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Concrete-filled steel tube (CFST) sections are structural members that effectively use the best properties of steel and concrete. Steel
tube at the outer perimeter effectively resists tension and bending moments and also increases the stiffness of the section as steel
has a high modulus of elasticity. )e infilled concrete delays the local buckling of the thin outer steel tube. )e interface bond
strength plays a major role in the composite action of CFSTsections. Provision of rectangular flutes on steel tube on CFSTsections
will improve the bond failure load and thereby the performance of CFSTsections significantly. In this paper, the bond strength and
displacement characteristics of steel-concrete composite sections are determined by incorporating rectangular shaped flutes into
the steel tube. A total of five sections were tested to assess the influence of flutes on the bond strength. )ese tested sections are
analyzed and are used to develop a finite element model using the finite element software ABAQUS version 6.13. )e parameters
chosen for the FE study are (i) type of flutes (outward and inward), (ii) D/t ratio (40, 60, and 80), (iii) number of flutes (2, 3, 4, 5,
and 6), and (iv) dimension of flutes ((20mm× 10mm), (40mm× 10mm), and (60mm× 10mm)). Bond failure load is found to be
higher for outward fluted sections compared to inward fluted and plain CFST sections.

1. Introduction

Steel-concrete composite sections are widely used in
structural engineering applications due to their excellent
composite action under static and dynamic loading con-
ditions.)e steel tube effectively resists the bending moment
and tension. It acts as longitudinal and transverse rein-
forcement. )ese columns resist applied load through the
composite action of steel and concrete. High ductility and
tensile strength of steel and high compressive strength of
concrete effectively complement each other. CFST sections
have been widely used in construction due to their high
strength, ductility, and excellent static and seismic-resistant
properties. Concrete core in CFST sections delays the local
buckling of steel tube, whereas steel tube at the outer pe-
rimeter confines the concrete infill thereby enhancing the
strength and durability. Steel-concrete composite sections
have higher strength and stiffness compared to normal

reinforced concrete sections. )e use of CFST results in
smaller sections, as the steel tubes at the outer periphery act
as formwork for the concrete and can withstand significant
loads before the final setting of the concrete thereby de-
creasing the construction time. Over the years, several re-
searchers have carried out studies to understand the
behavior of steel-concrete composite sections. Wide ranges
of steel tubes are being produced nowadays to cater to the
growing demand of aesthetically pleasing, architecturally
challenging, and cost-effective configurations. One such
product is the fluted steel tube. Flutes are the projections
provided on the periphery of the steel tube throughout its
length. Steel tubes are incorporated with rectangular flutes to
enhance the aesthetics and development area by which the
moment of inertia of composite member increases. High-
strength requirements for structural engineering application
can be satisfied by incorporating rectangular flutes in the
steel sheet of CFST sections. )e interface bond strength
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between steel and concrete plays a significant role in
composite action. So an elaborate study is carried out to
assess the interface bond strength and to investigate the
influence of various cross-sectional parameters on the bond
strength in detail.

Moon et al. [1] carried out an analytical research work
to evaluate and improve the design provision for CFST
sections with and without internal reinforcement subjected
to combined axial load and bending. )e strength and
behavior of CFST sections with and without internal re-
inforcement under general combined loading were studied.
A finite element model using ABAQUS software was de-
veloped to simulate the generalized conditions, including
the impact of confinement, slip, and axial load. Parametric
studies were conducted by varying the parameters like
amount of internal reinforcement, ratio of the tube to the
internal reinforcement, axial load ratio, slenderness ratio,
and D/t ratio. )e finite element results were used to
compare the existing P-M interaction curve design models
and a proposed model. It was observed that AISC (2010)
and Eurocode 4 (CEN 2004) provisions provide P-M in-
teraction curves considering the buckling effects, but the
bending resistance of CFTs for low-axial loads is under-
estimated. Niranjan and Eramma [2] carried out a study for
the analysis and design of concrete-filled steel fluted sec-
tions. Concrete-filled steel tube (CFST) sections are very
useful in structural engineering applications. )ere is no
specific standard codal provision for the analysis and de-
sign of CFST sections, but design methods for composite
members are incorporated in ACI-318, AISC-LRFD, and
EC 4 codal provisions. )e authors observed a discrepancy
of about 47 percent by adopting EC 4 (Eurocode 4), for a
triangular fluted column (TFC). ACI-318 and AISC-LRFD
gave about 48% and 64%, respectively, lesser values
compared to the experimental values. Similar results were
observed for rectangular fluted sections. )e authors
compared the results of the three codes with experimental
results and found that Eurocode 4 and ACI-318 compare
well with each other and are about 55% and 45% that of
experimental results for triangular fluted columns, whereas
AISC-LRFD yields about 35% lesser values as compared to
experimental results. It was concluded that the equations
provided in the three codes cannot be used for fluted
columns as it is and requires modification. Zhong et al. [3]
developed a refined FE model to simulate the actual be-
havior of CFST sections under axial compression by col-
lecting a wide range of experimental data. A concrete
damaged plasticity material model was used to simulate the
behavior of CFST sections. For modeling CFST sections, a
new concrete strain hardening/softening function was
developed.)e dilation angle used in the concrete damaged
plasticity model was calibrated against test data. Experi-
mental data are compared with the predictions from the
new FE model which indicates that the new model de-
veloped using ABAQUS software is more versatile and
accurate in modeling CFST sections. Chen et al. [4] con-
ducted a push-out test on 18 rectangular steel tubular
sections to determine the bond behavior between steel and
concrete. )e ultimate bond strength is assessed by varying

the concrete compressive strength, interface length, cross-
sectional dimensions, and interface conditions. It is ob-
served that lubricating the interface between steel and
concrete always had a significant adverse effect on the
interface bond strength. Concrete compressive strength
and cross-sectional size have a significant effect on the bond
strength of nonlubricated specimens for the range of cross-
sectional geometries considered which is not mentioned in
the European Structural Design Code for composite
structures, EN 1994-1-1. A significant reduction in bond
strength was observed in steel-concrete composites by
interface lubrication, and bond strength reduction of 13%
to 55% was observed compared to identical specimens with
no lubrication. Abendeh et al. [5] summarized the results of
push-out tests conducted on concrete-filled steel tubes
(CFSTs) incorporating rubberized concrete with the main
variables being the recycled rubber replacement ratio at 28
days and one year. )e impact of shredded rubber contents
on the compressive strength of concrete was investigated by
preparing 150 mm cubes using rubberized concrete mix-
tures. It was concluded that the use of rubber crumb in-
creased the fresh-state workability and has an adverse
influence on the compressive strength of concrete. Com-
parison of push-out test results of circular and square
concrete-filled steel tubes showed that circular sections
have a higher bond strength than square sections and an
increase in the size of the square section decreases the bond
strength. It was observed that incorporation of crumb
rubber had only a negligible effect on the ductility of
concrete-filled steel columns tested at one year. Ouyang
and Kwan [6] developed a finite element method for an-
alyzing the full-range nonlinear behavior of square CFST
sections subjected to axial loading. A study on the effect of
confinement by using the FE method indicated that, due to
the confinement effect, the total axial load capacity of a
concrete-filled steel tube at the postpeak stage is signifi-
cantly higher than the sum of axial load capacities of the
steel and concrete sections acting independently without
any confinement effect. )e FE model has been developed
to analyze CFST specimens having normal concrete and
normal steel, high-strength concrete and normal steel, and
high-strength concrete and high-strength steel. )e results
indicate that the finite element method is capable of pre-
dicting the axial load-strain curve more accurately for
different combinations of material strengths.

From the literature review, it can be concluded that
several works have been carried out to determine the bond
strength of CFST sections by experimental and numerical
methods.)ere is no experimental or analytical work carried
out on concrete-filled steel fluted sections to determine the
interface bond strength. Only limited work has been carried
out to determine the load-carrying capacity of concrete-
filled steel fluted sections.

In this present work, an attempt has been made to study
the influence of D/t ratio, dimension of flute, interface
length, and number of flutes on the bond strength, to
compare the effectiveness of inward and outward flutes, and
finally to develop a validated FE model to accurately predict
the bond behavior of steel-concrete composite fluted
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sections. Flutes have been provided in the outer steel shell to
increase the moment of inertia of the composite section and
thereby increase the bond strength, ultimate load-carrying
capacity, ductility, and initial stiffness of CFST sections.
Interaction between steel and concrete plays a very signif-
icant role in the composite strength. Also, the number, size,
and type of flutes will greatly influence the behavior. In this
study, the bond strength of concrete-filled steel sections is
determined experimentally and compared with analytical
results. Outward and inward fluted columns with three and
four flutes, respectively, and normal CFST sections were
tested. Figure 1 shows the cross-section of the specimens
tested. )e details of the test specimens are given in Table 1.
)e dimension of the rectangular flute was taken as
40mm× 10mm [2]. “SCCFC-4-O” represents steel-concrete
composite outward fluted section with 4 flutes. “SCCFC-I-3”
represents steel-concrete composite inward fluted section
with 3 flutes. Figure 2 shows the test specimens used for the
bond study.

2. Experimental Investigation

2.1. Material Properties. Ordinary Portland cement of grade
53 with crushed aggregate of size 10mm and 12mm and
manufactured sand (M-sand) were used for preparing the
concrete mix of grade M30. Cube tests were carried out to
determine the compressive strength of concrete at 7 days and
28 days, and an average cube compressive strength value is
taken for analytical investigation. Table 2 shows the details of
the mix proportion.

)ree tension coupons were tested as per ASTM A-370
standards to assess the properties of the steel tube [7]. )e
stress-strain behavior of the steel obtained from these tests is
given in Figure 3.)ese values of the stress-strain curve were
used for the analytical investigation.

2.2. Preparation of Test Specimen. MIG-welded steel tubes
were used for the preparation of specimens. )e inner
surface of the steel tube was cleaned of any rust, loose scale,
and any deposit of grease or oil. Two v-notches were pro-
vided at the bottom for the expulsion of air from the
specimen during the push-out test. Concrete was filled in the
steel tube up to 450mm length. 50mm gap was provided at
the bottom for the concrete to slip during axial loading.

2.3. Test Setup. )e specimens were tested in a 1000 kN
capacity Universal Testing Machine. )e columns were kept
in a vertical position with a 50mm air gap at the bottom end.

A solid block having a cross-sectional area less than the
specimen was placed on the concrete core. )is ensures that
the axial load was applied only to the concrete core inside the
steel tube and allows the concrete core to slip through the
outer steel tube.)e load was applied at the rate of 4 kN/min,
and axial shortening was recorded at regular intervals using
a deflectometer having a least count of 0.01mm. Bond
strength is calculated based on the load at slip and area of
contact. Fluted sections exhibit a stiff load versus slip be-
havior. Initially, slip at the steel-concrete interface occurred

gradually, and thereafter, sudden downward movement was
observed and large displacement was recorded. )e exper-
imental setup is shown in Figure 4.

2.4. Interface Bond Strength. Average bond stress is adopted
to represent interface bond strength between steel and
concrete. Average bond strength (τu) is calculated based on
the bond failure load of concrete-filled steel fluted sections
[5]:

τu �
P
A

, (1)

where P is the bond failure load and A is the interfacial area
between the internal surface of steel and outer surface of the
concrete.

For steel-concrete composite fluted sections used for the
experiment, bond strength is calculated as follows:

τu �
Nu

πD + 2dfn L
, (2)

where Nu is the bond failure load which is calculated as the
load at which concrete starts slipping obtained from the
load-slip curve, A is the interfacial area, D is the diameter of
the specimen, nf is the number of flutes, df is the depth of
flute, and L is the interface length.

)e test results are shown in Table 3. It can be seen that the
bond strength is higher for concrete-filled steel fluted cross-
sections with outward flutes and least for cross-sections with
inward flutes irrespective of the number of flutes. Provision of
inward flutes has a negative effect since local failure occurs
near the sharp edges in the inward fluted sections. )is is due
to stress concentration near the sharp edges in the inward
fluted cross-sections. Concrete-filled steel fluted cross-sec-
tions with 4 inward flutes have the least bond strength. When
the number of inward flutes increases, bond strength de-
creases due to the decrease in the development area and an
increase in stress concentration at the sharp corners, resulting
in a decrease in bond failure load. )e bond strength of 4-
outward fluted cross-section is 2.22% higher than 3-outward
fluted cross-section and 8.66% higher than normal CFST
section. )e bond strength of 4 inward fluted cross-section is
15.29% lower than 3 inward fluted cross-section and 43.30%
lower than normal CFST section. When the bond strength
increases, the composite action of steel and concrete becomes
significant, and load-carrying capacity of the columns in-
creases. It can be concluded that outward fluted cross-sections
perform better than inward fluted cross-sections. Interaction
between steel and concrete is higher when outward flutes are
incorporated in normal CFST sections. )e performance of
steel-concrete composite sections can be improved by in-
corporating rectangular outward flutes satisfying the growing
demand of highly resistant composite structures in structural
engineering applications. Interface bond strength is generally
developed from the chemical adhesion, microlocking, and
macrolocking occurring between the concrete core and steel
surface [5]. )ere is no slip between steel and concrete core in
the initial stage of loading due to chemical adhesion. )e
mechanisms of resistance in CFSTare attributable to adhesion
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that is developed by chemical adherence between concrete
and steel, and it is a fragile mechanism which is significant
only in the early stages of loading. )is phenomenon is
present only in case in which there is contact between the

surfaces of steel and concrete and depends on the proportion
of water and cement and is related to shrinkage of concrete.
Friction force becomes active when adhesion forces fail and
depends primarily on the roughness of the interface surface
between steel and concrete. )is mechanism is microlocking.
Wedge effect begins when all the concrete core inside the steel
tube is in motion, i.e., when the microbonds and local friction
fail. A large-scale frictional mechanism is hence generated due
to dimensional irregularities of the steel tube that restricts
concrete displacements. )is mechanism is called macro-
locking [4].

It was observed during the experiment that a linear
relationship was observed between the load and axial de-
formation irrespective of the geometry of flutes and number
of flutes at the elastic stage. When the load approached the
ultimate failure load, the crushing of confined concrete was
heard, and then, the load decreased significantly leading to
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Figure 1: Cross-section details: (a) 3-outward fluted section; (b) 3-inward fluted section; (c) 4-outward fluted section; (d) 4-inward fluted
section.

Table 1: Details of the specimen.

Sl no. Nomenclature No. of flutes Position of flutes Length (mm) Diameter (mm) )ickness of steel tube Flute dimension
1 SCCFC-4-O 4 Outward

500 150 3mm 40mm× 10mm2 SCCFC-4-I Inward
3 SCCFC-3-O 3 Outward
4 SCCFC-3-I Inward
5 CFST NA NA

Figure 2: Test specimens.
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loss of bond between steel and concrete and the steel tube
started yielding.

3. Analytical Investigation

)e experimental results were compared using the FE model
developed using ABAQUS. After several trials, the angle of

Table 2: Mix proportion details.

Grade of concrete W/c Portland cement (kg/m3) M-sand (kg/m3) Aggregate (kg/m3)

Average cube
compressive
strength, fck
(N/mm2)

12mm 10mm 7 days 28 days
M30 0.50 390 672 585 585 28.9 39.69
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Figure 3: Stress-strain curve for steel.
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Figure 4: Experimental setup.

Table 3: Bond strength of the specimens tested.

Sl no. Nomenclature Bond strength (N/mm2)
1 SCCFC-4-O 1.38
2 SCCFC-4-I 0.72
3 SCCFC-3-O 1.35
4 SCCFC-3-I 0.85
5 CFST 1.27
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friction was taken as 50°, flow stress ratio as 1, and dilation
angle was taken as 30° [8] to simulate the actual behavior.
)e coefficient of friction between steel and concrete is taken
as 0.6 [3]. 8-noded brick elements (C3D8) with 24 DOFs are
used for the modeling of concrete core, and 4-noded shell
element (S4R) [9] with 6 DOF is used for modeling of steel.
Poisson’s ratio for concrete is taken as 0.2 and that of steel is
taken as 0.3 [8]. Displacement degrees of freedom in all three
directions (U1, U2, and U3) and rotational degrees of
freedom in all three directions are restrained to be zero at
bottom. “Encastre” condition is used to give a fixed con-
dition at bottom. Encastre condition constraints all dis-
placements and rotations at a node. Nodes at the top end are
kept free in the U3 direction and restrained to be zero in all
other directions. )e interface between concrete and steel
was modeled using contact pair option. Modeling of in-
terfaces requires defining two surfaces, namely, master
surface and slave surface. )e inner surface of steel is taken
as the master surface, and the outer surface of concrete is
taken as the slave surface for incorporating interaction
between steel and concrete.

Eigen values obtained in linear perturbation buckling
analysis are used to get the bond failure load of the specimen
using the Static Riks method. An eigenvalue buckling
analysis can be used to determine the critical load of stiff
structures. )e unstable geometrically nonlinear collapse of
a structure is predicted using the Static Riks method. An
eigenvalue buckling analysis is done by using the Static Riks
method to provide complete details of the collapse of the
structure. Concrete damage is modeled using Druck-
er–Prager plasticity model which is used to describe the
inelastic behavior of concrete. Interaction between steel and
concrete is provided using the penalty option in tangential
behavior which uses a stiffness method that allows some
relative motion of the surface (elastic slip) when they are
bonded. )e dimension of the flute is taken as
40mm× 10mm, and the radius of the circular section as
75mm [2].

Figure 5 shows the meshed model of a typical outward
and inward rectangular fluted column. Figure 6 shows the
deformed shapes of the FE model. )e comparison between
load vs slip behavior of the tested sections with the FE model
is shown in Figure 7. It can be seen that the FE model is
capable of simulating the experimental behavior closely
within a margin of 4%. Provision of flutes either outward or
inward increases the initial stiffness of the section compared
to CFST sections.

From Figure 7, it is observed that the ascending rigid
branch is characterized by very small displacements at the
interface between steel and concrete, and it is related to the
mechanism of adhesion. Once the adhesion reaches its
peak value, the chemical bond between steel and concrete
is broken; concrete core starts to move inside the steel
tube. At this stage, the phenomenon of friction between
steel and concrete due to surface roughness begins. When a
local rupture mechanism occurs leading to the crushing of
concrete at the interface, a new frictional mechanism
related to macroimperfections of the steel tube begins. )is
contribution of friction continues until the complete

expulsion of the confined concrete occurs due to applied
load.

3.1. Empirical Equation for Determining Bond Strength.
An empirical equation is suggested to determine the bond
strength of SCCF sections based on the numerical study:

τu �
Nu tan θ

πD + 2dfnf L
, (3)

where Nu is the bond failure load, θ is the angle of friction, D
is the diameter of the specimen, nf is the number of flutes, df
is the depth of flute, and L is the interface length.

Bond failure load (Nu) is calculated as the load at which
concrete starts slipping through the steel tube in the push-
out test. From the numerical study, the angle of friction of
50° is found to give accurate results in the validation of
experimental results using ABAQUS. )e angle of friction
between 45° to 50° is found to give accurate values of bond
strength for SCCF sections with normal grade concrete infill.

Dilation angle (Ψ) is an important parameter to deter-
mine the plastic flow potential [1]. )e following equation is
used to determine the dilation angle for steel-concrete
composite fluted cross-sections based on numerical analysis
using ABAQUS:

ψ � 16 1 + ξc(  for ξc ≤ 1,

ψ � 13.5 1 + ξc(  for ξc > 1,
(4)

where ξc is the confinement index calculated using the
following formula [10]:

ξc �
fyAs

fckAc

, (5)

where As is the area of steel and Ac is the area of concrete.

3.2. Parametric Study Using ABAQUS. Based on these
preliminary results, further elaborate studies to understand
the effect of flutes on CFST sections were confined to
outward fluted cross-sections. Nomenclature adopted for
the FE models is as follows: for example, SCCFC-40-2a
represents steel-concrete composite fluted cross-section
having 2 number of flutes with D/t ratio 40 and “a” denotes
flute dimension of 20mm× 10mm.

SCCFC-60-4b denotes the SCCF section having 4 number
of flutes with D/t ratio 60, and “b” represents flute dimension
of 40mm× 10mm. SCCFC-80-6c represents the SCCF sec-
tion having 6 number of flutes with D/t ratio 80, and “c”
represents flute dimension of 60 mm× 10 mm.)e diameter
of the specimens was fixed as 150mm. )e load versus slip
behavior of all the sections analyzed is shown in Figure 8.

)ere is no substantial decrease in the bond failure load
for SCCF cross-sections with an increase inD/t ratio from 40
to 60. Increase in the number of flutes increases the bond
failure load for cross-sections with D/t ratio 40 to 60,
whereas for cross-sections with D/t ratio 80, the number of
flutes does not significantly influence the bond failure load.
For cross-sections with a lower D/t ratio, increase in the
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number of flutes increases the bond failure load by about
15–29%, whereas columns with D/t ratio 60, increase in the
number of flutes, resulting in about 11–12% increase in bond
failure load irrespective of the size of the flute. For cross-
sections withD/t ratio 80, with an increase in the size of flute,
there is 6–13% increase in the bond failure load. Figure 9
shows the variation in bond failure load with the number of
flutes for various flute sizes.

Bond failure load increases with an increase in the
number of flutes irrespective of the flute size. For SCCF
cross-sections with D/t ratio 40, flute dimension
40mm× 10mm, and for SCCF cross-sections withD/t ratios
60 and 80, flute dimension 60mm× 10mm are found to give
best results. From Figure 10, it can be seen that an increase in
the contact area by 22–44% increases the bond failure load
by 14–45% irrespective of the number of flutes.

3.3. Effect of Number of Flutes on Bond Strength.
Figure 11 shows the variation in bond strength with the
number of flutes for different D/t ratios of sections. It can be

seen that the bond strength decreases with an increase in the
number of flutes for cross-sections with a larger D/t ratio of
60 and 80 irrespective of flute dimension.

3.4. Effect of D/t Ratio on Bond Strength. Figure 12 shows the
variation in bond strength with the dimension of the flute for
D/t ratios 40, 60, and 80, respectively. It is observed that
bond strength is highest for SCCFC with flute dimension
40mm× 10mm irrespective of the D/t ratio. It is also found
that the bond strength decreases with an increase in the D/t
ratio. So, it can be concluded that increase in the D/t ratio of
rectangular fluted cross-sections will not enhance the bond
strength of composite cross-sections irrespective of the flute
dimension.

3.5. Effect of Interface Area on Bond Strength. Figure 13
shows the variation in bond strength with the interface
area for D/t ratios 40, 60, and 80, respectively. )e distri-
bution of bond strength is not uniform and is found to
decrease with an increase in the interface area.

(a) (b)

Figure 5: Meshed model: (a) outward fluted section; (b) inward fluted section.

(a) (b)

Figure 6: Deformed shapes: (a) outward fluted section; (b) inward fluted section.
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Figure 7: Applied load vs slip behavior: (a) CFST; (b) SCCFC-4-O; (c) SCCFC-4-I; (d) SCCFC-3-O; (e) SCCFC-3-I.
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Figure 8: Continued.
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Figure 9: Bond failure load vs number of flutes: (a) D/t� 40; (b) D/t� 60; (c) D/t� 80.
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Figure 8: Load vs slip behavior.
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Figure 10: Bond failure load vs. interface area. No. of flutes: (a) 2; (b) 3; (c) 4; (d) 5; (e) 6.

Advances in Civil Engineering 11



Table 4 shows the comparison of bond strength obtained
in experimental investigation with proposed formula. )e
available codal provisions for the composite section design
do not take into account the influence of the angle of friction
on bond strength of normal CFST cross-sections. )e
suggested equation to determine the bond strength of SCCF
cross-sections considers the influence of the angle of friction
on bond strength, and it can be effectively used for normal
CFST sections also. Table 5 shows the comparison of bond
strength of numerical models with proposed formula.

From Table 5, it was observed that the bond strengths of
SCCF cross-sections with D/t ratio 40 are higher than that of
normal CFST cross-sections except for SCCF cross-sections
with flute dimension 60mm× 10mmhaving number of flutes
2, 3, and 4, respectively. But bond strengths of SCCF cross-
sections withD/t ratios 60 and 80, respectively, are found to be
lesser than normal CFST cross-sections. So it can be con-
cluded that an increase in D/t ratio does not improve sig-
nificantly the bond strength of composite cross-sections.
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Figure 11: Variation in bond strength with number of flutes: (a) D/t� 40; (b) D/t� 60; (c) D/t� 80.
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12 Advances in Civil Engineering



D/t = 40
D/t = 60
D/t = 80

200000 4000000
Interface area (mm2)

0.8

0.82

0.84

0.86

0.88

0.9

0.92

Bo
nd

 st
re

ng
th

 (N
/m

m
2 )

(a)

D/t = 40
D/t = 60
D/t = 80

200000 4000000
Interface area (mm2)

0.8

0.82

0.84

0.86

0.88

0.9

0.92

Bo
nd

 st
re

ng
th

 (N
/m

m
2 )

(b)

D/t = 40
D/t = 60
D/t = 80

200000 4000000
Interface area (mm2)

0.8

0.82

0.84

0.86

0.88

0.9

0.92

Bo
nd

 st
re

ng
th

 (N
/m

m
2 )

(c)

Figure 13: Variation in bond strength with Interface area. (a) Interface length 450mm. (b) Interface length 550mm. (c) Interface length 650mm.

Table 4: Comparison of bond strength of experimental specimens with proposed formula.

Sl no. Nomenclature τu (EXP) (MPa) τu (FEA) (MPa) τu(proposed) (MPa) τu(EXP)/τu(FEA) τu(EXP)/τu(proposed)

1 SCCFC-4-O 1.38 1.38 1.52 1.00 0.91
2 SCCFC-4-I 0.72 0.74 0.81 0.97 0.89
3 SCCFC-3-O 1.35 1.27 1.40 1.06 0.96
4 SCCFC-3-I 0.85 0.86 0.95 0.99 0.89
5 CFST 1.27 1.30 1.43 0.98 0.89

Table 5: Comparison of bond strength of numerical models with proposed formula.

Sl no. Nomenclature τu (FEA) (MPa) τu(proposed) (MPa) τu(FEA)/τu(CFST) τu(propose d)/τu(CFST)

1 SCCFC-40-2a 0.884 0.972 1.017 1.119
2 SCCFC-40-3a 0.882 0.970 1.015 1.116
3 SCCFC-40-4a 0.885 0.974 1.018 1.121
4 SCCFC-40-5a 0.879 0.967 1.012 1.113
5 SCCFC-40-6a 0.873 0.960 1.004 1.105
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4. Conclusions

(i) Outward rectangular-fluted cross-sections exhibit
increased bond strength compared to inward fluted
cross-sections due to high-stress concentration near
the sharp edges in the inward fluted cross-sections.

(ii) Provision of inward flutes has a negative effect
since local failure occurs near the sharp edges in
the inward fluted cross-sections due to stress
concentration.

(iii) Finite element software ABAQUS is capable of
simulating the actual behavior within amargin of 4%.

(iv) To simulate the interaction between steel and
concrete, the surface-to-surface contact option in
ABAQUS can be used.

(v) )e proposed equation based on the angle of
friction can predict the bond strength of CFST as

well as fluted concrete-filled sections within a
reasonable accuracy of 9%.

(vi) For cross-sections with a higher D/t ratio, an in-
crease in the number of flutes does not enhance the
bond strength.

(vii) For cross-sections with a lower D/t ratio, an in-
crease in the number of flutes increases the bond
failure load by 15–29%.

(viii) Bond strength is found to decrease with an increase
in the interface area irrespective of the D/t ratio.

(ix) Provision of rectangular flutes results in a higher
bond failure load and significantly improves the
composite action of CFST cross-sections.

Abbreviations

D: Diameter of specimen (mm)
ts: )ickness of steel tube (mm)

Table 5: Continued.

Sl no. Nomenclature τu (FEA) (MPa) τu(proposed) (MPa) τu(FEA)/τu(CFST) τu(propose d)/τu(CFST)

6 SCCFC-40-2b 0.889 0.978 1.023 1.125
7 SCCFC-40-3b 0.873 0.960 1.005 1.105
8 SCCFC-40-4b 0.874 0.961 1.006 1.106
9 SCCFC-40-5b 0.872 0.959 1.003 1.104
10 SCCFC-40-6b 0.919 1.01 1.058 1.058
11 SCCFC-40-2c 0.808 0.889 0.930 1.023
12 SCCFC-40-3c 0.843 0.927 0.970 1.067
13 SCCFC-40-4c 0.863 0.949 0.993 1.092
14 SCCFC-40-5c 0.896 0.986 1.031 1.135
15 SCCFC-40-6c 0.924 1.016 1.063 1.268
16 SCCFC-60-2a 0.876 0.964 0.974 1.072
17 SCCFC-60-3a 0.848 0.933 0.943 1.038
18 SCCFC-60-4a 0.849 0.934 0.944 1.039
19 SCCFC-60-5a 0.842 0.926 0.937 1.030
20 SCCFC-60-6a 0.841 0.925 0.935 1.029
21 SCCFC-60-2b 0.880 0.968 0.979 1.077
22 SCCFC-60-3b 0.876 0.964 0.974 1.072
23 SCCFC-60-4b 0.863 0.949 0.960 1.056
24 SCCFC-60-5b 0.854 0.939 0.950 1.044
25 SCCFC-60-6b 0.851 0.936 0.947 1.041
26 SCCFC-60-2c 0.884 0.972 0.983 1.081
27 SCCFC-60-3c 0.866 0.953 0.963 1.060
28 SCCFC-60-4c 0.865 0.952 0.962 1.059
29 SCCFC-60-5c 0.861 0.947 0.958 1.053
30 SCCFC-60-6c 0.849 0.934 0.944 1.039
31 SCCFC-80-2a 0.835 0.919 0.930 1.023
32 SCCFC-80-3a 0.807 0.888 0.899 0.989
33 SCCFC-80-4a 0.794 0.873 0.884 0.972
34 SCCFC-80-5a 0.796 0.876 0.886 0.975
35 SCCFC-80-6a 0.814 0.896 0.916 0.998
36 SCCFC-80-2b 0.865 0.952 0.963 1.060
37 SCCFC-80-3b 0.850 0.935 0.947 1.006
38 SCCFC-80-4b 0.821 0.903 0.914 1.006
39 SCCFC-80-5b 0.811 0.892 0.903 0.993
40 SCCFC-80-6b 0.801 0.881 0.892 0.981
41 SCCFC-80-2c 0.869 0.956 0.968 1.065
42 SCCFC-80-3c 0.859 0.945 0.957 1.052
43 SCCFC-80-4c 0.839 0.923 0.934 1.028
44 SCCFC-80-5c 0.828 0.911 0.922 1.014
45 SCCFC-80-6c 0.807 0.888 0.899 0.989
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fck: Cube compressive strength (N/mm2)
σu: Ultimate stress (N/mm2)
τu: Bond strength (N/mm2)
E: Modulus of elasticity (N/mm2)
σy: Yield stress (N/mm2)
L: Length of specimen (mm).
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