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ABSTRACT

Confinement of concrete helps in improving ultimate strain of concrete. This increase depends on
amount of transverse reinforcement in the vertical member. While 135° hooks are mandatory in
transverse reinforcement, the distribution of transverse steel along the two principal plan directions
of the vertical member influences the increase in the ultimate strain of concrete. The volume of
transverse reinforcement does not reflect the actual distribution of transverse reinforcement along
the two plan directions. The amount of transverse reinforcement provided along the two plan
directions can be considered in terms of either volumetric ratio or area ratio. Literature suggests
using these two options for quantifying the effects of confinement of concrete. The matter is more
critical in RC columns with hollow cross-sections than in those with solid cross-sections. This paper
presents an analysis in favour of the use of area ratio when quantifying the amount of transverse
reinforcement to be provided in RC columns.

1 INTRODUCTION

The stress-strain curve of plain concrete under uniaxial compression depends on its grade. This c—¢ curve

can be defined fully with four critical parameters, namely its compressive strength f,(, strain &

corresponding to peak stress f.(, ultimate strain &, and geometries of ascending and descending curves

(Fig. 1). These parameters are enhanced when concrete is placed in reinforced concrete (RC) members along
with closed-loop transverse reinforcements with 135° hooks (Fig. 1). When a RC member is compressed
vertically, concrete dilates outwards in the plan transverse directions owing to the Poison’s Effect. This
outward dilation is restrained by the transverse reinforcement owing to bond between concrete and these
transverse steel closed loops; as a consequence, additional compressive stresses are induced in concrete
along the transverse plan directions (Fig. 1). These additional transverse stresses (confining stresses) in the
confined concrete provide confining action and enhance the said critical properties of concrete, namely

compressive strength fec, strain &q. corresponding to peak stress fc, ultimate strain ¢y, and geometries

of ascending and descending curves of confined concrete (Fig. 1).
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Figure 1: Dilation of concrete under uniaxial compression; (a) without confining reinforcements, & (b) with
confining reinforcements; and (c) Stress-strain curve of confined and unconfined concretes

The extent of the confining of concrete inside the transverse reinforcement depends on the four properties of
transverse reinforcement having mandatory 135° hooks, namely diameter of bars, vertical spacing and in-
plan distribution within the cross-section. To quantify the extent of confinement provided by transverse
reinforcement, the methods presented in literature reflect it as a function of volumetric ratio or of area ratio;
volumetric ratio is used more often. This paper presents a discussion on relative merits of these two ratios.

2 PHILOSOPHY OF AREA RATIO AND VOLUMETRIC RATIO

The lateral dilation of concrete is resisted by the transverse reinforcements. Strain compatibility exists
between concrete and steel. Hence, total tensile force induced in transverse reinforcement (because of
transverse dilation of concrete) is equal to the total compressive confining force induced in confined concrete
(Fig. 2), and:

NSU
ZfsiAsvi :fleAc’ (D
i=1

where fsi = tensile stress induced in the transverse steel, fle = confining compressive stress induced in core

concrete, Agy; = cross sectional area of transverse steel bar i, A = plan cross-sectional area of member.
This implies that higher the amount of confining reinforcement provided along the direction of dilation
higher will be the confinement in the concrete. This amount of reinforcement can be quantified either by
volumetric ratio or by area ratio.
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Figure 2: Equilibrium of forces in one confining direction
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2.1 Volumetric Ratio

It is the ratio of volume of transverse reinforcement at any level to that of concrete between the centers of
two adjoining transverse reinforcement sets in the vertical direction (Fig. 3a). This ratio accounts for the
volume of all steel placed in any direction in plan. But, bars placed in any direction may not be fully
effective to resist the dilation of concrete, as is evident from force equilibrium in transverse direction (Eq.1).

2.2 Area Ratio

It is the ratio of total cross sectional area of transverse reinforcement at any level to that of section of
concrete between the centers of two adjoining transverse reinforcement sets perpendicular to the direction of
dilation (Fig. 3). Figure 3 shows geometries used in estimating volumetric and area ratios in a rectangular
RC column with 3 legged transverse reinforcements in along each plan direction.

2.3 Literature Survey

Volumetric ratio is used commonly in literature to quantitatively estimate the confinement of concrete. The
initial studies conducted on confinement of concrete use volumetric ratio to quantify the effects of transverse
reinforcements [Sheikh and Toclucu, 1993; Azizinamini and Kuska, 1994; Mandal 1993; Samra et al., 1996;
Xie et al., 1997; Chan 1955; Blume et al., 1961; Kent and Park, 1971; Sheikh and Uzumeri, 1982; Sheikh
and Yeh, 1992; Park and Leslie, 1977; Desayi et al., 1978; Ahmad and Shah, 1982, 1985; Young et al., 1988;
Dilgar et al., 1984; Hoshikuma et al., 1997; Cusson and Paultre, 1995; Han et al., 2003; Hong et al., 2006;
Bing 2001; Suzuki et al., 2004; Chung 2002]. Area ratio is used exclusively only in few studies [Saatcioglu
and Razvi, 1992; Razvi and Saatcioglu, 1999a; Mander et al., 1988a; Nagashima et al., 1992; Scott et al.,
1982; Sharma et al., 2005; Dasgupta 2000]. But, even those studies use volumetric ratio to estimate the
maximum strain of the confined concrete. Even the recent studies [Hou 2020; Wu et al., 2018; Chang et. al.,
2021; Eid et al., 2018; Weilun et al., 2017; Awati and Khadiranaikar, 2012; Lee et al., 2016; Shin et al.,
2014;] continue to use volumetric ratio as the basis for quantifying transverse reinforcements.

Figure 3: Geometries used in estimation of: (a) Volumetric Ratio, and (b) Area Ratio
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3 ANALYTICAL STUDY

The area ratio and volumetric ratio of rectangular and circular sections (both solid and hollow cross-section)
are shown in the Eqgs.2-9. Here, closed-loop transverse reinforcements (in cross-ties and links) are considered
with the expected detailing (Fig. 4).

3.1 Rectangular Sections

3.1.1 Solid Section

N AgpyDe + Np, Agyy/B
Volumetric Ratio p, = TS Yy , and 2)
B.Dcs,
N A Ny, A
Area Ratio along x-direction Pgxy = S and Area Ratio along y-direction Pay = L , 3)
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Figure 4: Cross-sections considered and notations adopted in: (a) Solid Rectangular Sections, (b) Hollow
Rectangular Sections, (c) Solid Circular Sections, and (d) Hollow Circular Sections
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where S;, is the vertical spacing of transverse steels; Nj, and N ly the number of legs cutting the cross-

sections perpendicular to the transverse steel along x- and y-directions, respectively, and Ag;,y and Asz;y

the area of each transverse steel along x- and y-directions, respectively. In a rectangular section with
transverse reinforcement placed along the two plan orthogonal directions, volumetric ratio is the sum of the
area ratios along the two plan directions. But, this is not true with the diamond-shaped stirrups.

3.1.2 Hollow Section

Yo, 4Asvx 4Asvy
o~ An < Py T A~ o 4
ZBC_wallSv p g 2Dc_wallsv @
4ASUDC + 4A50Bc + 2lexAsch wall T 2leyAszc wall
Po = B B &)

{ZDch_wall + 2(Bc _2Bc_wall)Dc_wall}Sv

where Njypy and N lwy is number of legs of cross ties along the x- and y-directions in plan, respectively.

In hollow sections, volumetric ratio accounts for all transverse reinforcements together, but area ratio
accounts for transverse reinforcements independently (web alone, flanges alone, or both). The least confined
zone in whole section governs the overall capacity of the section, because concrete will dilate from the least
confined zone. In area ratio, this clarity and distinction is possible (term 4 in the Eq. 4).

3.2 Circular Sections

3.2.1 Solid Section

and (6)

7
Pa D,s, @)
where N| = number of cross links, and Ag;, = area of each cross link. As in rectangular sections, the

volumetric ratio is two times that of area ratio, if the cross-links are absent or not considered.

3.2.2 Hollow Section

44,
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In hollow circular sections, radial links provide confinement only when the D;,.e / Doy <=0.6 =0.7 ;
columns with D,er / Douter > 0.6 —0.7 are not recommended, because both inner and outer perimeters dilate
outwards making the concrete unconfined. For D, / Doyer <=0.6 —0.7 | the confinement is dependant
only on the circumferential hoops; links improve wall behaviour, but do not participate in overall
confinement of concrete. This discussion is relevant only for area ratio; the discussion does not arise in
volumetric ratio, because volumetric ratio does not reflect the confined behaviour of the column and its wall
thickness.
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4 PROPOSAL

The effect of confinement of concrete by transverse reinforcement in plan cross-section together is modelled
using translational springs (Fig. 5). The stiffness of the spring in each direction is that of the sum of the
stiffness of individual transverse steel bars. The stiffnesses of these springs are combined (considering it to
be a series connection) to obtain an equivalent spring stiffness [Jaiswal 2023]. Here, the stiffnesses of the
transverse steels in the two plan directions are proportional to the corresponding area ratios (Fig. 5). An

effective area ratio Pge of confinement of concrete is estimated by combining the effects of confinement
along each plan direction, given by:
_ PaxPay

Pax + Pay '

where Ogy and Pay are the area ratios along the plan x- and y-directions, respectively. Hence, combining

(10)

Pae

the area ratios in the two orthogonal directions gives an effective confinement ratio of the entire section.

Such a combination is not possible when volumetric ratio is considered to quantify confinement of concrete
by transverse steel reinforcements. It was shown in section 3 that volumetric ratio is equal to the sum of area
ratios in the two orthogonal plan directions in rectangular sections; but, this direct sum does not consider
different confinement along the two plan directions. For example, in structural walls, hollow sections and
columns with different shear demand along the two plan directions, the transverse reinforcement in the two
orthogonal plan directions can be different.

The variation in Pge with Oy and Pay (Fig. 6) provides two important physically intuitive lessons:

(1) The curve is nonlinear and saturating with increase in the area ratio along any one plan direction; and

(2) The effective confining area ratio is governed by the least of the two area ratios. Also, if the area ratio in
any one direction is zero, the effective area ratio becomes zero. Physically, if transverse reinforcement is
missing in any plan direction, concrete will dilate more towards least confined direction, and hence have
no confinement.

A comparison is drawn of the definitions of effective confinement offered by transverse steel as per the
methods available in literature — the volumetric ratio [Hou 2020, and many others], and the proposed
effective area ratio. Volumetric ratio varies linearly with transverse reinforcement in one direction, while the
proposed effective area ratio varies asymptotically (Fig. 7). Similar observation is visible in strength
enhancement by the popular expressions given in literature [Mander 1988]. The other popular method [Razvi
and Saatcioglu, 1999], which uses weighted average of the confining stresses, follows a linear relation (Fig.
8). These two methods do not provide a physical feel of the influence of confinement offered by the
transverse steel in the two plan directions. Even though these definitions vary, the final empirical expressions
used in estimating the enhanced confined strengths of concrete are tuned (with empirical coefficients) to
match the corresponding experimental values (Fig. 8).

k., o< p, Ky € Py

A
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Figure 5: Modelling of transverse reinforcements as a translational spring
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Figure 6: Variation of the effective area ratios
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Figure 7: Influence of amount of transverse steel along one plan direction on confinement of concrete
reflected by volumetric ratio and effective area ratio, in solid ( p.,=1%, varying p.) and hollow rectangular
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Figure 8: Influence of amount of transverse steel along one plan direction on confinement of concrete
reflected by strength enhancement ( pay=1%, varying pa.)
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5 CONCLUSIONS

This paper discusses volumetric ratio and area ratio as parameters to quantify the effect of confinement
offered by transverse steel reinforcement in vertical RC members. The salient conclusions of the study are:

(1) Area ratio identifies the transverse steel bars that are effective in confinement of concrete; this is not
possible with volumetric ratio. In most cases, the volumetric ratio comes out to be the direct sum of the
area ratio in the two orthogonal directions but the direct sum of the two may not be proper way of
combination.

(2) Arearatio gives a better sense of understanding of confining action, because it considers equilibrium of
forces, constitutive law and compatibility.

(3) Combining the area ratios in two orthogonal directions by assuming them as a series of springs is able to
capture the effective confining reinforcement.

The above conclusions will help to: (a) improve estimation of confinement of concrete by transverse steel,
(b) obtain the complete stress-strain curve of confined concrete, and (c) capture confinement of hollow
circular and rectangular sections considering the effects of wall thickness and cross links.
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