. ANALYTICAL STUDY

In this study, the FECC columns are designed using various codes, like IS: 456 — 2000 [30], JGJ 138 — 2016
[31], and EN-1994-1-1 [32]. The experimental test results are compared to the predicted or analytical results
reported in Table 3. The FECC specimens are designed using three equations: (1) to (3). The reduction fac-
tors significantly affect the load-carrying capacity of the FECC specimens. Specifically, the IS: 456 — 2000
design codes consider reduction factors of 0.4 for concrete, 0.67 for reinforcement, and 0.87 for steel sections.

b. HSC80-FECC-1-CC

c. Steel cage
I
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Figure 6: Experimental setup of the specimen.

Table 3: Comparison between experimental and analytical results.

SPECIMEN ID EXPERIMENTAL | ANALYTICAL LOAD (kN) RATIO
LOAD (kN) IS JGJ EC4 p._/AS | P./IG) | P, /EC4
xpt Expt Expt
HSC80-
FECC-CC-100 4024.47 1992.10 | 4094.54 | 3895.47 2.02 0.98 1.03
HSC80-
FECC-SF0.6-100 4218.64 2127.90 | 4400.09 | 4184.04 1.98 0.96 1.01
HSC80-
FECC-CC-80 4268.32 1992.10 | 4094.54 | 3895.47 2.14 1.04 1.10
HSC80-
FECC-SF0.6-80 4453.86 2127.90 | 4400.09 | 4184.04 2.09 1.01 1.06
HSC80-FECC-
1-CC-100 4198.26 2067.87 | 4207.64 | 4008.57 2.03 1.00 1.05
HSC80-FECC-
1-SF0.6-100 4368.74 2203.67 | 4513.19 | 4297.14 1.98 0.97 1.02
HSCB0-FRCC- 4456.58 2067.87 | 4207.64 | 400857 | 2.16 1.06 111
1-CC-80
HSCS80-FECC-
1-SF0.6-80 4647.32 2203.67 | 4513.19 | 4297.14 2.11 1.03 1.08
Mean 2.06 1.01 1.06
SD 0.07 0.04 0.04
CV (%) 3.36 3.57 3.54

Similarly, JGJ 138 — 2016 uses a reduction factor 0.9 for concrete, reinforcement, and steel sections. Finally,
EN-1994-1-1 employs a reduction factor of 0.85 for concrete.

Nis =A 047, + A0.671, + AJ0.87 1))

NJGJ =09 (Acfck + Arfyr + Asfys) (2)

NEC4 = 085Acf;:k +Arfyr +Asfys (3)
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Meanwhile, the letters A, A, and A_denote the steel section, longitudinal reinforcing bars, and concrete
area. Similarly, f .. and f, represent the longitudinal rebar yield strength, steel section yield strength, and cube
compressive strength of concrete.

4. RESULTS AND DISCUSSION

4.1. Axial load versus deformation

The axial load-deformation curves of all FECC specimens are shown in Figure 7. The tested yield, ultimate
deformation, and axial load results are reported in Table 4. Based on experimental observations, the FECC speci-
mens (HSC80-FECC-SF0.6-100, HSC80-FECC-1-SF0.6-100, HSC80-FECC-CC-80, HSC80-FECC-SF0.6-80,
HSC80-FECC-CC-100, HSC80-FECC-1-SF0.6-100, HSC80-FECC-1-CC-80, and HSC80-FECC-1-SF0.6-80)
exhibited linear behaviour up to the yield point [3, 4]. After reaching the yield point, the specimens transi-
tioned from elastic to plastic behaviour [3—7]. Furthermore, the axial load increased until the ultimate load
of the specimens reached. Ultimately, the specimens failed after reaching their ultimate load. The axial load
carrying capacity improved in all specimens as follows: HSC80-FECC-SF0.6-100: 4024.47 kN, HSC80-FECC-
1-SF0.6-100: 4218.64 kN, HSC80-FECC-CC-80: 4268.32 kN, HSC80-FECC-SF0.6-80: 4453.86 kN, HSC80-
FECC-CC-100: 4198.26 kN, HSC80-FECC-1-SF0.6-100: 4368.74 kN, HSC80-FECC-1-CC-80: 4456.58 kN,
and HSC80-FECC-1-SF0.6-80: 4647.32 kN. These improvements were achieved by adding 0.6% SF and reduc-
ing lateral reinforcement spacing.

4.2. Effect of steel fibre on load-carrying capacity of specimens

The steel fibres enhance the axial load-carrying capacity of the FECC specimens, as represented in Figure 8.
Additionally, the SF prevent minor cracks and concrete cover spalling [35—40]. The addition of 0.6% steel fibres
leads to an improved axial load-carrying capacity of 4.82%, 4.35%, 4.06%, and 4.34% for the following FECC
specimens: HSC80-FECC-SF0.6-100, HSC80-FECC-SF0.6-80, HSC80-FECC-1-SF0.6-100, and HSCS80-
FECC-1-SF0.6-80. These improvements are in comparison to conventional specimens (HSC80-FECC-CC-100,
HSC80-FECC-CC-80, HSC80-FECC-1-CC-100, and HSC80-FECC-1-CC-80).

4.3. Ductility and energy absorption of specimen

Ductility is an important factor for RC structures in the design of seismic conditions. Ductility is defined as the
ratio between the ultimate and yield deformations of the specimens [41], as shown in Figure 9. Additionally,
adding 0.6% SF has improved the ductility of the specimens, as depicted in Figure 10. Specifically, the ductility
increased by 12.64%, 7.66%, 3.44%, and 3.79% for the following specimens: HSC80-FECC-SF0.6-100, HSC80-
FECC-SF0.6-80, HSC80-FECC-1-SF0.6-100, and HSC80-FECC-1-SF0.6-80. Similarly, for the specimens with
reduced lateral reinforcement spacing from 100mm to 80mm, the ductility improved by 11.83%, 6.89%, 7.24%,
and 7.59% for the following cases: HSC80-FECC-CC-80, HSC80-FECC-SF0.6-80, HSC80-FECC-1-CC-80,
and HSC80-FECC-1-SF0.6-80. The ductility can be calculated using the following equation (4).

Ductility index (pn,) = % 4)
Y

The ductility of the FECC specimens was calculated in three stages. In the first stage, the axial load-
deformation curve of the specimens is a straight line up to 70% of the axial load, where minor cracks are
observed; this stage is denoted as (A ). In the second stage, the axial load is continuously applied to the speci-
mens until the ultimate load is denoted as (A ). During this stage, the specimens may fail partially or entirely,
exhibiting wide cracks, concrete cover spalling, fibre pull-out, crushing, and splitting. Similarly, in the third
stage, the specimens fail after reaching the ultimate load, denoted as (A). The ductility increased by adding steel
fibres to the concrete mix. These fibres enhance the bond between the cement paste and aggregates, resulting in
increased load-carrying capacity of the specimens and reduced deformation. Additionally, steel fibres prevent
minor cracks and enhance the load-carrying capacity of the FEC columns [42, 43].

The ultimate energy absorption capacity of all FECC specimens is calculated and presented in
Table 5. This capacity is determined by analyzing the yield and ultimate load-deformation curves, as depicted in
Figure 11. Notably, the energy absorption capacity is enhanced by adding 0.6% steel fibre. Specifically, the fol-



MARUTHALI M.S.; PALANISAMI, S., revista Matéria, v.29, n.3, 2024

5000 5000
Pl
4000 ", AT 40004 o \~~-
] = II S~ -~
2 K Sell Z / Ses
< 3000 / o 2 3000 /
-: [} 'g ’
3 / 3 /
F 2000 . F2007
< N z !
1 4 '
10004 [/ 10004 )
I’ 3
.
ok = = ~HSC80-FECC-CC-100) N - = = HSC80-FECC-SF0.6-100
0 5 10 5 20 0 5 10 5 2
Axial Deformation (mm) Axial Deformation (mm)
(2)
5000 5000
e
5 2N
4000 P 40004 . Sy
’ U " e
' .-~ -
a K -~ £ ;
<3000 ’ < 30001 ’
< 1
0] [ =PRI
B N -] '
< N < 1
$ .
)
10004 10004
' '
1
ll | s -HS(‘B(I-FEC(‘-(‘C-IOII‘ 4 )— = = HSC80-FECC-SF0.6-80,
0 T T T 0 r T T
0 5 10 15 20 0 5 10 15 20
Axial Deformation (mm) Axial Def(or ation (mm)
(c dy
5000
5000
-~ 4000 SRR
40001 PRI 1 . .
e Seal 4 T
’ e o S
Z ! . £ 300 ’
3000 / = /
14 ! ® ’
K / 3 '
z000{ g 20004 [
2 ‘I < ,/
'
i 4
10001 10009
r '
'
\ B = = =HSC80-FECC-1-CC-100 0 |- = ~HSC80-FECC-1-SF0.6-100
T T T
0 5 10 15 20
0 5 10 15 20
Axial De?rmation (mm) Axial Deformation (mm)
€
5000 5000
i~
PELT T 7 ‘~.___
e Seead ¢ -
40001 . - 4000 . ..
. Ss ’ &
l' ,/
P ; ~
Z ' 4 s
< 30004 ' <3000 v
3 ' 3 /
e / g Y
= ' s '
— &
CELA 32000
”
< , < ’I
1
 §
&
1000+, 10004 [/
l‘ Y
N 1
0 . - ’ - = = HSC80-FECC-1-SF0.6-80
0 5 0 T T
0 5 10 15 20
Axial Deformation (mm)

Axial Deformation (mm)

(®
5000
4000 4
z
<3000 o
= ®
g o
- . [~ = =HSC80-FECC-CC-100
£20004 o = = =HSC80-FE
Z N = = =1ISC80
. = = ~HSC80-F
1 e /= = =HSC80-FECC-1-CC-100
10004
K = = ~HSC80-FECC-1-SF0.6-100
o = = =HSC80-FECC-1-CC-100
U |- = ~HSC80-FEC F0.6-80
0 T T T
5 10 15 20

0
Axial Deformation (mm)

@
Figure 7: Experimental axial load versus deformation of column specimens. (a) HSC80-FECC-CC-100; (b) HSC80-
FECC-SF0.6-100; (c) HSC80-FECC-CC-80; (d) HSC80-FECC-SF0.6-80; (e) HSC80-FECC-1-CC-100; (f) HSC80-FECC-
-1-SF0.6-100; (g) HSC80-FECC-1-CC-100; (h) HSC80-FECC-1-SF0.6-100; (i) All groups of FECC specimens.
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Table 4: Comparison between experimental and analytical results.

SPECIMEN ID YIELD POINT ULTIMATE POINT
LOAD (kN) | DEFORMATION (mm) | LOAD (kN) | DEFORMATION (mm)
HSC80-FECC-CC-100 2828.13 2.64 4024.47 6.48
HSC80-FECC-SF0.6-100 2933.05 2.72 4218.64 7.52
HSC80-FECC-CC-80 2947.82 247 4268.32 6.78
HSC80-FECC-SF0.6-80 3152.70 2.68 4453.86 7.92
HSC80-FECC-1-CC-100 2978.78 2.78 4198.26 8.41
HSC80-FECC-1-SF0.6-100 | 3087.12 2.63 4368.74 8.23
HSC80-FECC-1-CC-80 3169.61 2.54 4456.58 8.24
HSC80-FECC-1-SF0.6-80 3293.12 2.48 4647.32 8.35
7
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Figure 8: Increased load-carrying capacity of FECC specimens.
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Figure 10: Ultimate ductility of all FECC.

Table S: Experimental ductility, stiffness, energy absorption and mode of failure of all specimens.

SPECIMEN ID DUCTILITY STIFFNESS ENERGY ABSORPTION MODE OF
(kN/mm) x 10° (J) FAILURE
HSC80-FECC-CC-100 2.45 621.06 17.77 CC
HSC80-FECC-SF0.6-100 2.76 560.99 22.12 CC+FP+SP
HSC80-FECC-CC-80 2.74 629.55 21.15 CC+CCS
HSC80-FECC-SF0.6-80 2.96 592.27 25.09 CC+FP
HSC80-FECC-1-CC-100 3.03 499.20 27.18 CC+CCS
HSC80-FECC-1-SF0.6-100 3.13 530.83 28.13 CC+SP
HSC80-FECC-1-CC-80 3.24 540.85 29.21 CC+CCS
HSC80-FECC-1-SF0.6-80 3.37 556.57 31.37 CC+FP+SP

Note: CC - Concrete Crushing; FP - Fibre pull-out; CCS - Concrete Cover Spalling; SP - Splitting.

lowing energy absorption values (in joules) were observed for different specimen types: HSC80-FECC-CC-100:
17.77 J; HSC80-FECC-SF0.6-100: 22.12 J; HSC80-FECC-CC-80: 21.15 J; HSC80-FECC-SF0.6-80: 25.09 J;
HSC80-FECC-1-CC-100: 27.18 J; HSC80-FECC-1-SF0.6-100: 28.13 J; HSC80-FECC-1-CC-80: 29.13 J;
HSC80-FECC-1-SF0.6-80: 31.27 J. These results are visually presented in Figure 12.

The ultimate stiffness of all FECC specimens is determined and presented in Table 5. Adding steel fibre
to the FECC specimens improves the load-carrying capacity while reducing the stiffness of the specimens.
In this study, to increase the reinforcement percentages of the FECC specimens (specifically, HSC80-FECC-
1-CC-100, HSC80-FECC-1-SF0.6-100, HSC80-FECC-1-CC-80, and HSC80-FECC-1-SF0.6-80), the stiffness
of these specimens is intentionally reduced compared to the stiffness of the HSC80-FECC-CC-100, HSC80-
FECC-SF0.6-100, HSC80-FECC-CC-80, and HSC80-FECC-SF0.6-80 specimens. This comparison is visually
displayed in Figure 13.

4.4. Mode of failure

The failure mode observed from all FECC specimens is reported in Table 5, and failure specimens are shown
in Figure 14. The common mode of failure observed from all specimens is concrete crushing. The (HSC80-
FECC-CC-100, HSC80-FECC-CC-80, HSC80-FECC-1-CC-100, and HSC80-FECC-1-CC-80) specimen
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Figure 14: Failed FECC specimens.

failed due to concrete cover spalling and wide cracks, compared to the (HSC80-FECC-SF0.6-100, HSC80-
FECC-SF0.6-80, HSC80-FECC-1-SF0.6-100, and HSC80-FECC-1-SF0.6-80) specimens. The addition of 0.6%
SF to the concrete mix enhanced the structural performance and, at the same time, prevented concrete cover
spalling and cracks [3-7].

The specimens (HSC80-FECC-SF0.6-100, HSC80-FECC-SF0.6-80, HSC80-FECC-1-SF0.6-100, and
HSC80-FECC-1-SF0.6-80) failed with minor cracks and fibre pull-out, compared to the (HSC80-FECC-CC-100,
HSC80-FECC-CC-80, HSC80-FECC-1-CC-100, and HSC80-FECC-1-CC-80) specimens. Overall observation
from the failed specimens indicates that reducing the lateral reinforcement spacing from 100 mm to 80 mm and

adding steel fibre to FECC enhances structural performance and prevents cracks and concrete cover spalling
[44, 45].

5. STATISTICAL ANALYSIS

The statistical analysis was evaluated using various codes, such as IS: 456 — 2000, JGJ 138 - 2016, and EN-1994-
1-1. The experimental test results were compared to the previous literature data [3-10, 20, 46], and the predicted
results were highly correlated with the experimental test results, as shown in Table 6. The mean values were
1.57, 0.94, and 0.96, while the standard deviations were 0.43, 0.15, and 0.15 for IS: 456 — 2000, JGJ 138 - 2016,
and EN-1994-1-1, respectively. Additionally, the coefficient of variation was 27.19%, 16.36%, and 16.17% for
the same codes. The experimental and previously published results were predicted using IS: 456 — 2000, JGJ
138 - 2016, and EN-1994-1-1. Notably, the predicted results from the JGJ 138-2016 and EN-1994-1-1 codes
closely aligned with the experimental test results, as depicted in Figure 15. Based on the experimental tests and
statistical analysis, the JGJ 138 - 2016 and EN-1994-1-1 codes are highly recommended for predicting the car-
rying capacity of fully encased composite columns. Furthermore, the graphical representation indicates that the
variation between present experimental results and previously published data is only +£15%. The EN-1994-1-1
code introduces two proposed methods: proposed method-1 and proposed method-2. Proposed method one is
extended by considering the area of the concrete core. The development of equation (3) leads to equation (5).

NPMI = 0‘85Acfck(core) + Arfyr + Asfys (5)

Similarly, proposed method two is developed using the strength reduction factor (n) [3, 47, 48]. This
factor ensures adequate strength prediction for high-strength and ultra-high-strength concrete. By incorporating
the strength reduction factor (1)) into equation (3) along with two condition factors, we modify it to equation (5).

Conditions: i. n = 1.0 for 50 N/mm* <f. < 90 N/mm’
ii. n = 0.8 for £, > 90 N/mm?

NPMZ = OgsnAcf;;k +Arfyr +Asfys (6)

The experimental test results were compared to the proposed methods, and the predicted results are
reported in Table 7. The prediction results from the proposed methods closely correlate with the analytical and
experimental results, as illustrated in Figure 16. These proposed methods (Methods 1 and 2) predict the axial
load-carrying capacity of fully encased composite columns. Specifically, the mean values are 1.08 and 1.06,
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Figure 15: Comparative study between experimental and predicted results from literature studies. (a) IS prediction; (b) JGJ
prediction; (c¢) EC4 prediction.

the standard deviations are 0.04 and 0.04, and the coefficients of variation are 3.54% and 3.53% for proposed
methods 1 and 2, respectively. Comparing the reliability of all codes and proposed methods, the graphical
representation in Figure 17 supports the recommendation of JGJ 138-2016 and EN-1994-1-1 design codes,
along with the proposed methods, for designing the load-carrying capacity of FECCs.

6. CONCLUSIONS

The current research has examined the eight FECCs made with HSC. The specimens are cast with different
spacings of tie reinforcement and a 0.6% addition of steel fibre. The experimental tests are compared to the
various codes and statistical studies. The following conclusions are based on the experimental, analytical and
statistical study.

1.

The addition of 0.6% steel fibre enhanced the load-carrying capacity of the FECCs by the following per-
centages: For HSC80-FECC-SF0.6-100: 4.82%; For HSC80-FECC-SF0.6-80: 4.35%; For HSC80-FECC-
1-SF0.6-100: 4.06%; For HSC80-FECC-1-SF0.6-80: 4.28%.These improvements were observed when
compared to the control FEC columns without steel fibre: HSC80-FECC-CC-100, HSC80-FECC-CC-80,
HSC80-FECC-1-CC-100 and HSC80-FECC-1-CC-80.

To reduce the lateral reinforcement spacing of FECCs, the load-carrying capacity of the fully encased
columns increased by 6.06%, 5.58%, 6.15%, and 6.38% for HSC80-FECC-CC-80, HSC80-FECC-SF0.6-80,
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Table 7: Evaluation of the experimental and analytical results from the proposed methods.

SPECIMEN ID | EXPT ANLY LOAD (kN) STATISTICAL | RATIO=EXPT/ | RATIO

LOAD LOAD (kN) ANLY =Expt/

(kN) PRED

IS JGJ EC4 | PM1 | PM2 | IS |JGJ | EC4 | PMI | PM2

HSC80- 4024.47 | 1992.10 | 4094.54 | 3895.47 | 3815.84 | 3895.47 | 2.02 | 0.98 | 1.03 | 1.05 | 1.03
FECC-CC-100

HSC80- 4218.64 | 2127.90 | 4400.09 | 4184.04 | 4097.62 | 4184.04 | 1.98 | 0.96 | 1.01 | 1.03 | 1.01
FECC-SF0.6-100

HSC80- 4268.32 | 1992.10 | 4094.54 | 3895.47 | 3815.84 | 3895.47 | 2.14 | 1.04 | 1.10 | 1.12 | 1.10
FECC-CC-80

HSC80- 4453.86 | 2127.90 | 4400.09 | 4184.04 | 4097.62 | 4184.04 | 2.09 | 1.01 | 1.06 | 1.09 | 1.06

FECC-SF0.6-80

HSC80-FECC- | 4198.26 | 2067.87 | 4207.64 | 4008.57 | 3928.94 | 4008.57 | 2.03 | 1.00 | 1.05 | 1.07 | 1.05
1-CC-100
HSC80-FECC- | 4368.74 | 2203.67 | 4513.19 | 4297.14 | 4210.72 | 4297.14 | 1.98 | 0.97 | 1.02 | 1.04 | 1.02
1-SF0.6-100
HSC80-FECC- | 4456.58 | 2067.87 | 4207.64 | 4008.57 | 3928.94 | 4008.57 | 2.16 | 1.06 | 1.11 | 1.13 | 1.11
1-CC-80

HSCB80-FECC- | 4647.32 | 2203.67 | 4513.19 | 4297.14 | 4210.72 | 4297.14 | 2.11 | 1.03 | 1.08 | 1.10 | 1.08
1-SF0.6-80

Mean - - - - - 2.06 | 1.01 | 1.06 | 1.08 | 1.06
SD - - - - - 0.07 | 0.04 | 0.04 | 0.04 | 0.04
CV (%) - - - - - 336 | 3.57 | 3.54 | 3.53 | 3.54

HSC80-FECC-1-CC-80, and HSC80-FECC-1-SF0.6-80, respectively, compared to HSC80-FECC-CC-100,
HSC80-FECC-SF0.6-100, HSC80-FECC-1-CC-100, and HSC80-FECC-1-SF0.6-100.

3. Similarly, the ductility also improved with the addition of 0.6% SF by 12.64%, 7.66%, 3.44%, and 3.79%
for HSC80-FECC-SF0.6-100, HSC80-FECC-SF0.6-80, HSC80-FECC-1-SF0.6-100, and HSC80-FECC-
1-SF0.6-80, respectively, compared to HSC80-FECC-CC-100, HSC80-FECC-CC-80, HSC80-FECC-
1-CC-100, and HSC80-FECC-1-CC-80.

4. Simultaneously, the ductility is enhanced by reducing the tie reinforcement spacing from 100 mm to 80 mm.
This reduction results in improvements of 11.83%, 6.89%, 7.24%, and 7.59% for the following cases:
HSC80-FECC-CC-80, HSC80-FECC-SF0.6-80, HSC80-FECC-1-CC-80, and HSC80-FECC-1-SF0.6-80,
respectively, when compared to their counterparts with 100mm spacing: HSC80-FECC-CC-100, HSC80-
FECC-SF0.6-100, HSC80-FECC-1-CC-100, and HSC80-FECC-1-SF0.6-100.

5. The experimental results were compared with various codes, including IS: 456 — 2000, JGJ 138-2016, and
EN-1994-1-1. The experimental results aligned well with the analytical predictions for JGJ 138-2016, in
contrast to the other two codes. Specifically, the mean, standard deviation, and coefficient variation were as
follows: (2.06, 0.07, and 3.36) for IS: 456 — 2000, (1.01, 0.04, and 3.57) for JGJ 138-2016, and (2.06, 0.07,
and 3.36) for EN-1994-1-1.

6. Additionally, including 0.6% steel fibre and reduced tie reinforcement significantly enhanced the struc-
tural performance of the FECC specimens. The addition of 0.6% SF prevented concrete cover spalling
and cracking. The FECC specimens (HSC80-FECC-SF0.6-100, HSC80-FECC-SF0.6-80, HSC80-FECC-
1-SF0.6-100, and HSC80-FECC-1-SF0.6-80) containing 0.6% steel fibre exhibited minor cracks without
concrete spalling. Conversely, specimens without steel fibre experienced concrete cover spalling and wide
cracks, specifically HSC80-FECC-CC-100, HSC80-FECC-CC-80, HSC80-FECC-1-CC-100, and HSC80-
FECC-1-CC-80.

7. The statistical analysis explored two proposed methods for predicting the load-carrying capacity of the
specimens. Both proposed methods strongly correlated with the experimental test results and effectively
predicted the experimental outcomes. These methods align well with the experimental data and the JGJ
138-2016 code. Specifically, for proposed method 1, the mean, standard deviation, and coefficient variation
were 1.08, 0.04, and 3.53%, respectively. For proposed method 2, these values were 1.06, 0.04, and 3.54%.
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Figure 16: Comparison between experimental and predicted results for various codes and proposed methods. (a) IS predic-
tion; (b) JGJ prediction; (c) EC4 prediction; (d) PM1 prediction; (¢) PM2 prediction; (f) overall prediction.
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Figure 17: Reliability of experimental and analytical results of FECC specimens.

The research work can be extended to explore various aspects, including different cross-sections, steel sections,
fibre content, and concrete grades under varying loading conditions.
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