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Axial Load-Axial Deformation Behaviour of SCC Columns Reinforced with Steel
Tubes

Abstract

A simplified analytical model has been developed for the axial load-axial deformation behaviour of self-
compacting concrete (SCC) columns reinforced with steel tubes. The developed analytical model takes
into account the contribution of the steel tubes, unconfined concrete cover, confined concrete core and
confined concrete inside the steel tube. The results of the analytical model have been compared with
experimental results of four SCC column specimens. The results of the analytical model are in good
agreement with the experimental results. A parametric study has been conducted to investigate the
influences of the compressive strength of SCC, tensile strength of steel tube, wall thickness of steel tube
and pitch of steel helix on the axial load-axial deformation behaviour of SCC columns reinforced with
steel tubes. The ductility of SCC columns has been found to be significantly influenced by the increase in
the compressive strength of SCC and the pitch of steel helix.
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Abstract

A simplified analytical model has been developed for the axial load-axial deformation
behaviour of self-compacting concrete (SCC) columns reinforced with steel tubes. The
developed analytical model takes into account the contribution of the steel tubes, unconfined
concrete cover, confined concrete core and confined concrete inside the steel tube. The results
of the analytical model have been compared with experimental results of four SCC column
specimens. The results of the analytical model are in good agreement with the experimental
results. A parametric study has been conducted to investigate the influences of the

compressive strength of SCC, tensile strength of steel tube, wall thickness of steel tube and

1



ACCEPTED MANUSCRIPT

pitch of steel helix on the axial load-axial deformation behaviour of SCC columns reinforced
with steel tubes. The ductility of SCC columns has been found to be significantly influenced

by the increase in the compressive strength of SCC and the pitch of steel helix.

Keywords: Composite columns; self-compacting concrete; steel tube; axial load-axial

A
1. Introduction Q~

Steel sections and concrete are commonly used in the c@t'r)ction of composite columns.

deformation; ductility.

There are two main configurations of the composite g@s: concrete-encased steel section
columns and concrete-filled steel tube (CFT) Q[l]. The advantages of composite
columns are high strength, stiffness, ductili %sistance and seismic resistance [2, 3].
Steel tubes with different cross-sections YuLlar, square, polygon and circular) are used
to construct CFT columns [4, 5]. Cir steel tube sections are usually preferred for the CFT
columns because circular steel t pr¥vide better confinement to the infill concrete [6]. In

traditional CFT columns, steeébgs are usually filled with concrete without any internal steel

reinforcement [7]. In sc&%s, internal steel reinforcement is used for higher strengths and

better connections b@

Reinforced C(WQ (RC) columns are usually constructed of normal-vibrated concrete

e concrete members [8].

(NVC). However, the congestion of reinforcement in the construction of columns is a critical
issue. Casting concrete in columns with a large amount of longitudinal and transverse
reinforcements makes the placement of concrete difficult. For such columns, the self-
compacting concrete (SCC) is considered a suitable option to overcome the difficulty of the

placement of concrete because SCC possesses good workability with high flowability, passing
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ability and segregation resistances [9]. The SCC can be easily poured into narrow, complex or
novel forms of construction without requiring vibration even in columns containing a large

amount of reinforcement [10, 11].

Lin et al. [12] examined the behaviour of axially loaded RC columns constructed of NVC and
SCC. Test results showed that the ductility, stiffness and crack cop@ability of the SCC
columns were better than NVC columns. Lachemi et al. [13] ered the performance of
axially loaded CFT columns constructed of NVC and SCC. @les of steel tube confined
concrete columns with and without longitudinal and tra@ reinforcement were tested.
The test results showed that axial load carrying capacé %\NC columns and SCC columns
were comparable. Also, the casting of columns was easier than casting of columns
with NVC, as SCC did not require any vibrativ%

@

Recently, the authors proposed anethod of reinforcing SCC columns with small
n

diameter steel tubes as Iongitu%

reinforced with steel tubes i rent from the behaviour of SCC columns reinforced with

forcement [14]. The behaviour of SCC columns

conventional steel bars% same cross-sectional area, the radius of gyration of the steel
a0Mls

tube is higher than @

decreased the ov@uckling of longitudinal reinforcement and consequently increased the

of gyration of the solid steel bar. Steel tubes filled with SCC

ductility of tw columns. Also, steel tubes effectively confined the infill concrete
resulting in an increase of the axial compressive strength. Under concentric axial load, steel
tubes with a tensile strength similar to that of steel bars used in reinforcing SCC columns
increased the maximum axial load of the column [14]. However, no analytical investigations

have yet been carried out for the influence of different parameters (e.g., the compressive
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strength of SCC, tensile strength of steel tube, wall thickness of steel tube and pitch of steel

helix) on the behaviour of SCC columns reinforced with steel tubes.

Detailed analytical investigations are required for the wide use of SCC columns reinforced
with steel tubes. This paper develops an analytical model to predict the axial load-axial
deformation behaviour of SCC columns reinforced with steel tu The results of the

analytical model have been found well matching with the experl\ al investigation results.
The influences of the compressive strength of SCC, tensQﬂmgth of steel tube, wall
thickness of steel tube and pitch of steel helix on the axi®Joagraxial deformation behaviour

of SCC columns reinforced with steel tubes have beebe gated.

2. Research significance E

odel for the axial load-axial deformation

This study presents a simplified anal

behaviour of SCC columns reinforgeswith steel tubes. The analytical model takes into

account the contributions of th Qbes, unconfined concrete cover, confined concrete

core and confined concrete ié\the steel tube. The predictions of the developed analytical

model have been found Qn good agreement with the experimental investigation results.
&

ased on a detailed parametric study, reported in this study will

The analytical obsequ
contribute to gofd understanding on the axial load-axial deformation behaviour of SCC

columns reinfvwvith steel tubes.

3. Analytical modelling
The authors have recently proposed using small diameter steel tubes as longitudinal
reinforcement for SCC columns. The innovative use of steel tubes for reinforcing SCC

column was found to be highly effective, especially considering the maximum axial load and
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the ductility of the SCC columns [14]. The conventional SCC columns reinforced with steel
bars usually consist of three main components: longitudinal steel bars, unconfined concrete
cover and confined concrete core (Fig. 1a). The SCC columns reinforced with steel tubes
consist of four main components: longitudinal steel tubes, unconfined concrete cover,

confined concrete core and confined concrete inside the steel tubes (Fig. 1b).
A simplified stress-strain relationship is used in the analytica@of the longitudinal steel

tubes. The stress-strain behaviour of the steel tubes uUgdertension and compression is

3.1 Modelling of longitudinal steel tubes

idealized as bilinear elasto-plastic (Equations 1la and % strain hardening response of the
longitudinal steel tube was neglected for a simp% ytical model.
fi = &E; v. &t < &y (1a)
ft= Tty & > &y (1b)
where f; is the stress of the steel tu is the axial strain corresponding to the f¢, f;, is the

yield stress of the steel tube, s@e axial strain corresponding to the f;, and E. is the

modulus of elasticity of thﬁl e.
3.2 Modelling of un j&oncrete cover

n
The stress-strain @iour of self-compacting concrete (SCC) in Aslani and Nejadi [15] is
adopted to mom stress-strain behaviour of unconfined concrete cover in the SCC column.
The stress-strain behaviour (Equation 2) of the SCC in Aslani and Nejadi [15] is divided into
two branches: ascending (Equation 3a) and descending (Equation 3b).

f;' — feon (ec/€co) (2)

n—1+(ec/€co)™

n=n, = [1.02 = 117 (Eecu/ED]  ifee < £ (3a)
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n=n, =nl+ (w+28x¢) if e, > €0 (3b)

E. = 3655 X (f,)%%*% (MPa) (4)

@ = (135.16 — 0.1744 X f,,) 046 (5)

& = 0.83exp(—911/f;,) (6)

Eqocu =22 )

o= (2)(2) é« @

p=(%)+o0s8 Q} (9)
where &, is the axial strain at any unconfined concrete stre -0 1S the unconfined concrete

compressive strength; e., is the axial strain corre difg to f.,; E. is the modulus of
elasticity of SCC (with fly ash filler); Egpc,, iS the modulus of elasticity of unconfined
concrete; n is the material parameter depend| shape of the stress-strain curve; n, and

n, are the modified material param@ the ascending and descending branches,

respectively; and @, & and y are co ts of equations expressed in term of £,
The unconfined concrete ¢ ive strength fro 15 considered equal to 28-day cylinder
compressive strength ( iplied by a coefficient o; according to AS 3600 [16]. The

coefficient o« is ex sse as:

Q 1.0 — 0.003f’ (f.'in MPa) 0.72 <x;< 085  (10)
3.3 Modelling of confined concrete
Two confined concrete models need to be used in the modelling SCC columns reinforced with
longitudinal steel tubes for the stress-strain behaviour of confined concrete core and confined
concrete inside the steel tubes. The concrete stress-strain model in Mander et al. [17] is

adopted to model the stress-strain behaviour of confined concrete core (Equation 11).
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fcc _ fc{cTc (5cc/31,:c) (11)

B rc_l"‘(gcc/féc)rc

r, = — (12)

Ec_Esec,c

Esec,c = & (13)

Ecc
where .. is the axial strain in concrete at any confined concrete stress f.., €. is the axial
strain at the peak stress of confined concrete f., and Es. iS the sgeant ™odulus of elasticity

of the confined concrete. The f/. and &, are calculated usin ations (14) and (15),

respectively. ( 2

= (2.254 x (147202 1.254) (14)
- fee _
Ecc = Eco [1 +5 (fco 1)] (15)

The ultimate confined concrete compressive strength in Mander et al. [17] is usually used
with normal strength concrete having a compressive strength ranging between 27 and 31
MPa. However, for concrete with the compressive strengths higher than 31 MPa, Bing et al.
[18] adjusted the peak stress of confined concrete f/. with a modification factor a, (Equation

16), which has been adopted herein.

flo=foo (2.254 x |1+ 7";—‘”1 - Z;Z—f‘ - 1.254) (16)

a, = (21.2 — 0.35]@0)]{—1 when f., <52 MPa (17)
as = 3.115—1 when f., > 52 MPa (18)

where f; is the effective confining pressure of the steel helix, which is calculated as:

fi =3 ke psn fyn (19)
pon = 2 (20)
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SI

ky =22 21)

1=pec
where f,, is the yield stress of steel helix, p, is the volumetric ratio of steel helix, Ay, is the
area of steel helix, D, is the centre-to-centre diameter of steel helix, k, is the coefficient of the
fully confined concrete core by steel helix, p.. is the ratio of longitudinal steel area to the

concrete core area, s is the centre-to-centre spacing (pitch) of steel hélix and s’ is the clear

spacing between the turns of steel helix. Q

The concrete stress-strain behaviour in Mander et al. [17] {6 alsg adopted to model the stress-
strain behaviour of confined SCC inside the steel tu%owever, the effective confining
pressure provided by the steel tube is different fr e gffective confining pressure provided
by the steel helix. The steel helix mainly providh confining pressure to the concrete core,
whereas the steel tube resists axial streygzddition to providing confinement to the
concrete inside the steel tube. The commonmNssumption adopted for the maximum confining
pressure is that the steel helix w the yield stress [17]. This assumption may not be
applicable for the confining p %

ovided by the steel tube. Thus, the effective confining

pressure provided by ththube is calculated based on the equilibrium of forces using

Equation (22). :
( \ fu =375 (22)

where gy is thw stress of the steel tube, d; is the outside diameter of the steel tube, and ¢
is the wall thickness of the steel tube. It is noted that a similar equation is also used for CFT
columns [19]. However, the hoop stress of the steel tube in SCC columns reinforced with
steel tubes is different from the hoop stress of the CFT columns because steel tubes in SCC

columns reinforced with steel tubes are subjected to the restraining effect provided by the
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concrete around the steel tube. The hoop stress of the steel tube in the SCC column reinforced
with steel tubes is calculated as:
og = & Ey (23)

where g4 is the hoop strain of the steel tube and E; is the modulus of elasticity of the steel

tube.
A hoop strain factor (ag) has been defined herein as: &

ag = G/ fry \Q (24)
The ay of the CFT columns ranged 0.10 to 0.19 [20, 21]. r, the ay of steel tube in

SCC columns reinforced with steel tubes is higher than,t of the CFT columns. This is
because additional confining pressures are providec@el tube by the steel helix and the
concrete around the steel tube in SCC columns reﬂé with steel tubes.
v.

3.4 Analytical axial load-axial deformati viour

The axial load-axial deformation r e of SCC columns reinforced with steel tubes is
calculated based on the developws-strain responses of the SCC and steel tubes. For an
axial strain, the stress in eacjfcoMyonent (longitudinal steel tubes, unconfined concrete cover,
confined concrete core fined concrete inside the steel tubes) is calculated (Fig. 2a).
The axial deformatin of The specimen is calculated by multiplying the considered axial
strains with the tqal legngth of the specimen. The axial load contribution of each component is
calculated by IPlying the stresses of each component with the respective cross-sectional
area (Fig. 2b). The steel helices essentially influence the stress-strain behaviour of the
confined concrete core. The steel helices also influence the hoop strain of the longitudinal
steel tubes. The influence of the pitch of steel helices is accounted for in the confined SCC
inside the steel tubes. The effective confining pressure (f;) provided by the steel tube is

calculated based on the experimentally determined hoop strain (average strains of strain
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gauges at the maximum axial load) of the steel tube (g4). The total axial load of the SCC
columns reinforced with steel tubes is calculated as:

Poxiar = ftAe + fc,coverAcover + fcc,coreAcore + fcc,tubeAtube (25)
where P4 is the total axial load of specimens; f;, fe cover: fee.core AN fec rupe are the axial
stresses in the longitudinal steel tubes, unconfined concrete cover, confined concrete core and
confined concrete inside steel tubes, respectively; A;, Acover, Acore&mbe are the cross-

sectional areas of longitudinal steel tubes, unconfined concrete KQconfined concrete core

and confined concrete inside steel tubes, respectively. Q‘
4. Experimental axial load-axial deformation bewa
LISt

A total of four SCC column specimens reinforce eel tubes were cast and tested under
monotonic axial compression. All specim?& e tested at the Structural Engineering
Laboratories, School of Civil, Minin@ Environmental Engineering, University of

Wollongong, Australia. The detail he experimental program including the design of

experiments, preparation and te€y ailure modes and behaviour of the specimens under

concentric, eccentric and flextiraMNgads were presented in Hadi et al. [14].

4.1 Details of the colfimn gecimens

All specimens wqre 24P mm in diameter and 800 mm in height. The SCC mix with a nominal
compressive siNggth of 50 MPa and a maximum aggregate size of 10 mm were used in
casting the specimens. The first and second specimens were reinforced longitudinally with
ST33.7 steel tubes. The ST33.7 steel tube had 33.7 mm outside diameter, 2 mm wall thickness
and 350 MPa nominal tensile strength. The first and second specimens were reinforced
transversely with 50 mm and 75 mm pitch of the steel helices, respectively. The third and

fourth specimens were reinforced longitudinally with ST26.9 steel tubes. The ST26.9 steel

10
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tube had 26.9 mm outside diameter, 2.6 mm wall thickness and 250 MPa nominal tensile
strength. The third and fourth specimens were also reinforced transversely with 50 mm and 75
mm pitch of the steel helices, respectively. Both ST33.7 and ST26.9 steel tubes had
approximately the same cross-sectional area. All specimens were reinforced transversely with
R10 bar (10 mm diameter plain steel bar) with a nominal tensile strength of 250 MPa.
A

The SCC column specimens were labelled according to the typ ongitudinal steel tubes
and the pitch of the steel helix (Table 1). In the specimen IaQH\M and ST26.9 refer to
the type of the steel tubes. Afterwards, H50 and H75 reprth}) mm and 75 mm pitch of the

@ecimen label represents that the

xample, ST26.9H50C refers to the

steel helices, respectively. The letter C at the end

specimen was tested under concentric axial loa

column specimen reinforced longitudinally

mm pitch of the steel helix and tested un@q

the column specimens included in th dy.

The properties of freshseMgompacting concrete (SCC) were tested according to ASTM

6.9 steel tubes and transversely with 50

entric axial load. Table 1 provides details of

4.2 Materials properties

C1621/C1621M [22)f A C1611/C1611M [23] and ASTM C1610/C1610M [24]. The
compressive str gth(ﬁhe SCC was determined by testing three cylinders of 100 mm
diameter and %m height according to ASTM C39/C39M [25]. The average 28-day
compressive strength of the SCC was 57 MPa. Two different steel tubes were used for steel
tube reinforced SCC specimens: ST33.7 and ST26.9. Three samples from each of ST33.7 and
ST26.9 tubes were tested according to ASTM A370 [26]. Yield stresses of both steel tubes

were determined using the 0.2% offset method, as clearly defined yield stress was not

observed. The average yield stress (f;, ), yield strain (g,) and modulus of elasticity (E,) of

11
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ST33.7 steel tube were found as 450 MPa, 0.23% and 196 GPa, respectively. The average
yield stress, yield strain and modulus of elasticity of ST26.9 steel tube were found as 355

MPa, 0.187% and 192 GPa, respectively.

Rounded steel R10 helices were used as transverse reinforcement in all of the specimens.
Three samples of R10 rounded steel bars (gauge length 340 mm) tested according to
Australian Standard AS 1391 [27]. The yield stress of rounded ste\ r was determined using

the 0.2% offset method, as clearly defined yield stress was Q&erved. The average yield

stress (fyn), yield strain () and modulus of elasticity (@ R10 bars were found as 400

MPa, 0.22% and 195 GPa, respectively. Q%
4.3 Instrumentation E

The test specimens were instrumented 4 :y and externally to measure the strains of
reinforcements (steel tubes and steel p®ages) and axial deformations of specimens. In order to
observe the axial strains of Iong@ steel tubes, strain gauges were attached on the two

opposite longitudinal steel& Also, to observe the lateral strains of transverse

reinforcement, two straiq%s were attached to the two opposite sides of the steel helices.
c

All strain gauges v@

reinforcements af the gnidheight of the specimens. Two types of strain gauges were used in

hed to the external faces of the longitudinal and transverse

this study: sin%ment strain gauges were used for steel helices and biaxial two element
strain gauges were used for steel tubes. Biaxial two element strain gauges were used to
measure both the axial and the lateral strains of the longitudinal steel tube. The biaxial two
element strain gauges were placed at the mid-height of the steel tubes ensuring that they were
centrally placed between two turns of the helix. Figure 3 shows the schematic of the positions

of single element strain gauges and biaxial two element strain gauges on the test specimens.

12
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The test specimens were instrumented with two linear variable differential transducers
(LVDTs) fixed diagonally at opposite corners in the testing machine to measure the axial
deformations. All specimens were tested in a 5000 kN compression testing machine. Testing

was carried out at a displacement controlled loading rate of 0.3 mm/min until the failure of

A
N

Experimental results of four SCC column specimens testean concentric axial load in

the specimen.
5. Experimental results of the SCC column specimens

terms of yield axial load and corresponding axial defoRgatigh, maximum axial load and

corresponding axial deformation and ultimate axial d on are presented in Table 1. The

ultimate axial deformation corresponds to the d ion at the fracture of steel helices.

Although the cross-sectional areas of the ST %:ETZGB steel tubes are similar, the yield

axial load of Specimen ST33.7H50C w eater than the yield axial load of Specimen

ST26.9H50C and the maximum ax@ of Specimen ST33.7H50C was 4.8% greater than
n

the maximum axial load of Spe%

load of specimen reinforced WIMNST33.7 steel tubes were because the ST33.7 steel tube had

26.9H50C. The greater yield and maximum axial

higher tensile strength t & ST26.9 steel tube. Besides, the ST33.7 steel tube had large
inside and outside dij g&ompared to the ST26.9 steel tube. The large inside diameter of
the ST33.7 steel fube allowed a large amount of concrete to be filled inside the tube which
contributed irvhasing the compressive strength of the column specimens. The large

outside diameter of ST33.7 steel tube had a lower slenderness (s/d;) ratio which positively

contributed to the maximum axial load of Specimen ST33.7H50C.

Table 2 reports the strains in the longitudinal and transverse reinforcements for all tested

specimens. In Column 1 of Table 2, the letters SA, SL and SH refer to the strain gauges that

13
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were placed on the steel tubes in the longitudinal direction, on the steel tubes in the lateral
direction and on the steel helix in the lateral direction, respectively. The numbers 1 and 2
afterwards refer to the first and second strain gauges, respectively. The averages of the
recorded strains are also reported in Table 2. The average axial strains in the longitudinal steel
tubes indicated that the steel tubes yielded at the maximum axial load. Also, it was found that
the contribution of ST33.7 steel tubes was 29.8% of the maximu jal load of Specimen
ST33.7H50C, whereas the contribution of ST33.7 steel tubes WQIG% of the maximum
axial load of Specimen ST33.7H75C. The contribution of S@d eel tubes was 30.7% of

the maximum axial load of Specimen ST26.9H50C, wher@ contribution of ST26.9 steel

tubes was 24.5% of the maximum axial load of Speci 26.9H75C. The maximum axial
load of steel tubes filled with concrete decreasedy e increase in the s/d; ratio of steel
tubes [11, 28]. Thus, increasing s/d, rag the steel tubes resulted in the lower

contributions of steel tubes in the maxim@h load of the tested column specimen.

The compressive strength of th % concrete core and the compressive strength of the
confined concrete inside the&ube have been compared. It has been observed that steel
tubes effectively confi e concrete inside the tube and resulted in higher axial
compressive strengt(oj e SCC columns. To compare the compressive strength of the
confined concret€ corg (ficcore) and confined concrete inside the steel tube (f.c tupe), the
enhancement Wof the confined concrete core (f.core/fco) and the confined concrete
inside the steel tube (f.ctube/fco) Were calculated based on the developed stress-strain
behaviours of the SCC and steel tubes (Table 3). The unconfined concrete strength (f.,) is
taken as 0.95 times the 28-day cylinder compressive strength for concrete inside the steel
tubes [29]. For the concrete core confined by steel helix, the enhancement factors were 1.32

and 1.13 for the pitch of steel helices of 50 and 75 mm, respectively. However, for the

14
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confined concrete inside ST33.7 steel tube, the enhancement factors were 2.6 and 2.25 for the
pitch of steel helices of 50 and 75 mm, respectively. Also, for confined concrete inside the
ST26.9 steel tube, the enhancement factors were 3.41 and 2.34 for the pitch of steel helices of
50 and 75 mm, respectively. It can be observed that the enhancement factors of the confined
concrete inside steel tubes were higher than the enhancement factors of the confined concrete
core for the same pitch of steel helices. The enhancement factor is hi inside the steel tube,
which is because the concrete inside the steel tube was effectiy onfined by the wall of

N\

steel tube as well as the steel helix and the concrete around th ube.

@
The enhancement factor of confined concrete inside t %.9 steel tube was 31% more than
the enhancement factor of confined concrete insi §T33.7 steel tube, when the pitch of
steel helix was 50 mm. The enhancement f; %the concrete inside the steel tube was
larger for smaller diameter steel tube, as fhe gth of confined concrete inside the steel tube
increased with decreasing the diaQof the steel tube [4]. Also, outside diameter to

thickness (d,/t) ratio of the s%

ST33.7 steel tube was 16.85. ower d./t ratio of steel tube provided higher confinement

to the concrete inside @ tube [30]. The steel helix also provided confinement to the
C

steel tubes in the

eel tube was 10.35, whereas the d,/t ratio of the

umn. This additional confinement by steel helix resulted in
restricting the Iat(ral d*' ation of the steel tube due to axial compression at the connecting area
between the SWRHX and steel tubes. Thus, the confinement of concrete inside steel tubes

also decreases with the increase of the steel helix pitch.

6. Analytical versus experimental results
The analytical and experimental axial load-axial deformation behaviours of the SCC column

specimens reinforced with steel tubes are compared (Fig. 4). For all the column specimens,

15



ACCEPTED MANUSCRIPT

for the ascending part of the curve up to the maximum axial load, the analytical axial load-
axial deformation curve correlated well with the experimental axial load-axial deformation
curve. This good correlation is particularly because the stress-strain response of the different
components of the specimens up to the maximum axial load was relatively linear. It can also
be observed that, after the maximum axial load, the descending parts of the analytical axial
load-axial deformation curves show good agreements with the expeggental axial load-axial
deformation curves. The experimental axial load-axial deformationve shows a small drop
and a rise in the descending part of the curve. However@nalytical axial load-axial
deformation curve shows a gradual decrease in the desce@part of the curve. The small
drop in the experimental axial load-axial deform@e has not been captured by the
analytical curve, as the drop occurred instantane e to the spalling of concrete cover
and then the axial load increased to a valuv. an the maximum axial load due to the

confinement provided by the steel heIice@

7. Parametric study Q/
The developed analytical mo&as used to study the influences of different parameters on

the axial load-axial defo Qp behaviours of SCC columns reinforced with steel tubes. The
parameters studied vwyé€re ttWcompressive strength of SCC, tensile strength of steel tube, wall
thickness of steelffube gand pitch of steel helix.

v
7.1 Effect of concrete compressive strength
Four different concrete compressive strengths (30, 40, 50 and 60 MPa) were considered. The
SCC columns were reinforced longitudinally with either ST33.7 steel tube or ST26.9 steel

tube and transversely with 50 mm pitch of steel helix. The tensile strengths of ST33.7 and
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ST26.9 steel tubes were 450 MPa and 355 MPa, respectively, which were similar to the yield

strength of the steel tubes used in reinforcing the tested column specimens.

The influence of concrete strength on the axial load-axial deformation behaviours of the SCC
columns is shown in Fig. 5. As expected, the maximum axial load of the SCC columns
reinforced with steel tubes increased with the increase in the &essive strength of
concrete. It was observed that as the concrete compressive stren threased from 30 MPa to
60 MPa, the maximum axial load of the columns reinforce@ﬁw and ST26.9 steel
tubes increased by about 27.7% and 30.5%, respectiv@ble 4). This is particularly
because increasing the strength of concrete increase @ntribution of the concrete to the
maximum axial load of the column. Also, the axial load of the steel tubes filled
with concrete increased with increasing conc?; ngth [7]. For the descending part of the

axial load-axial deformation response, {he of the axial load-axial deformation curve

qed with the increase in the concrete strength.

Ozbakkaloglu and Saatcioglu [3(@

the peak load was a functio0OWe concrete strength and the rate of drop in the axial load

carrying capacity increz@v increasing concrete strength.

The ductility of €Lolurpns was significantly influenced by the increase in the compressive

after the maximum axial load

ed that the reduction in the axial load capacity after

strength of co% The ductility is an indication of the ability of the structural members to
undergo large deformations before failure. In this study, the ductility was calculated as a ratio

of the axial deformation at the first helix fracture (§,,) to the axial yield deformation (5,,) [32],
as in Equation (26). The &, represents the deformation corresponding to the intersection point

of a horizontal line from the maximum axial load and an extension secant line from the

original point and the point at 0.75 times the maximum axial load [33].
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Ductility = 6,/6, (26)
In this study, the analytical axial load-axial deformation curves matched well with the
experimental axial load-axial deformation curves. Consequently, the ductility of the
specimens obtained from the analytical investigations was very similar to the ductility of the
specimens obtained from the experimental investigations. It was observed that as the
compressive strength of concrete increased from 30 MPa to 6 a, the ductility of
Specimen ST33.7H50C decreased by about 19.4%, whereas Qductility of Specimen
ST26.9H50C decreased by about 22.2% (Table 4). For tha\ase in the compressive
strength of concrete from 30 MPa to 60 MPa, columns Kinfgtced with ST26.9 steel tubes
showed a rapid descending axial load-axial deform%%e than columns reinforced with

ST33.7 steel tubes. The s/d, ratio of Specimen 50C was 20% higher than the s/d;
ratio of Specimen ST33.7H50C, as the outsidR™sagYeter of the ST26.9 steel tube was smaller
than the outside diameter of the ST33.7 @e. Increasing s/d, ratio of columns caused an

increase in the slope of the post pea@ load-axial deformation of the column (Fig. 5).

7.2 Effect of tensile strength MII thickness of the steel tube

Steel tubes with four difere®tensile strengths (300, 400, 500 and 600 MPa) and with four
different wall thickngSses {¥5, 2.0, 2.5 and 3.0 mm) were considered. The SCC columns were
reinforced Iongit@y with either ST33.7 steel tube or ST26.9 steel tube and transversely
with 50 mm p@steel helix. The compressive strength of the SCC was considered 57 MPa
which was similar to the compressive strength of the SCC used in casting the tested column
specimens. The influence of tensile strength of steel tubes on axial load-axial deformation
behaviours for the SCC columns is shown in Fig. 6. It was observed that the tensile strength
of the steel tubes did not influence the overall trend of the axial load-axial deformation

behaviour of the SCC columns. However, it was observed that as the tensile strength of
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longitudinal steel tubes increased from 300 MPa to 600 MPa, the maximum axial load of
Specimens ST33.7H50C and ST26.9H50C increased by about 15.7% and 14.7%, respectively
(Table 5). The higher strength of longitudinal steel tubes increased the contribution of steel

tube in carrying the axial load of the column.

The influence of wall thicknesses of steel tubes on axial load-axial Aformation behaviours
for the SCC columns is shown in Fig. 7. The thicknesses of stee@es did not significantly
influence the overall trend of the axial load-axial deformagoip=kghaviour of the columns.
However, the maximum axial load of the SCC columns wag in¢eased with the increase in the
wall thickness of steel tubes. It was observed th e wall thickness of steel tubes
increased from 1.5 mm to 3.0 mm, the maximu gead of the columns reinforced with
ST33.7 steel tubes increased by about 13. %reas the maximum axial load of the
columns reinforced with ST26.9 steel tu sed by about 8.4% (Table 6). The reason for
the differences in the maximum axi d is associated with the cross-sectional area of the
steel tube. The cross-sectional argla pf ¥ ST33.7 steel tube was 28.4% larger than the cross-
sectional area of the ST26. | tube, when the wall thickness of both steel tubes was
considered 3 mm. The high®&all thickness of steel tube increased the cross-sectional area of
the steel tube and inreas™ the contribution of steel tube in carrying the axial load of the
column. Also, infreasing the wall thickness of steel tube increased the compressive strength
of the concre tde the steel tube and increased the compressive strength of the SCC

column. The confinement of concrete inside the steel tube increased with decreasing d,/t

ratio of the steel tube.

The increase in the tensile strength and wall thickness of steel tube increased the maximum

axial load of the columns. However, the ductility of the SCC columns was not increased
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significantly. For the increase of the wall thickness of steel tubes in the SCC columns from
1.5 mm to 3.0 mm, the ductility of the SCC columns reinforced with steel tubes increased by
only 6% (Table 6). Although increasing the wall thickness of steel tube resulted in an increase
in the strength and ductility of concrete inside the steel tubes, the concrete inside the steel

tubes was a small proportion of the total cross-sectional area of the column.

7.3 Effect of pitch of steel helices \Q

Four different pitches of steel helices (40, 60, 80 and 100 re considered. The SCC
columns were reinforced longitudinally with either ST33R stgkl tube or ST26.9 steel tube.
The tensile strengths of ST33.7 and ST26.9 steel; eg/were 450 MPa and 355 MPa,

respectively. The compressive strength of the SCC% MPa.

The influence of different pitch of steel hel n axial load-axial deformation behaviours of
the SCC columns is shown in Fig. 8 Adgcolumns showed the same initial behaviour up to the
maximum axial load. However,% ncrease of the pitch of steel helices from 40 to 100
mm in the SCC columns witgrced with ST26.9 steel tubes, the maximum axial load
decreased by 10.3% (Taple ¥ Whereas increasing the pitch of steel helices from 40 to 100
mm in the SCC c(&:inforced with ST33.7 steel tubes, the maximum axial load

decreased by 6.9<o (Ti

associated wit%/dt ratio of steel tubes. The s/d, ratio of the ST26.9 steel tube was 25%

e 7). The reason for the differences in the maximum axial loads is

higher than the s/d, ratio of the ST33.7 steel tube when the pitch of steel helix was 100 mm.

It was observed that for increasing the pitch of steel helices from 40 to 100 mm in the SCC
columns reinforced with ST26.9 steel tubes, the ductility decreased by 40% (Table 7).

Whereas increasing the pitch of steel helices from 40 to 100 mm in the SCC columns
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reinforced with ST33.7 steel tubes, the ductility decreased by 37% (Table 7). The higher
ductility of the column transversely reinforced with a smaller pitch steel helices is mainly
attributed to the delay in the first helix fracture compared to the early first helix fracture of the
column transversely reinforced with a larger pitch steel helices. Increasing the pitch of steel
helices from 40 to 100 mm in the SCC columns resulted in the increase of the s/d; ratio of
steel tubes. The ability of the column transversely reinforced with clg spaced steel helix in
sustaining the lateral pressure provided by the Iongitudin@el tubes under axial
compression was higher than the ability of the column tra reinforced with largely
spaced steel helix. The lateral pressure exerted by the Ior@nal steel tubes in the largely

spaced steel helix resulted in the early yielding an@g of steel helix. Also, increasing

the pitch of steel helices from 40 to 100 mm sigM™ y influenced the descending part of
the axial load-axial deformation behaviour o C column and resulted in an increase of
the slope of the post-peak axial Ioad@d formation curve (Fig. 8). It is noted that
experimental investigations are requj or very small and very large pitches of steel helices

to verify the results of anaIytica% ng. Such experimental investigations are part of the
ongoing research project by tNors.

7. Conclusions (Q/

This study preser@ ytical investigations on the axial load-axial deformation behaviour of

seIf—compactirvxrete (SCC) columns reinforced with steel tubes. Two types of steel tubes
were used in the SCC columns as longitudinal reinforcement. The influences of different
parameters including the compressive strength of SCC, tensile strength of steel tube, wall
thickness of steel tube and pitch of steel helix were investigated. Based on the analytical

results of this study, the following conclusions are drawn:
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1. The analytical axial load-axial deformation response of the SCC columns reinforced with
steel tubes was calculated based on the stress-strain responses of the longitudinal steel tubes,
unconfined concrete cover, confined concrete core and confined concrete inside the steel tube.
The analytical and experimental axial load-axial deformation curves of columns showed good

agreements.

2. The compressive strength of the confined concrete core and the cgfnprssive strength of the
confined concrete inside the steel tube were compared. For t?\ C columns reinforced

transversely with steel helices having a pitch of 50 mKQenhancement factor of the

confined concrete core was 1.32, whereas the enhanc% tors of the confined concrete

inside the ST33.7 and ST26.9 steel tubes were 2.6@. , respectively. The enhancement
factors of the confined concrete inside the st%&s were higher than the enhancement
factors of the confined concrete core for h% pitch of steel helices. Thus, steel tubes

effectively confined the concrete insid ube and resulted in higher axial compressive

strengths of the SCC columns. Q

3. As the concrete compressi gﬁth increased from 30 MPa to 60 MPa, the maximum
axial load of the SCC col&gys reinforced with ST33.7 and ST26.9 steel tubes increased by
about 27.7% and 3Q ifSpectively. With the increase in the compressive strength of
concrete from 30 !Q7 MPa, the ductility of Specimen ST33.7H50C decreased by about

19.4%, where ctility of Specimen ST26.9H50C decreased by about 22.2%.

4. As the tensile strength of longitudinal steel tubes increased from 300 MPa to 600 MPa, the
maximum axial load of Specimens ST33.7H50C and ST26.9H50C increased by about 15.7%
and 14.7%, respectively. Also, as the wall thickness of longitudinal steel tubes increased from
1.5 mm to 3.0 mm, the maximum axial load of the SCC columns reinforced with ST33.7 steel

tubes increased by about 13.8%, whereas the maximum axial load of the SCC columns
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reinforced with ST26.9 steel tubes increased by about 8.4%. However, the ductility of SCC
columns reinforced with steel tubes was not significantly influenced by the increase in the

tensile strength and wall thickness of steel tube.

5. For the increase of the pitch of steel helices from 40 to 100 mm in the SCC columns
reinforced with ST26.9 steel tubes, the maximum axial load decreased by 10.3%. Whereas
increasing the pitch of steel helices from 40 to 100 mm in the SCCcol™ans reinforced with
ST33.7 steel tubes, the maximum axial load decreased by 6.9%.*&{ d, ratio of the ST26.9
steel tube was 25% higher than the s/d, ratio of the ST33C tube when the pitch of steel

helix was 100 mm.

6. For the increase of the pitch of steel helices to 100 mm in the SCC columns
reinforced with ST26.9 steel tubes, the ductility\:gcreased by 40%. Whereas increasing the
pitch of steel helices from 40 to 100 mm SCC columns reinforced with ST33.7 steel

tubes, the ductility decreased by 37%.
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Notation

Aq.re = areaof the concrete core confined by steel helix

Acover = areaof unconfined concrete cover

Agy = cross-sectional area of the steel helix

A, = cross-sectional area of the steel tube

Anpe = area of the confined concrete inside steel tubes

D, = centre-to-centre diameter of the steel helix Q&
d, = outside diameter of the steel tube \

E. = modulus of elasticity of the concrete (%

Esn = modulus of elasticity of the steel helix %

Esc. = confined secant modulus of elasticity o®oncrete
Escn = unconfined secant modulus of eIast@the concrete

E; = modulus of elasticity of the st t%
S

Puviar = total axial load of specimen
fe = unconfined concrete s Q
f! = 28-day cylinder coficresgompressive strength

feccore = axial stress inQonfined concrete core

fectuve = axial stres%longitudinal steel tubes

fee = confi if(gu[rete stress

fee = peak of confined concrete

feo = uncOwfined concrete compressive strength which is equal to o<; multiplied by £
fi = effective confining pressure of steel helix

fie = effective confining pressure of the steel tube

fi = stress of the steel tube in the linear elastic portion

fty = yield stress of the steel tube

fyn = yield stress of the steel helix
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k. = coefficient of the fully confined concrete core by steel helix

n, = modified material parameter at the ascending part

n, = modified material parameters at the descending part

s’ = clear spacing of the steel helix

n = material parameter depending on the shape of stress-strain gurve

s = pitch (centre-to-centre spacing) of the steel helix &

t = wall thickness of the steel tube Q

oy = coefficient of concrete compressive strength, aggivewin AS 3600 [16]
a = modification factor for the peak stress of cgfifige® concrete

ag = hoop strain factor Q

8y = axial deformation of the column at % helix fracture

3y = axial yield deformation of the colw~

& = axial strain corresponding to f;
Ecc = axial strain corresponding to f..
Ecc = axial strain corresponding to f..
£co = axial strain corresponding to f.,
£ = axial strain corresponding to f;
Ety = axial strain corresponding to f;,
Eyp = axial strain corresponding to f,,
&g = hoop strain of the steel tube

Pec = ratio of longitudinal steel area to core area
Ps = longitudinal reinforcement ratio
Psh = volumetric ratio of steel helix
g9 = hoop stress of the steel tube

w, &, = coefficients of equations for model Aslani and Nejadi [15]
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