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Abstract

This article proposes a design approach to calculate the capacity of slehdgtrdrigth concretdHSC)
columns confined with a cost-effective Steel Strapping Tensioning Technique (SBETapproach is
based on results from segmental analyses of slender SSTT-confined circular colureoteduj
eccentric loads. A capacity reduction factor analogue to that proposed byaikd/iddim (2004) accounts
for the effect of slenderness in design. P-M interaction diagrams computgdigsious nonlinear R-
analyses are compared to those calculated by the proposed approach to assess its Hueussyts
indicate that the proposed approach predicts conservatively the ultimate capatgtyder HSC circular
columns confined using the SSTT, and therefore it can be used in the design of nedtferned

concrete RC) structures.

Keywords: High-Strength Concrete; Steel Straps; Confinement; Slender Gir@dlumns; Ultimate

Capacity
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1 Introduction

To reduce the building mass and maximise usable floor space, many modterisdignoment-resisting

RC frame buildings are constructed using high-strength concrete (HSC) colunnsmétl cross
sections (comparetb the column length) and end restraints that cannot prevent column sway. Such
“slender column’s tend to deform laterally when subjected to axial load and bending momerss, thu
subjecting the columns to additional (second order) moments that add to thedrsmoments. Hence,

at large lateral deformations, slender columns can experience globhhtpwsid can failat lower loads
compared to those resisted tshort’ columns. To account for the additional second order moments in
design, current design codes [e.g. Eurocode 2 (2004), ACI 318 (2011)] factorise theldéirshoments

by an “amplification factor” that essentially depends on the lateral deformation of the slender columns. In
these codes, the column lateral deflections are calculated arsaqgproximate flexural stiffnes€l) of

the cross section. However, the calculatioficbfs not trivial as this value is affected by cracking, time-
dependent effects and the nonlinearity of the concrete stress-strain curve as the applisatdases.
Moreover, equations to compui included in existing codes are applicable to normal-strength concrete
(NSC) columns with rectangular cross section, and have proven conservatiie @@sign of circular
columns (Bonet et al. 2011). On the other hand, rigorous numeritarialyses can predict accurately
the lateral deformations of slender columns, but such analyses are time-consunthregefode difficult

to use in practice.

To overcome the above drawbacks, Kwak and Kim (2004) proposed a direct capacitypmeahethod

for the design of slender RC columns. In this mettioel column is initially assumeds “short”, and its
load-moment (P-M) interaction diagram is calculated using section analysis baf#deoaquilibrium

and compatibility conditions. To compute the ultimate capacity of the slender column,-Nhe P
interaction diagramof the “short” column is factorised by a capacity reduction coefficient that accounts
for the effect of slenderness. Kwak and Kim (2004) report that the resuftsthe direct capacity
reduction method compare reasonably well with those obtained from rigorausnBlyses of columns
with different cross section dimensions, longitudinal steel ratios and slendeatiesd/r (L=column

length r=ratio of gyration of the column cross section). Moreover, the method predictsantmately
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the capacity of columns with I70in comparisorto the “amplification factor” method used by ACI 318

(Kwak and Kim 2004).

Previous research indicates that HSC columns can fail in a non-ductile manner, amletfzetefjuate
confinement is necessary to provide ductility (Shin et al. 1989; Ho 1994). Ins¢erhkonfinement (ties
or stirrups) was used in the past to enhance the ductility of such columns (e.g. €aalb2p06, Ho et
al. 2010). However, the effectiveness of internal stirrups at enhancing colunitydisdiimited asonly

the inner core of the column cross section is effectively confined aftereteraver spalling occurs,
usually close the peak column capacity. To prevent concrete cover spalling and enhafieetieness

of the confinement, concrete-filled steel tubular (CFST) columns have beemegaexiperimental and
analytically in the past (e.g. O'Shea and Bridge 2@@koumelis and Lam 200#an et al. 2008; Ho et
al. 2014). CFST are an attractive structural solution as the confining steelctubd® also used as
permanent formwork. More recently, externally bonded Fibre Reinforced Polymers (FRPalae
utilised to confine HSC members (e.g. Idris and Ozbakkaloglu 2013; Lim and Ozbakk20dgiy
However, both steel tubes and FRP composites can only provide passive confinemertrdte con
elements. Moreover, the initial cost of FRP may discourage their use as confinemémnt gsolowv and
medium income developing countries. As a consequence, it is deem necessary to develop more cost-

effective confining solutions for RC columns.

Recently, a cost-effective Steel Strapping Tensioning Technique JS&ST proven very effective at
enhancing the load capacity and ductility‘sfiort’ columnscastwith NSC (Moghaddam et al, 2010) and

HSC (Awang 2013; Awang et al. 2013). The SSTT involves the post-tensioning of taggtiststeel

straps around RC members using hydraulically-operated steel strapping tools astilisedeiru the
packaging industry. After post-tensioning, the straps are fastened mechanically using jaws puskstype sea
to maintain the tensioning force. This provides active confinement to the fulrsefétmembers, thus
increasing their ductility and capacity. In comparison to other confining technsgiebsas FRP, the
SSTT has advantages such as ease and speed of application, ease of removing or stghaingps,

and low material cost. However, w$timost of the previous studies used the SSTT as a retrofit solution
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for existing RC elements (Helal et al. 2014; Garcia et al. 2014), lessaedes examined its use as
external confinement for new HSC columns. Moreoites necessary to provide simple design methods

for new SSTT-confined HSC columns so that the technique can be widely used in practice.

This paper proposes a design approach for slender HSC circular columns confined uUSBIgTtHEne
approach was developed using results from segmental analyses of SSTT-comfinka cblumns
subjected to eccentric loads. A capacity reduction factor analogue to opased by Kwak and Kim
(2004) accounts for the effect of slenderness that usually dominates the ofesuch columns. P-M
interaction diagrams computed using rigorous nonlinear dalyses are compared to those calculated
using the proposed design approach to assess its accuracy. The design approasthipropsstudy is
expected to contribute towardsaider use of the SSTT in new HSC structures, b) a faster adoption of
the cost-effective active confinement technique by designers/practitioners gndgiedelines, and c) a

significant reduction of computational effort during the design of new HSC structures.

2 Deflections of slender SSTT-confined HSC columns

A theoretical model is proposed to calculate the deflections of slender SSTT-confi@ddtumns
subjected to eccentric loads. The model simulates the second order effects expéyeacsiénder
column usingan axial load-moment curvature path. The load-deflection curve at each discrete point of the
column is obtained by numerical integration method (Newmark 1943). The analgse carried out

using a computational code writtéen MATLAB 7.6, according to the procedure described in the

following sections.

2.1 Constitutive models for analysis

In this study, the confinement model proposed by Awang et al. (2013) is used to docthmeffect of
steel strap confinement on HSC. The model is based on the equations proposedydrigikahder et

al. (1988) for normal strength concrete subjected to active confinement, but Awang (201s)
calibrated the model (using an extenstsperimental database) and extended its applicability to HSC

columns confined with the SSTT. Accordingthe concrete stresg)\fat a given straingf) is defined by:
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foi =L L

T or—1+ "

where Xz« € IS the axial compressive strain of concrete and is computee-fist (5(f ¢ /fro) —

1)]; ¢’«c @and f’c are the strain and concrete strength in confined conditions, respectively, snthé
unconfined concrete compressive strength. Likewise/(EEE 'sed, Where Eis the tangent modulus of
elasticity of concrete anfl’seis the secant modulus of elasticity of the confined concrete at peak stress.
For the analysis performed in this study,sthealues are assumed to bg=E2700,/f ./19.6 (MPa)

andFE 'sef e o (MPa), as suggested by Awang et al. (2013),

The valueg’.. ande .. are calculated using the empirical model proposed recently by Awang et al. (2013)

for concrete confined using the SSTT:

flee = feo * 2.62(p,)** 2)

€ = & * 11.60(py) 3)
wherep, is the volumetric confinement ratio of steel straps\(f,/Vf.,, where Vand \ are the volumes
of straps and confined concrete, respectively, ansl the yield strength of the straps); anglis the
ultimate strain of unconfined HSC (assumed equal to 0.004). It should be mentioned that EgBs 2 and
were calibrated using data from uniaxial compressive tests on 140 concradercgfincimens (100x200

mm) with strap confinement ratios ranging from 0.06 to 0.86.

A simplified bilinear tensile stress-straig£f) model is adopted for the reinforcement, according to:

fo=¢,E, forO<g <g,

4)

fo=1, forg >e,

where Eis the elastic modulus of the longitudinal column reinforcement; wheyeagle, are the strain

and yield strain of such reinforcement, respectively.

The moment-curvature relationship of a column can be determined using the above prajesidies

and the geometry of the cross section, as shown in the following section.
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2.2 Calculation of moment-curvature relationships

2.2.1 Material properties and section analyses

For the analyses performed in this paper, a column with circular cross section of diameter D=d&#} mm

using HSC of £=60 MPa is assumgd (Figurg 1a). The longitudinal column reinforcement consists of four

10 mm bars, with a yield strengtF460 MPa and an elastic modulus#00 GPa. A free concrete cover
of 20 mm is adopted. Each confining steel straps is assumed to have a cros$€ckix15 mm and an
elastic modulus of 200 GPa. These properties are typical of steel straps Umegaokiaging industry in

Southeast Asia.

To achieve a desired confined concrete strength using the SSTT, designerseate $elect the
volumetric ratiop, by changing the strap spacing, number of strap layers, yield strength oafiseastd
compressive concrete strength. However, typical valugg fof practical confiningapplications on HSC
columns range betweer08.and 0.50. Whilst higher values @f usually lead to higher column capacity,
the number of straps that can be installed is limited by practical aspettsas a) the clear spacing
between straps necessary to secure the metal clips using the jaws (minimam)2+3 the number of
strap layers than can be secured using a single clip (normally no more than two |apessdf and ¢)
the yield strength of the steel straps. Therefore, SSTT volumetric gati@9, 0.25 and 0.50 are used in
this study to assess the effect of light, moderate and heavy steel strap confinetreamt Heaapplied in
practice. Results from compressive tests on short HSC columns confineduehttSSTT volumetric

ratios indicate that column failure is dominatedabguctile’ behaviour (e.g Lee et al. 2013).
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m-1
m-2
m-3
(a) Cross section
Y
Metal straps
i-th layer
d/ —
X
D=150 mm
(b) Model assumed for
section analyses
m-31

Figure 1. Analytical model and assumptions used in the calculations

Conventional section analysis is carried out by discretizing the columnsgossn into 50 layers, as

shown ir) Figure [Lb. For every step of analysis, the axial loag) @hd bending moment (M) of the

column can be calculated using:
Nsiep= Dizo feyidl+ (05 — fei) Agi (5)

Mstep= ?:0( feiYi dl)Pi + (O'si - fci)(R - dsi)Asi (6)

where yis the width of i-th layer; dl is the thickness of each layer (dI=3 nag)is the stress of the
longitudinal column bar at the i-th layer;; & the corresponding cross-sectional area of the longitudinal
column bar; Pis the distance from the center point of ttib layer to the neutral axis; R is the column

radius (R=D2); and d; is the distance between longitudinal tensile bars and the extreme concrete fibre.
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2.2.2 Moment-curvature analysis

An incremental iterative procedurglsed to calculate the moment-curvature relationships. As such, the
extreme fibre concrete strain) is increased gradually from zero up to the ultimate concrete stggin (
For each strain valug;, the curvature ;@s varied until the resultant axial load is simitarthe applied

axial load N, The neutral axis depth, s determined using;®e/x,, and the resultant momeistthus

calculated using Eqgn 6.

2.3 Calculation of column deflections

Based on the moment-curvature relationship of the cross section, the latezatiatefof a slender

column can be calculated using numerical integration. This technique has been usedirialytis of

RC (e.g. Pfrang and Siess 1961; Cranston 1972), steel (Shen and Lu 1983), composite (e.g. Choo et al.

2006; Tikka and Mirza 2006) and FRP-confined columns (e.g. Jiang and Teng 2012).

The curvature of a column (@) is defined as the second order derivbiisdateral deflectiond), andits

relationship can be expressed using a central difference equation:

é‘m+1 — 26+ 01 = _gm(sz) (7)
where §,, andg,, are the lateral displacement and curvature at the m-th discrete pspectively,

whereasnis the discrete point number along the column length (L).

The column model shown |in Figure 1c (m2, 3...31) is used to derive the theoretical results shown

laterin Section 4.To generate the load-deflection curve, the axial load on the colugyisNncreased
progressively to calculate the corresponding deflection at each discretealpoigtthe column length.

The first order moment can be compused

Mf,step: Nstep * €n (8)
where Msepand g, are the first order moment and the eccentricity at the m-th pointcteshe The

second order moment (M) can be expressed as:

Ms ste= Nstep * Om ()]

Therefore, the total momen¥{.) can be calculated by addingdd,and M sep

Mstep= Mf,step+ Ms,step: Nstep' (em + 5m) 10)
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A valued, needs to be assumed to start the calculations),a&0ds assumedsa first trial. The value for
2, can be then retrieved from the axial load-moment-curvature relationship onceotienimM is
calculated. Note that the value lBn be calculated using Eqn 10 and assu@iagequal to zero. Once
@2, and M are known, the valué; of the next discrete poinigs computed. The lateral deflection of the
column can be calculated by repeating the above procedure for subsequent disuetdqoéver, the

lateral deflection is only valid Eqnllis satisfied, i.e. if both ends of the loaded column do not deflect:

61=0m+1)= 0 1y
In the calculations carried out in this papbg assumed valué,=0 resulted ira negative value ofm. 1)
Therefore,d, was adjusted to a larger value to satisfy Eqn 11. In the analytidardaults shown in
Section 4, the solution for the lateral deflection at a given\weschalted when the calculatéd; had an
absolute value lower than 1@nm. Full details of the theoretical model and computation procedure are

givenin Ma et al. (2014).

3 Capacity of short SSTT-confined circular columns

3.1 Development of an equivalent stress block for HSC confined using the SSTT

Current design guidelines for ultimate flexural design of RC members reptkeecompressive stress
profile of concrete using an equivalent stress block with uniform compressgsestr This equivalent
stress block can be defined by: a) the magnitude of stresses, and b) the depth esshblstk.
However, the resulting equivalent stress block and the original strafile pnust resist the same axial
force and bending moment. Due to the steel strap confinement, the equivalerblstieggoposed by
current design guidelines inadequate to calculate the ultimate capacityS&TT-confined HSC
columns. Therefore, a parametric study is carried out to develop an equivalenblsickssf SSTT-

confined HSC sections. The equivalent stress block is defined by:

1) A mean stress factorn,, defined as the ratio of the uniform stress over the stress block to the

compressive strength of SSTT-confined HSC, and

2) A block depth factor), defined as the ratio of the depth of the stress block to that of the neutral axis.
9
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To derivea, andp,, section analyssare performed using the circular column model shown in Figore 1

and c. Table 1 summarizes the variables and values considered in the parametric study.

Table 1 Variables and values usedthis study

Parameter  Values

Xn 0, 20, 40, 60, 80, 100, 120, 140, 160, 180, 2
Py 0.09, 0.25, 0.5
e/D 0.05,0.1,0.2,0.4

The stress distribution over the compression zone of a circular cauexamined for the neutral axis
depths shown in Table 1. The stress block parameters are determined simultaneoutiyg fixial load
and moment equilibrium conditions to match the equations proposed by Macgregor and VB0ght (2
For circular columns, the shape of the compression zone is defined by a segmentlef ascihown in

Figure 2.

Centroid of
compression zone (A)

Figure 2 Compression zones of circular columns under eccentric loading (after idacgred Wright, 2005)

The area of the compression zone A can be calculated using Egn 12:

A= Dz(Gmd— sin@cose) (12)

4

wheref,,qis the angle of the compression zone as defined in Figure 2 (in radians).

The moment of the zone A can be expressed by:

2

Ay =4 (2B (13)
where y is the distance between the centroid of the compression zone andrtié oktite columnp; is

the block depth ratio; and is the neutral axidepth (see Figure)2
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The angled can be calculated using:

0 = arcos (R_i%x") for B, < D/2 (14)
0=180°- arcos(%) for D/2 <Byx.<D (15)
6 =180° for x,> D (16)

where R is the radius of the column.
Therefore, the concrete compressive loag {& acircular column $:

C.= alf’ccA (17)
The moment produced by the concrete in compression is given by:
M= a1f'cc AY (18)

For compressive force on the compression reinforcement, the strain of the longihadiél) can be

calculated using strain compatibility:

esc= &cu(l - :_n ) 91
whered’ is the distance from the @mnost fibre to the compressive bars; and the rest of the variables are
as defined before.

Hence, the compressive stress in the longitudinal basoan be calculated using Eqn 20 or 21:

0= Esgsc TOr £c< Esy 2Q)
o= fsy fores> &g 21
wherees,, fs,and E are the yield strain, yield stress and the elastic modulus of the longitadioein

bars.

The compression force of the compression bars can be calculated as a function of theoanpeestkive

steel (A):

Cs= 05cAsc (22)

Similarly, the straind) and stressof;) in the column tension bars can be calculated as:

11
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a
Est = €cu (; - 1) 302

05t= Egsty 5t Esy (24)
Os=fsy st > &gy (25)

Therefore, the tensile force in the bars is given as:
T=eqAst (26)

Figure 3 shows the stress block factor results obtained from the analysis ot&8ified HSC circular
columns with different neutral axis depthg) (¥revious research (Awang 2013) has shown that the SSTT
is effective at confining concrete only 4§>0.09, and that values>,<0.09 can be used to represent
unconfined concrete. As a result, the corresponding data resylts@09 are plotted at=0 in Figure 3

to obtain a linear distribution. Figure 3a shows thatends to increase with the volumetric ratio of
confining steel straps,. Conversely, Figure 3b shows thatvaries only slightly for the examingg

ratios, and therefore a constant value can be assumed for practical design:

p1=0.90 (27)
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Figure 3 Stress block factors for SSTT-confined HSC sections
Once p, is defined, the mean stress factqrcan berecalculated using the equivalent stress block
approach. Figure 4 shows thecalculated factora;, but using a constant valyg=0.9. Based on

regression analysis (see Figure 4), E@is proposed to compute:

1= 0.19%, + 0.85 (28)

13
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Figure 4 Recalculated mean stress faatpfor SSTT-confined HSC sections assumthg0.9
3.2 Ultimate capacity of short SSTT-confined columns

The interaction diagram of a short SSTT-confined HSC column can be developed usg2PEamd 30

and the valueg; (Eqn 28) angh;=0.90 determined in the previous section:
Ny=Cct+ G+ T (29)
o=t o5 —) T(a— 9 s«»

where N and M, are ultimate load and moment capacity of the column; and the rest of the variables are as

defined before.

Figure 5 compares the axial load capacity predicted using Eqn 29 and section analysesiltSraraes
shown for value$,=0.09, 0.25 and 0.50, and e/D ratios ranging from 0.05 (minimum eccentricity) to
0.40. It is shown that Eqn 29 predicts the test results with good accuracy (amreadfficient

R?=0.96).
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Figure5 Prediction of design Eqn 29

Figure 6 compares the interaction diagrams calculated using Eqns 29 and 30 ancaeabigis The
results are shown f@x=0.09, 0.25 and 0.50 and e/D ratios ranging from 0.05to 0.4. It can be seen that the
results from Egns 29 and 30 match reasonably well those from section anétlysiggjrasome minor
differences are observed for eccentricities close to the balanced ecce(d#cifihe calculations were
halted when the neutral axis depth exceeded the cross-section dimensions (i.E WSO mm).
Overall, Figure 6 indicates that Egns 29 and 30 can be used to assess the capacity of short $®dT-confi
HSC columns. However, columns of modern high-rise RC buildings are typstatiger and therefore

such slenderness needs to be accounted for in design.

15
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4 Design approach for slender SSTT-confined HSC columns

A new approach is proposed to predict the ultimate capacity of slender SSTT-confh@@ddiumns
based on the direct capacity reduction method proposed by Kwak and Kim (20043. nmethod, the
column is initiallyassumed as “short”, and its load-moment (P-M) interaction diagram is calculated using
section analysis based on force equilibrium and compatibility conditions. To eriputultimate
capacity of the original slender column, the P-M interaction diagratie 6fshort” column is factorised

by a capacity reduction factor (C) that accounts for the effect of slesderC represents the normalised

ratio of the difference between the capacities 6flart” and a slender columngeeFigure 7), and is

defined by
C=1-[(0OA-0B) / 0A] )
2500
( ,« ps : 0.018
2000 \‘\*\C hort column | 1.~ d/D =0.85
2 Slender column 7.\
- \ \ —— Section Analysis
500 . ! - ”>7HU“;*”/
Ly
0
0 5 10 15 20 - .

Moment, M (kN.m)

Figure 7 Example of capacity reduction coefficie@,
4.1 Calculation of the capacity reduction factor C
Figure 8 shows results of the numerical analysis performed using the theoretical modbkdéda
Section 2 for slenderness ratits20, 30 and 40. The results in this figure indicate that, as expected,
second order effects have more influence on the cokubehaviourasslenderness ratios increase. This
can be attributed to the smaller flexural stiffness of columns with |asigedderness ratios, which

increases the lateral deflection and therefore the second order effects. Figarsl®uals that the second
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order effects increase with the eccentricity of the applied axial load N. Howevereffects reduce as
the value of the eccentricity attains the balanced eccentrigitilazeover, for eccentricities larger than
the balanced eccentricity, éhe influence of the second order effects reduces further, up to the point of

being practically negligible when the applied axial load is close to zero.

Figure 9 shows the calculated capacity reduction factor C for confined columnsenidbraess ratiog
=20, 30 and 40. It is shown that C increases proportionally Avidihdp,. The results in Figure 9 also

suggest that C reaches a maximum value when the eccentricity is close to the balanaadtgccent
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Figure 8 Load-moment interaction diagram developed from the proposed theoretical fooda) p,=0.09, (B
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Based on linear regression, two sets of formulas are proposed to computepdbity ceeduction

coefficient C:

(1) For e<e,. Eqgn 32is proposed for columns subjected to an eccentricity smaller than the balanced

eccentricity, g

C=0.064+b foreg<eg, (32)

where b is a coefficient that accounts for the effect of the volumetric ratieedfsstap confinemen,.

Figure 10 shows the effect pf on the coefficient b included in Egn 32. Based on the results of this

figure, a linear regression formula is proposed to determine b:

b=-0.1p,+0.12 (33)

0.5
0.45
0.4
0.35
0.3

< 0.25

0.2 ——es/D=0.2
0.15
0.1 =
0.05

o
fan)
i -

]

T

0 0.1 0.2 0.3 0.4 0.5
SSTT volumetric ratio, p,

Figure 10 Effect of strap volumetric ratia, on coefficient b

(2) For e>e,. Figure 11 shows that the relationship between the capacity reduction capacitythe and
slenderness ratio line is practically linear. As a result, the capacity imdéettor C, for a column with

eccentricity larger than the balanced eccentricity is:

C=0.4p,+0.6 forg>e, (34)
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Figure 11 Effect of strap volumetric ratia, onthe capacity reduction factor C
Egns 32 to 34 were developed based on the upper limit vafube capacity reduction coefficient, C
Note that, for simplicity, the normalised eccentricidy/D is not incorporated in tlseequations. Hence,
the predictions from Eqns 32 to 8dn be very conservative for very small eccentricities. Nonethelsss,
shown in the following section, Egns 32 to 34 are sufficiently acctoatalculate the ultimate capacity

of slender SSTT-confined HSC columns.

Based on the results of this section, Egqns 35 and 36 are proposed tatecdlmilaltimate resisting

capacity of slender SSTT-confined HSC columns:

Ns=C-N, (35)
Ms=C-M, (36)
where the Nand M are the slenderness-factored ultimate load and ultimate moment, respeatidely

and M, are as defined before (see Eqns 29 and 30

Note that whilst the proposed design approach is applicable for the designdefr SSSTT-confined HSC
columns with circular cross section, further research is necessary to proposesdeatipns for SSTT-
confined columns with rectangular shapes. In the latter case, the PTMS confinement is expected to be less
effective at enhancing load capacity as only the corners of the cross secfidly @@nfined by the steel

straps (i.e. the confining effect reduces dugieabolic arching action’).
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4.2 Validation of the proposed design approach

Figure 12 compares the M-N results calculated using Eqns 35 and 36 with thosegbmwus PA
analysis obtained using the theoretical model described in Section 2. It is shownetipabpbsed
equations show similar trends as the theoretical results. In particular,ea rnatching of results is
observed for HSC columns with SSTT volumetric rapgs0.25 and 0.50. Note that Eqns 35 and 36
predict conservatively the capacity of unconfined HSC columns, and such conservativdrigheris

when the column is subjected to very small eccentricity.
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Figure 12 Comparison of results given by Eg@sand 36 and theoretical R analysis
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Table 2 compares the predictions given by Egqns 35 and 36 with experimental resultaddiiial load

N, and flexural moment,) obtained from 18 slender SSTT-confined HSC columns tested recently by
Ma et al. (2014). Fifteen of such columns were confined with one or two layerstalf straps placed at
clear spacings of 20 or 40 mm, thus leading to confinement ratios ranging0f076 to 0.178. The
columns had circular sections with diameter D=150 mm, slendernessirdt®s?4 or 40 and were cast
using HSC with mean compressive concrete strepgtX.3-65.5 MPa. The results in Table 2 confirm
that the proposed approach predicts conservatively the ultimate capacitydeir S&TT-confined HSC
columns, with mean Test/Prediction ratios for axial log@Ny) and flexural momentM,/Ms) equal to

1.31 and 1.10, respectively. The standard deviation of the Test/Prediction ratios (SRis@ 22)icates

the relatively low scatter of the predictions. Based on the results afttiolg, it is proposed to use Egns

35 and 36 for the design of practical SSTT confinement solutions for slender HSC columns.

Table 2 Comparison of predictions given by Eqns 35-36 with test resylidaet al. (2014)

Column 'S\'t?égf 5 foo N, N M, M.  NJN. MM,
ID e MPa) (kN) (N) (kNm) (Nm) () ()
C600-E25R0-C 0 16 655 727 570 186 145 128 1.28

C600-E25R0-S0.076
C600-E25R0-S0.12
C600-E25R0-S0.178
C600-E25R1-S0.12
C600-E50R0-S0.12
C900-E25R0-C

1 16 655 605 570 154 145 106 1.06
1 16 655 860 635 222 233 135 0.95
2 16 655 1020 740 28.2 26.8 1.38 1.05
1 16 655 835 580 216 223 144 0.97
1 16 66.7 604 334 305 18.7 181 1.63
0 24 66.7 705 570 184 149 124 124
C900-E25R0-S0.076 1 24 66.7 830 570 220 212 146 1.04
C900-E25R0-S0.12 1 24 66.7 825 635 219 240 130 0.91
C900-E25R0-S0.178 2 24 66.7 950 740 256 273 1.28 0.94
C900-E25R1-S0.12 1 24 66.7 774 550 21.7 223 141 0.97
C900-E50R0-S0.12 1 24 66.7 511 325 265 19.1 157 1.39
C1200-E25R0-C 0 32 623 565 560 154 156 1.01 0.99
C1200-E25R0-S0.076 1 32 623 870 6560 233 156 155 1.50
C1200-E25R0-S0.12 1 32 623 810 630 226 246 129 0.92
C1200-E25R0-S0.178 2 32 623 832 730 224 287 114 0.78
C1200-E25R1-S0.12 1 32 62.3 517 500 16.0 154 1.03 1.04
C1200-E50R0-S0.12 1 32 62.3 341 340 183 16.7 1.00 1.09

Mean 1.30 1.10
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SD 0.22 0.22

It should be mentioned that whilst this study focuses on the design and cap&%yTe¢onfined HSC
elastic columns, theechnique is expected to increase considerably the columns’ ductility during the
plastic stage. Therefore, further experimental and analytical researebeissary to extend the proposed
design method to columns where yielding of the longitudinal reinforcement (or cotrerghténg failure)
can occur. It should be also noted that creep and shrinkage developing during the fedesfghdi RC
column may (slightly) reduce the post-tensioning stress in the stapk.s#hccordingly, further tests
should investigate the long-term behaviour of the SSTT rdelibhgy. However, unlike other permanent
confining techniques also affected by creep and shrinkage (e.g pre-cured FRP tubes orfilmucrete-
steel tubular (CFST) columns), the steel straps can be inspected/assessind olemign life of the

column and easily replaced with new straps if stress relaxation is evident.

5 Conclusions

This paper proposes a design procedure to calculate the capacity of slender HZC odlcuhns
confined usinga cost-effective Steel Strapping Tensioning Technique (SSTT). To account for the effec
of slenderness in the design, the procedure uses a capacity reduction factaloglieato that proposed

by Kwak and Kim (2004). From the analyses and results shown in this paper, thenpltmmiclusions

are drawn:

1) An equivalent stress block for SSTT-confined HSC columns with circular sectitmveéoped. The
equivalent stress block is defined by a constant block depth fati®.9) and a mean stress factgithat
depends on the amount of steel strap confinemghtThe equivalent stress block predicts the ultimate

capacity of‘short” SSTT-confined HSC columns with good accuracy.

2) Based on regression analyses, a capacity reduction coefficient, C, is propcaieditde the capacity
of slender SSTT-confined HSC columns with circular cross section. The coeffigisrfound to depend
on the eccentricity level applied on the column, the amount of steel strap confineméme aotlimn

slenderness.
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3) The proposed design approach is faster than rigorous theoretigalan@lysis and predicts
conservatively the capacity of slender SSTT-confined HSC columns. Overall, jrettigctions were
obtained for columns subjected to eccentricities larger than the balancedietgeat. The proposed
equations were effective predicting conservatively the experimental results of SSTT-confined columns,
with Test/Prediction ratios for axial load and flexural momeqtial to 1.31 and 1.10, respectively.
Therefore, the proposed equations can be used to estimate the ultimate reajsticity of column

during design.

4) Whilst the SSTT has proven effective at enhancing the capacity and behavio8Cofdtumns,
further research should investigate a) its effectiveness at enhancing the columns’ ductility when yielding
of the longitudinal reinforcement (or concrete crushing failures) can occur, andelp) amd shrinkage
effects on the long-term behaviour of the SSTT methodology. Moreover, it is also netegzapose

design equations for SSTT-confined HSC columns with non-circular cross sections.

Notation

The following symbols are used in this article:

A= corresponding cross-sectional area of longitudinal steel bar

Aq; = total cross-sectional area of longitudinal bars

b = coefficient that accounts for the effect of SSTT-volumetric ratjo,

C = capacity reduction coefficient

D = diameter of column section

dl = thickness of each layer of discretized column section

dL = length of column segmented unit

dsi = location of longitudinal tensile bar from the extreme concrete fibre
e = load eccentricities

es= column end eccentricities which can be either positive or negative value

E. = tangent modulus of elasticity of concrete
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E’se= secant modulus of confined concrete at peak stress
E; = elastic modulus of steel

&, = Ultimate strain of unconfined HSC

£'.= peak strain of confined concrete

& = steel strain

g, = yield strain of steel

&; = concrete strain

&= axial compressive strain of concrete

fi = concrete stress at a given strain

f.o = concrete compressive strength

f,= yield strength of steel

L = column length

Msiep= bending moment at progressively incremental loading steps
M step= first order moment at a given load step

Ms sieg= S€CONd order moment at a given load step

Nsiep = axial load at progressively incremental loading steps
Ny = ultimate load capacity of column under concentric load
R = radius of column section

Vs = volume of steel straps using the SSTT

V. = volume of concrete

X = ratio of axial compressive strain to concrete peak strain
X, = neutral axis depth

y, = width of i+th layer

pv = confinement volumetric ratio of steel straps

ps = internal reinforcement ratio of column

om = lateral deflection at a discrete point of a column

o = lateral deflection

@ = curvature

o5 = stress of longitudinal bar ath-layer
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A = slenderness ratio
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