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Abstract

This article proposes new parameters for the practical design of cihighastrength concrete (HSC)
columns confined with an innovative Steel Strapping Tensioning Technique ($Sifig) a nominal
curvature approach. Previous experimental research has proven the effectivertlessS&TT at
providing active confinement and enhancing the ductility of HSC columns, butteéondapractical
procedures are available so that the technique can be widely adoptesign practice. The proposed
design approach is based on results from segmental analyses of slender SSTT-coctilaedaiumns
subjected to eccentric loads. The results obtained from the analyses are dsggtrine the variables
governing the design of such columns. The use of the proposed design parpradiets conservatively
the capacity of small-scale slender HSC circular columns confined using the SSTT, aedluas used

in the practical design of reinforced concrete (RC) structures.
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1 Introduction

Current design guidelines for reinforced concrd®€)( structures promote the use of strong and yet
ductile columns able of sustaining large deformations without failure. Masyabf columns have small
cross sections (compared to the column height) and end restraints that devent polumn sway. These
“slender columns” tend to deform laterally when axial load and flexural moment (first order effegtare
applied, thus subjecting the columns to additional (second order) moments. Hencee datknal
deformations, slender columns can experience global buckling and can fail aldadercompared to
those sustained by short columns. To account for the additional second order effesigrin alirrent
design codes [e.g. the Chinese Code GB-50010 (2002); Eurocode 2 (2004)] calculate theutotal col
eccentricity as the sum of the nominal eccentricity (from first order effects) and thiersddiccentricity
due to slenderness (second order). When such slenderness effects are accounted ifpr, ilardes

column sections are normally required to resist the moment which in turn increase the constogtsi

In an attempt to enhance the stiffness and capacity of slender columns (thusgrethagi and second
order effects), high-strength concrete (HSIS) extensively utilised nowadays in the design and
construction of newrC buildings, particularly in Southeast As/hile the use of HSC is effective at
enhancing the columns’ capacity, previous experimental studies (Shin et al. 1989; Li et al. 1994) also
showed that HSC columns can fail in a brittle manner, and thus adequate confinementaes tequir
ensure their ductile behaviour. Internal steel ties/stirrups were used in the pakance the ductility of
HSC columns (e.g. Canbay et al. 2006, Ho et al. 2010). Nonetheless, the effectivenessabstirteips

is limited as only thecore the columns’ cross sections effectively confined, especially after cover
spalling. To increase the effectiveness of the confinementbgurévent spalling, externally bonded Fibre
Reinforced Polymer (FRP) wraps were recently proposed as a confining séutldSC elements (e.g.
Idris and Ozbakkaloglu 2013; Lim and Ozbakkaloglu 2014). However, both internal reméort and
FRP wraps can only provide passive confinement to structural eleméetbigh initial cost of FRP
materials may also discourage their use as confinement solution in low and medium decefping
countries. As a result, it is deem necessary to develop more cost-effectivengpatihitions for HSC

columns.



Recently, Ma et al. (2014a) and Lee et al. (2014) investigated experimahtaléffectiveness of an
innovative active confining technique (referred here as Steel Strapping Tensioning Tecnr#@rT) at
enhancing the capacity of HSC columns. The SSTT involves the post-tensioningp-sfraiggth high-

ductility steel straps around RC elements usingperated strapping tools similar to those utilised in the
packaging industry. After the post-tensioning operation, self-regulated end clips clamp theagteelsl

maintain the tensioning force. Contrary to internal stirrups or raitdfRP wraps, #01SSTT provides

active confinement to the full cross section of members. The SSTT also has additional advantages such as
ease and speed of application, ease of removing or replacing steel straps, and l@k andtdasbour

costs. Whilst previous tests showed that the use of the SSTT can enhance rthatdefcapacity of

HSC columns by minimum 50% (Ma et al. 2014a; 2Q14b practical design guidelines exist for new

SSTT-confined HSC columns so that the confining technique can be widely adopted icepracti

This article proposes new parameters for the practical design of circghasthéngth concrete (HSC)
columns confined with an innovative Steel Strapping Tensioning Technique (SST§)ausiominal
curvature approach. To achieve this, the proposed design approach uses resskgriental analyses
of slender SSTT-confined columns subjected to eccentric loads. The results obtained froatytwes an
are used to determine the basic parameters that govern the design aflsmns. The proposed nominal
curvature approach is validated using experimental results available in theitéemhe practical design
approach proposed in this study is expected to contribute towards a wider use of-dffectet SSTT

in new HSC structures by providing guidelines that can reduce considerably tpataibomal time

during design.

2 Analysis of SSTT-confined columns

2.1 General deflection of columns

The deflectionsd of a hinged column can be mathematically approximated using a half-sineas(aee

Fig. lia):

6 = —6iqSin (%x) 1)



where &g is the lateral displacement at the column mid-heigli¢ the distance along the column axis

from the first column end; and L is the column length (height).
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Fig. 1. (a) Column model with hinged ends, (b)-(c) theoretical segmented catumdel used for calculation of
moment-curvature relationships

The column curvate ¢ at a height x can be obtained by differentiating Equation (1) twice:
n? .. (&
¢ = Smid L—ZSlTl (ZX) (2)
By replacing Equation (2) into (1§ ande mis are defined by:
L2
Omia = ;(pmid (3
The flexural moment Iy at the critical mid-height section of a column can be then approximated as:
LZ
Minig = N(e + 8mia) = N (€ + = rmia) (4)
where N is the axial load on the column; and e is the load eccentricity at columnTbadsioment
computed using the latter equation letaistresses at the column’s mid-height section. Such moment and

corresponding stresses can be determined using conventional section analysis, prowdastitbgve

models of concrete and steel reinforcement are known.



2.2 Constitutive models for SSTT-confined HSC and reinforcement
To account for the effect of the active confinement provided by the steel ®tre$C, the constitutive

relationship proposed by Awang et al. (2013) is used in the analyses. The model is based orighs equat
proposed originally by Popovics (1973). However, Awang et al. (2013) calibragethdtel using an
extensive experimental database of uniaxial compressive tests (140 concrete cylindeznspeand
extended its applicability to HSC columns confined with the SSTT. According to Popibeéianncrete
stress{ at a given straig; is defined by:

fup = L (5)

o147

where X=./c o, €cc IS the axial compressive strain of concretg; and f.. are the strain and concrete
strength of confined concrete, respectively; whergds the unconfined concrete compressive strength.
In the above equation, refE—E s, Where Eis the tangent modulus of elasticity of concrete B

is the secant modulus of elasticity of the confined concrete at peak stress. Fotyhes aaaied out in

this study, these values are assumed to.:bé7Q/f’ . (MPa) andE 'se=f"coe 'cc (MPA).

According to Awang’s empirical model, the valuesf’.c ande’,c of SSTT-confined concrete can be

calculatedas

f’cc = feo 2-62(91;)0'4 (6)
Elcc =g + 11.60(py) (7)
& =¢, * (89p, +0.51) (8)

wherep, is the volumetric confinement ratio of steel strgps\(,/V ., where Vand \ are the volumes
of straps and confined concrete, respectively, arglthe yield strength of the straps); is the ultimate
strain of unconfined HSC (assumed equal to 0.004); &nds the ultimate strain of confined HSC. The
constitutive relationship defined by the above equations was calibrated using dathlO@®290 mm
HSC cylinders confined with SSTT confinement ratios ranging from 0.076 to 1.50. Not¢hat the
above equations assume that a minimum amount of straps (ap fe@$X76) always exist around the

element.



A simplified bilinear tensile stress-strains4f) model is adopted to model the behaviour of the

longitudinal column reinforcement:

fo=¢E, for0<eg <g, 9)
=f, fore>e, (10)

S y

f

where Eis the elastic modulus of the stemhdes ande, are the corresponding strain and yield strain.

2.3 Moment-curvature relationships
The moment-curvature relationship of a SSTT-confined HSC column can be determinedhasing

material properties described in the previous section and a given cross section geometry. Hentz, a cir

column witha cross section diameter D=150 mm cast with theoretical HSG=60f MPa is assumed for

the analyses carried out in this article {see Hig. 1b). A yield strepgtBOf MPa and an elastic modulus

E=200 GPa are assumed for the longitudinal column reinforcement, which is assurnedeatrated at

the locations shown fin Fig| 1b. A free concrete cover of 20 mm is also assumed in the analyses.

A cross section of 0.5x15 mm and an elastic modulus of 200 GPa are assumed for each stedining
strap, which corresporto typical properties of commercial packaging straps used in Southeast Asia. To
achieve a desired confined concrete strength using the SSTT, the strap spacing, nundjetaykess;

yield strength of the straps and concrete strength can be varied to change thetriolatio p,.
NonethelessiMa et al. (2014a) suggested valueppfanging from 0.09 and 0.50 for practical confining
applications. Although valueg,>0.50 can be theoretically achieved, the number of straps around
elements is restricted by several practical aspects such as a) the clewy lsplogen straps necessary to
secure the metal clips using the jaws (1-2 mm), b) the number of strap layecarthae secured using a
single clip (maximum two layers), and c) the yield strength of the staplsstAs a consequence, SSTT
volumetric ratios,=0.09, 0.25 and 0.50 are used in this study to assess the effect of very light, moderate

and relatively heavy confinement that can be applied in practice.

Conventional section analyses are carried out using the stress-strain modell TecdaSned HSC

section (described in the previous section) and theoretical column model shown in Fightbaxial

load, Nepand flexural moment, Mat successively incremental loading steps are given by:

Nstep = ?:0 feyidl + (05 — fei) Asi (11)



Mstep = ?=0( feiyi ADPi+ (05 — fei) (R — dg)Ag (12)

where yis the width of i-th layer; dl is the thickness of each layer (dI=3 mm diceptd Fig. 1¥; o5 is

the stress of the longitudinal column bar at the i-th laygrisAhe corresponding cross-sectional area of
the longitudinal column bar;; s the distance from the centre point of the i-th layer to thealeis; R

is the column radius (R=D/2); and; & the distance between longitudinal tensile bars and the extreme
concrete fibre. As such, Equations (11) and (12) are used in this article tatgghermoment-curvature

relationships of the SSTT-confined columns analysed in subsequent sections of this article.

3 Nominal curvature approach

3.1 Background
Existing design standards (e.BS-8110, 1997; GB-50010, 2002; CEN, 2004) simplify the design

procedure of slenddRC columns by amplifying the first-order flexural moment to calculate the second-
order moment. Hence, the design is similar to that of short columns, but the secondiefiedtion is
accounted for by assuming that the total eccentricity is the sum of thedaggitentricity and the
additional eccentricity due to the column slenderness. From Equation (3), the neca@atricity dnom

(i.e. column lateral displacement) can be defined as:

L2

Onom = = Pnom 13

whereg . is the nominal curvature at the column mid-height.

According to Jiang and Teng (2013), the curvet@gom,, @i, and@ma. (shown in Fig. P need to be

determined to assess the nominal curvature of a column that expestaiwlity failure under a constant

axial load N. I Fig. RPepri is the curvature of the critical section at column failure, whegeasis the

maximum curvature that the critical section of the column can resist when subjected to N
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Fig. 2. Definition of the nominal curvature of a column

The valueg ..., can be calculated using the curvature at balanced f@lureUsing strain compatibility,

the curvature at balanced failure can be defined as:

Poai= -2 = Eeut &y (14)

= y
where ¥ is the neutral axis depth of the column sectigns the reinforcement strain at yield; d is the

effective column depth; and the rest of the terms are as defined before.

The axial load corresponding &dbalanced failure is defined by,/N However, failures can occur at other

axial load levels and therefore a facfpis used in practical design to define the point at material failure

(see Fig. P). Likewise, a factgs accounts for the difference betwegn,, andgm.: as shown ip Fig. |2.

Hence, the following equation relates the curvatgrgs, ande ..

¢nom: Q‘:l 52 ¢bal (15)
Therefore, the valuespyN & andé, have to be determined to calculate the nominal curvature of a slender

column.

3.2 Calculation of N, for slender SSTT-confined columns
Previous research (e.g. Cheng et al. 2002; Jiang 2008) has shown that the level of enhiirflerances

the magnitude of the balanced load of a column. This is particularlydrd&STT-confined columns as

the magnitude of the active confinement applied to the column can be pre-selected dudegighe



stage. To develop an expression for calculatiggiM SSTT-confined columns, a parametric analytical
study is conducted considering the following variables, which consider typical values used ictibal pra
design of circular HSC columns of buildings in Southeast Asia:

- Column longitudinal reinforcement ra$ ps=0.02, 0.03 and 0.04

- Cover depth ratios d/D=0.75, 0.80 and 0.85
- SSTT-confinement ratiop,=0.09, 0.25 and 0.50

Table 1 summarises the parameters used in the parametric study and the correspgnchhglsited

[(]

using section analyses according to the procedure described in Seqtion 2.3. liysakasteown ih Tabl

E| the steel yield strain was equal to 0.0023. The results indicajg thahe main parameter that affects

the values B, wherasthe parameters and d/D have a marginal effect op,N



Table 1 Parameters considered for predicting the balanced failure of SSTT-confinedifd®@&r section

Steel Cover SSTI- Concrete  Balanced Neutral Balanced
ratio, depth  confinement strain, curvature,  axis load,
Ps ratio,  ratio, p, £ec Bl depth, Npai (kN)
d/D (mm™?) Xn (MM)
0.02 0.75 0.09 0.00520 0.0000682 76.3 242.9
0.25 0.01094 0.0001204 90.9 806.9
0.50 0.01984 0.0002013 98.6 1628.8
0.80 0.09 0.00520 0.0000625 83.2 289.0
0.25 0.01094 0.0001103 99.1 959.7
0.50 0.01984 0.0001845 107.5 1926.6
0.85 0.09 0.00520 0.0000577 90.1 338.7
0.25 0.01094 0.0001018 107.4 1126.6
0.50 0.01984 0.0001703 116.5 2261.7
0.03 0.75 0.09 0.00520 0.0000682 76.3 242.9
0.25 0.01094 0.0001204 90.9 806.9
0.50 0.01984 0.0002013 98.6 1628.8
0.80 0.09 0.00520 0.0000625 83.2 289.0
0.25 0.01094 0.0001103 99.1 959.7
0.50 0.01984 0.0001845 107.5 1926.6
0.85 0.09 0.00520 0.0000577 90.1 338.7
0.25 0.01094 0.0001018 107.4 1126.6
0.50 0.01984 0.0001703 116.5 2261.7
0.04 0.75 0.09 0.00520 0.0000682 76.3 242.9
0.25 0.01094 0.0001204 90.9 806.9
0.50 0.01984 0.0002013 98.6 1628.8
0.80 0.09 0.00520 0.0000625 83.2 289.0
0.25 0.01094 0.0001103 99.1 959.7
0.50 0.01984 0.0001845 107.5 1926.6
0.85 0.09 0.00520 0.0000577 90.1 338.7
0.25 0.01094 0.0001018 107.4 1126.6
0.50 0.01984 0.0001703 116.5 2261.7

& py=0.09 represents “unconfined” concrete (Ma et al, 2014a)

Fig. 3

shows the effect of strap confining raijoon N, for a S T-confined HSC column sections (as

described in section 2.3) with values d/D=0.75, 0.80 and 0.85. The regults i Figcaeirttiat M

increases approximately in a linear manner with Hence, the following simplified expression is

proposed to calculate,Nof SSTT-confined HSC columns:

Npai= (3.8 + 0.05) £, Ac (16)

10



where §, is the concrete compressive strength of plain concrete; argltie cross section area of the

column| Fig. 8 shows that Equation YI8ashed lingis sufficiently accurate to assesgN

2500 -
o d/D=0.75 o)
2000 - o d/D=0.80 O
o) d/D=0.85 -7
____ Eq.(16) Pt o
= 1500 - -
=3 .-
E o _--~
2 1000 - =’
-7To
500 - e
0 . . . . . |
0 0.1 0.2 0.3 0.4 0.5 0.6
Py

Fig. 3. Effect of SSTT confinement ratjg on N, for a SSTT-confined HSC circular column

3.3 Calculation of factors §; and ¢ for slender SSTT-confined columns
Eurocode 2 (CEN 2004) proposes the following equation for calculating the fadtothe design of

slender RC columns:
Nuo_Nu
=——<1 17
fl Nyo— Npa1r — ( )
where N, is the axial load capacity of an RC section concentrically compressed argsthaf the

variables are as defined before.

More recently, Jiang (2008) proposed calculatingf FRP-confined RC columns using Equation (18).
FRP confinement represents the state-of-the-art in external confinement of R@<saludnis therefore
considered here for comparison:

H="M<l (18)

Fig. 4 compares the prediction of Equatiqd¥) and (18) with the “exact’ results from segmental

analyses for an assumed section vith0.09, 0.25 and 0.50 and constamt0.02. In this figure, the
SSTT-confinement ratig,=0.09 is assumed &sinconfined concrete according to findings by Ma et al.
(2014a), whereass=0.02 is the minimum longitudinal reinforcement ratio recommended in Eurocode 2

11



(CEN, 2004). The load J\ used in the calculations was the exact value from the numerical analysis to

avoid any discrepancies introduced by approximate equatiwis that the axial loads and curvatures

shownin|Fig. 4 were normalised by,Nandgy,, respectively.

12



— Section analysis

(a-) p~=009  _ . _._ Eq.(17)

s (b) p,=0.25 — Section analysis
- V_ .

(c) p,=0.50 ——— Section analysis

Fig. 4. Variation of factor; as a function of axial load f@SSTT-confined HSC sectiop£0.02)



Ta—c indicate that, as expected, the curvature decreases with thefleméhl load. For SSTT-
confined HSC columns, the predictions given by Equation (ffer considerably from the “exact”
section analyses results for large ultimate laad®r moderate and relatively high levels of confinement
(p,=0.25 and 0.50). On the other hand, Equation) di8es more consistent values of normalised

curvature ratios for MN,_>1 to 1.50. It is worth mentioning that the accuracyoh predicting the

capacity of slender columns needs to be considered alongwithe inconsistencies observed in Fig.

4a-c when 'D’Nba|<1 are due to the slenderness effectAis for short columns, only valugs/¢p.< 1

need to be assessed. The valhggh,, > 1 correspond to slender columns. Compared to Equation (17)

Equation (18) is more accurate in estimating the normalised axial Idhd séction. Note thdt in| Fig.

is capped to a value of 1 as short columns fail due to material failurdyuEndnlys; needs to be used

in design. Conversely, bothand&, have to be considered in the design of slender columns. Whilst Jiang
(2008 has proven that in all casés<l, the value, strongly depends on the end eccentricity and the
column slenderness. However, whigis limited to 1, the end eccentricity has negligible effectcand
therefored, can be assumed to be a functadrslenderness only. For the caseS&T T-confined sections,

the effect of the confinement provided by the external steel straps has to beteddor too. Recently,
Jiang and Teng (2013) proposed to design slender FRP-confined circular RC columns uSifartbe

given by:

&=115+2.14,%p,)-0.01-<1 (19)

where all variables are as defined before. To simplify the design, the ChineseB:60610 (2002) only

considers the slenderness ratio to comggite

&=115-00k <1 (20)

Fig. § shows the influence of the factron the nominal curvature as a function of the slenderness and

confinement ratios. It is shown that the nominal curvature is affected by botketiterness ratio and
confinement ratio, which suggests that Equation (19) is more appropriate forc88flifed sections
Nonetheless, the effectiveness of Equation (19) in design can only be assessed wheedcwittif;

and ultimate load resistancg & shown in the following section.

14



1.6 -

1.4 - — p=0.25
—B- p,~=0.50
- - “Unconfined”

1.2 -

Fig. 5. Variation of factor, as a function of slenderness for a SSTT-confined HSC section

4 Proposed design procedure

4.1 A new equivalent stress block for SSTT-confined sections

Existing design codes for RC membess an ‘equivalent stress block” with uniform compressive stresses

to represent the compressive stress profile of concrete at ultimate conditioregbiwcient stress block
is usually defined by the magnitude of stresses and by the depth of the stress dloekntain force
balance, the resulting equivalent stress block and the original strese penfé to resist the same axial
force and bending moment. Due to the steel strap confinement, the equivalerilstlessoposed by
codes is inappropriate to assess the ultimate capacity of SSTT-confined HSC colhamesoré, a
parametric study is carried out to develop an equivalent stress block of SSTT-cor8iGexketions. 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.

To derivea; andg;, section analyses are performed using the circular column model shown in Fig. 1b-c.

The stress distribution over the compression zone of a circular colurbtaisen using different neutral

axis depths and a SSTT-confinement ratig0.50. The stress block parameters are determined

15



simultaneously from the axial load and moment equilibrium conditions so asitth rihe equations

proposed by Warner et al. (2007):

N =01 B1f cA+ 0scAsc - 05 Ag (21)

M = o1 i oA(2 = EE2)+ (e Acc- o A (2 - ) (22)

where d is the effective depth (distance from the outmost compression fibre tntteotthe tensile
reinforcement o..and o are the stress of compressive and tensile reinforcements, respectivelye and th

rest of the variables are as defined before.

For acircular column, the shape of the compression regions can be defined using a segimanwndn

Fig. 6a-b. The area A of the compression region can be computed as:

A= Dz(ﬂmd— Sin@CosG) (24)

whered,,q4is the angle of the compression zone as defirfed in Fig. 6 (in radians).

Centroid of Centroid of
_____/ compression zone A compression zone A
~ -/ Ny
1/ \\
L ey
/‘ xn-D/2

Fig. 6. Compression regions of circular columns under eccentric loading
The second moment of area of regiois:A

Ay=A(2- &) (23)

2 2

where y is the distance between the centroid of the compression region and thid oétite columnp;

is the block depth ratio; ang is the neutral axidepth (sefe Fig.)6

The angle) can be calculated using:

0 = arcCos(“2%1) if fix< D/2 (24)

16



0 = 11 - arcCos (L2228} if f1x,>D/2 (25)

Thus, the compressive concrete loadadd a circular column is:

Ce= a1 f1f A (26)

Likewise, the flexural moment Mproduced by the concrete in compression is:

Mc= a]f’ccAy (27)

For the compressive force of the longitudinal reinforcement in compression dinea$tihe steel can be
calculated using strain compatibility:

ex=eo(1-72) (28)

Hence, the stress in the longitudinal reinforcement in compression can be calculated as
0sc= Essc for EsSEsy (29)
o= fqy forescesy (30)

whereses, fsjand Eare the yield strain, yield stress and elastic modulus of the longitudinfirogiment

The compression force of such reinforcemisnt
Ce0ucAsc (31)
where Acis the area of compressive reinforcement.
Similarly, the corresponding stradg of the longitudinal reinforcement in tensiisn
£st = £ (% —1) (32)
The stress in the tension longitudinal reinforcement can be calculated as:
0= Egq foresi<esy 33
os=fsy fores >eqy 34
And the tensile force T in the reinforcement is:

T= Est ASt (35)

17



Fig. 7la-b show the stress block factersand f; obtained from the analysis of SSTT-confined HSC

circular columns with different neutral axis depths Rrevious research (Ma et al. 2014a; 20153 h

shown that the SSTT is effective at confining concrete ory>0.09, and that values0,<0.09 can be

used to represertunconfined concrete. As a result, the corresponding data resultp .09 are

plotted atp,=0 in

Fig.

7a-b. It is shown that tends to increase with the volumetric ratio of confining

steel strapp,. Conversely, Fig. [7Tb shows thgt varies only slightly for the examineg ratios, and

therefore a constant valyge=0.90 can be assumed for practical design.
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Fig. 7. Stress block factors for SSTT-confined HSC sections
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Oncep, is defined, the mean stress fact@rcan be calculated again using the equivalent stress block

approaclh]. Fig. [8 shows the recalculated fagtarsing the proposed constant vafiye0.90. Based on a

regression analysis the following simplified equation is proposed for design:

a;=0.19p, + 0.85 (36)
1.2 -
_______ L LR PR LTS
10 4 __-----"77 o,;=0.195p,+0.85
«--""  ___---=- Ao oc-cccsses=——== =P
— - ---  _ ___-- Ommmmmmmmemmmmm——— - ®
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0 0.1 0.2 0.3 0.4 0.5

Py

Fig. 8. Mean stress factar, for SSTT-confined HSC sections assumpizg0.90

4.2 Design equations and comparison with test results
Based on the stress block factors proposed in the previous section, conventional segs®isanséd

to determine the axial load,lnd flexural moment Mof SSTT-confined HSC columns according to the

following equations:

Ny = a1 ﬁL/[’ccA + OscAsc - 05t At (37)

My =N, (€ + 55 E1620pa0) = o1 B A2 — 22+ (Gechhac - 0w A ) (5 — d) (38)

2

where all variables are as defined before.

Fig. 9 compares the predictions given by equations (37) and (38) with experimental results from 18 small-

scale SSTT-confined HSC columns tested by Ma et al. (2014a). All columns were circular with a
diameter D=150 mm and were cast using HSC with a target concrete strengtt6@fMPa. Three
different column heights were examined 600, 900 and 1200 mm, thus leadiagltoness ratios A=16,
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24 and 40. Tree columns were unconfined control specimens, whereas the rest were externallydconfine

with one or two layers of metal straps placed at clear spacing of 20 onnd, which produced

confinement ratios of 0.076, 0.12 and 0.178. As shown in Fig. 9, the axial Igadn@Nmoment (I\)

predicted by the theoretical model match well (on the conservative side) the coriegpgestdata [\
and M. Moreover, most of the predictions remain within a £20% range of confidencenthceting a
relatively low scatter. As a result, the proposed design appisatltificiently accurate to calculate the
maximum axial load and flexural strength of small-scale SSTT-confined HSC columnto Dsidittle
computational effort and good predictions, equations (37) and (38) are proposed for tldesmpicand

assessment of SSTT-confined HSC columns.
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Ay 0 ﬁA /
’ / ‘A
800 o AR é/ 7 20% 20 % S
— A/ -20%
z o4 £ 7
= 600 N g s & I
= AA 7 5 A s
P S S
400 Sl 10 SR
s R
200 ///// Mean Nut/Nu=o'89 s // Mean Mut/Mu=o'85
e SD =0.16 P SD =0.17
0 0o/
0 200 400 600 800 1000 1200 0 10 20 30
N, (kN) M, (kNm)

Fig. 9. Prediction given by Equations (37) and (38) vs test results by Ma(20a#ia)

Due to the limited data used for the validation of Equations (37) andf(®&)e research should verify
the accuracy of the proposed approathassessing the capacity of columnsthwheavier strap
confinement 4,>0.18). Moreover, as for other confining techniques, the metal straps are expduted
less effective at confining rectangular sections. Consequently, furthercresdeuld also verify the
accuracy of the proposed approach at predicting the resfulisctangular members. Future research
should also verify the accuracy of Equations (37) and (38) at predictingselts feom full-scale SSTT-

confined HSC columns.
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5 Conclusions

This article proposed new parameters for the practical design of circutestnéggth concrete (HSC)
columns confined with an innovative Steel Strapping Tensioning Technique (SST§)ausiominal
curvature approach. The new parameters were obtained from segmental analyses of slEhder SS
confined columns subjected to eccentric loads. The results obtained from the anaysesed to
determine the basic parameters that influence the design of such colunews.eduivalent stress block

and block depth factor equation were proposed for the design of circular SSTT-confinmusséctias
found that the block depth factoarcbe considered as constant and equ#$0.90, whereas the mean
stress factor is variable and depends on the strap confining volumetric ratio. Ti¢hesaew proposed
parameters for the design of SSTT-confined HSC columns using the nominal cumetiioel leads to
conservative predictions of the maximum axial load and flexural strerfggmall-scale columns
However, future research should verify the accuracy of the approach atipgettie resultof full-scale
specimens. Besides, the current adopted stress-strain model was developed baselhroaytirdars

and hence no stress concentration at corners have been considered. The proposed design procedure can b
used for rectangular or square sections columns provided that the correeststiassiodel for sections

other than circular columns are used.
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