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1. INTRODUCTION

It is widely accepted that the provision of lateral reinforcement plays a major role in enhancing
the axial compressive behavior of the concrete core, which can be categorized in aspects of strength and
ductility. The prediction of the afore mentioned capacity increase has received much attention in research
specially during the past two decades. Several empirical or semi-analytical models have been proposed
[1,5,8,9,10,11], based on experimental studies on scaled down confined concrete columns as well as nearly
full size specimens. The reinforcement arrangements adopted in larger scale specimens are reflections of
general detailing practices, whereas, the smaller scale specimens are with simpler arrangements restricted
by size. Also in many of the researches the important issue of the effect of cover concrete has been
addressed in several marginally different ways. Many of these recently produced models are based on a
specific set of data in a specific range of detailing and are proved to produce very good predictions within
these ranges. Saatcioglu et al.[9] has attempted a unified analytical model by fixing the coefficients on
significant parameters based on results of several larger scale experimental studies and is proven to
produce good correlations within that domain.

However it is seen that when these models are applied to test results of different scale as well as
detailing, the predictions are not very convincing. The reason for this discrepancy could be attributed to
improper portrayal of significant parameters in the analytical relations. Therefore a specific need arises
for a method to identify the sensitivity of the governing parameters within their logical physical ranges.
One such method is FEM analysis based on generalized micro-mechanical models for concrete, which was
adopted in this study for the afore mentioned purpose.

Here, it is prudent to briefly mention the significant, material as well as geometrical and detailing
parameters governing the confinement phenomena in laterally reinforced concrete compression members;
1. Amount of lateral reinforcement expressed in terms of the ratio of the volume of lateral reinforcement
to the same of confined concrete core measured within center lines of the peripheral tie or hoop (p).
2. Longitudinal distribution of the confining action, expressed as the ratio of center to center spacing of
lateral reinforcement to the least core dimension (s/d).

3. Shape of the confined core which is an indicator of the lateral distribution of the confining action.

4, Strength of the confining agent, which could be considered as the yield strength when a normal steel
with a flat yield plateau is used (f;,).

5. Unconfined strength of concrefe, in a specimen of the same geometry as the confined core (£,).

6. Geometrical distribution of lateral reinforcement at a sectional level and the presence of longitudinal
reinforcement (if any), which is also an indicator of the lateral distribution of confining action (C*).

7. Flexural rigidity of the tie arms which once more is an indicator of the lateral distribution of confining
action (F)).
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In order to evaluate the confining action under above mentioned factors, arising simultaneously
in most of the practical cases of columns, certain degree of de-coupling should be done with the aid of
micro mechanical approach to arrive at the basic macro models for confinement action. Through this study
it was attempted to identify the relation between seven main factors and the rate of applied straining.

2. CONCEPTUAL MODEL FOR CONFINEMENT

Though confinement pressures vary across and along a confined core, the average of these over
the whole volume, which could be referred to as volumetrically averaged confinement is a quantity
representive of the level of confinement. In terms of concrete lateral confining stresses in two orthogonal
directions x and y (where z is parallel to core axis, fig. 3), spatially averaged lateral confinement can be
expressed as in eq.1. Based on equilibrium between concrete and the confining agent, in terms of stress
generated in the agent (o), the same quantity can be given through eq.2. The values V,and V,are volume
domains of concrete and steel respectively.
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This is an important relation since, through this the spatially averaged confinement is equated to
the spatially averaged confining agent stress over its domain. Peak of this value,which reflects the
maximum level of confinement, will be attained when all provided confining agent comes to yield, at which
level eq.2 tends to eq.3. Based on this reasoning, ratio of actual confinement achieved, to the maximum
denoted by eq.3 can be utilized to indicate the mechanically defined confinement effectiveness of a
particular detailing as depicted by eq.4, which will be referred to as confinement effectiveness coefficient
(@). Here, pis the volumetric lateral reinforcement ratio and fy is the yield strength of confining agent.

o, =~ ®
- = @
3

Further, if the stress distribution of the confining agent can be experimentally evaluated, the
spacial averaged confinement can be computed. It is crucial to predict confinement effectiveness
represented by o when macro design equations for laterally confined RC columns are constructed.
Through systematic parametric studies using micro models, eq.5 is proposed.
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The value K* is the governing factor when /d becomes zero (ie. lateral casing), which represents
lateral stress uniformity and material properties and will be termed "limit factor". The Value K, termed
"uniformity factor", accounts for distribution of lateral stresses, when reinforcement is placed discretely.
This factor is sensitive to the shape arrangement and flexural stiffness of lateral reinforcement. Derivations
of these factors will be discussed through following sections.

3. MICRO APPROACH BASED ON NON-LINEAR FEM

Three dimensional non-linear finite element analysis was conducted to evaluate the sensitivity of
the significant variables on the confinement effectiveness. The micro-mechanical constitutive equations and
the development of the non-linear solving technique is reported elsewhere [3,4].

In idealization of the confined concrete members, circular and square sections were considered,
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with lateral reinforcement in the form of continuous casings as [,
well as at discrete spacings. These covered the range from TR
uniform confinement, to highly non-uniform confinement
indicating non-uniform micro stress over the volume of the | ¢
column. The confining agent (assumed to be steel) Was | o5l  sqrs Costos
idealized both as truss elements as well as beam elements. For Corner Contlaned

the circular sections the idealization criteria has no influence, S — y
while for square sections it has a considerable bearing. Both | o3t Fo 24P

these types of modelling were adopted since rectilinear lateral " ; (o TSmaiclenl T P
ties were assumed by many previous researchers to provide i L N i X S
confinement through axial action only, the flexural contribution Figure 1 Variation of & with pand £,
being negligible. It is logically assumed that the most non-
uniformly confined case is a square section with steel only | 1.
providing confinement at the four corners and placed
discretely, while the most uniformly confined case is a circular
section confined by a steel casing, in the domain of axi-
symmetric sections. This reasoning was applied in establishing | ws}

fco = 25 MPa

1
- — Proposed
l K% K (s70)% O FEM Circular

-+ FEM Square

the relations for the expression of confinement effectiveness. | ,,l |» x h
Rectilinear
corner confined
The proposed model was qualitatively structured on | ** foo 5 35 MPa = T
the trends observed through the FEM analysis. Variation of R

confinement effectiveness coefficient (o) with lateral
reinforcement ratio (p) for casing confined square core under
different concrete strength levels are given through fig.1. The
difficulty in experimentally obtaining the pure confinement action parted by a steel casing without the
effect of longitudinal restraint parted by the casing was overcome by using FEM results in developing the
relation, eq.6, for basic form of limit factor (K*), with steel modelled as truss elements. Increase in the
parameter K* indicates a reduction in the confinement effectiveness. The variation of o with spacing ratio
(s/d) under two extreme cases of circular and square sections with steel modelled as truss elements is
depicted through fig. 2 against proposed relation, which indicates the sensitivity of the uniformity factor

().

Figure 2 Variation of @ with spacing ratio(s/d)

(™) casing = 3[100p[f, 12 (6)

It should be noted that in reality, for a given type of tie arrangement, the bar size (¢), s/d and
p can not be independently varied. Therefore, only the coupled effect of flexural stiffness of the bar and
spacing effect for a given amount of reinforcement or the coupled effect of flexural stiffness and amount
of reinforcement at a given spacing can be seen.

4. EXPERIMENTAL STUDY

To understand the effects of amount of reinforcement, spacing, and the effect of flexural stiffness
of the ties on confinement effectiveness, a series of experiments were conducted. The square specimens
were provided with perfectly butt welded square lateral ties. Butt welding with nearly same type of filler
and grinding down to original bar diameter at the weld was necessary to have homogeneous properties
all round the tie and to have the tie in one plane. The outer dimensions of the ties were selected with
3mm reduction from the column lateral dimensions (clearance for strain gauges), resulting in a virtual
elimination of cover. No longitudinal reinforcement was provided. All columns were horizontally cast to
circumvent any weak zones at the top end and to generate moulded loading ends. Uniform concrete
properties were obtained by the use of HPC (High Performance Concrete). Concentric monotonic loading
was applied at a quasi-static rate of 2-5 pe/secon 200, 2000 ton universal testing machines beyond peak
load capacity. The columns were instrumented for measurement of axial strains by "IT gauges" mounted
on integrally cast steel rods and overall displacements of the machine plattens were measured by LVDTs
as a cross check beyond peak. To evaluate the stress distribution in lateral steel, the central lateral tic was
instrumented with Smm strain gauges on inner and outer fibers along tie arms which was very necessary
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to obtain the stress distribution in the tie. All instruments were monitored through an A/D converter-
scanner at 80 msec per channel. Fig. 3 illustrates instrumentation, setup and specifications for experiments.

The cover concrete was intentionally eliminated for the purpose of experimental verification for
modelling. But, observations indicated spalling of surface layer concrete between ties in some cases at the
ultimate. By observation of the spalling which was small, it was assumed that the core to be bounded by
the center lines of ties. The results of experimental investigation given in condensed form through Table
1 was used in conjunction with FEM results to calibrate the model for confinement effectiveness
coefficient (o). From these results in fig. 4, it was clearly identified that the flexural contribution of tie
arms were considerable as the diameter increased.

R/F possitioning rods ! ] Toss head I l
s bnnl'-ldod : 5 2 1 O Bxperimental
Hoe swivel head LVDT [a= T+K +KG/d)3 + FEM (truss)
1 latte: L~ 1
Floses s < 13mm tie dia. E;il:os::.M)
! specifed Specimen ot
3055 » | spacing sabelded !’l gauge .8 9mm tie dia.
z, \/‘ closer |S. Gauged 0.6F 16mm tlsdia.
ky Tl * W 19mm tie dia,
0.4 T N
| |bedding | | M == Ty .5
strain | A
~gauges Tatten o2r (No bending, assumed)
Central tle | Ram '_1_1:99-. s/d
] 1 L L —,
—r 1T ] l ] % 028 0.5 0.78 1 1.28 15
Figure 3 Experimental setup and instrumentation Figure 4 Experimental and FEM results of o
Table I Experimental, proposed model, results and specifications Since the confinement
action is a combined effect of axial
Spec. | Size s s/d f. f f f . .
pe o ¢ Pty © ;xp :dod E‘j(p Mod and flexural actions of ties, the
No. |mm lmm |mm % | MPa | MPa MPa | MPa ratio of elastic flexural stiffness to
1 200 [13.0 [192 |1.04 {15 [328 [352 [0.27 [026 |37.7 [373 axial stiffness, (eq.7), was
2 200 |90 |42 022 |32 |335 |[356 |094 [0.95 |463 |47.8 mtroduf:ed as a fterm in tl}c
3 200 [130 |94 051 |30 |328 |[356 |0.74 |0.74 | 439 |45.0 expressions of K'and K*. Since in
: : - il o) : : : circular sections effect of flexural
4 200 | 159 | 150 |0.83 |29 |314 356 |046 |048 |42.6 |42.0 stiffness becomes negligible, and
5 200 |18.8 |225 |1.26 |28 [316 |35.6 |0.25 |0.26 |39.9 |39.2 hoop action dominates, a limiting
6 200 [187 |104 [0.58 |59 |312 |35.6 |0.79 |0.77 [534 |53.9 value of F, (= 15 for¢/d= 1/5), is
7 [150 |90 [43 [031 |43 [335 [380 [089 091 [530 [534 || assumed to represent circular
8 |400 |248 |119 |032 |44 |304 |365 074 |0.90 |14 |s09 | sections. This limiting value can be
explained when a square hoop is

considered, which span reduces

such that it assumes a circular
profile due to code specified minimum curvatures (r > = 2.5 x ¢b) at the corners. Through this reasoning,
for simple square and circular ties the factors K and K* are expressed in eq. 8 and eq. 9.

(av.flex. stiffness) 2 - - (14 2
(v arlalseihess) [$/L] [F Jimpie = (1+350[/d]") U
Ky = ———— ®)
ol 14350[¢/d]
. 3[100plf, )?
K . .1 9
T L 1+350[/d)* %

Here, ¢ is the diameter of tie bar and L is the span of a tie arm.
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5. EXTENSION OF THE MODEL

The above described analytical form is applicable to simple layouts of ties. Better uniformity
achieved when cross ties and or multiple hoops and longitudinal reinforcement is present can be easily
incorporated into the model by modifying the uniformity factor Kregarding microscopic stress distribution.
The proposed modification factor is based on FEM analysis results and previously reported experimental
results using more complex tie layouts and longitudinal reinforcement. This modification factor accounts
for the lateral spacing(a) of longitudinal reinforcement or spacing(a) of cornmers of complex tie
arrangements around the periphery of the member as a ratio 4/t, where tis the significant core dimension
parallel to a in eq 10 and illustrated in fig. 5. Also when complex tie arrangements are used, the evaluation
of F, should be done on a weighted average basis on all rectilinear tie arms (). This is mathematically
cxprcssed through eq. 11. The final forms of the factors K and K* is depicted through eq. 12. In these
equations L, is effective span of a tie arm, and ’p’ is the longitudinal reinforcement ratio based on
concrete core area.

1 (1+af) 1
el il G* = (1+10p) (10)
|!"; ) t=d | _t=d | E," ((b’/Li)zL,
F, = (1+350[(¢/L)’]) = (1+350—'!n——) circ. L, = 5¢,(11)
,\/\El + Lk
Ly E\/ 0 2
x=1C k- S0ooplf, (12)
Figure 5 R/F configurations F, F,

This generalized macro model can be applied to isotropically confined concrete cores to evaluate the
confinement effectiveness of a particular lateral confining arrangement.

6. STRENGTH OF CONFINED CORE

The above discussed confinement Sirvigih it (P
effectiveness coefficient is related to the strength | ° i =
enhancement of the confined core. As stated | | * smtee LIt "0 0 deriatho )
before, the confinement effectiveness coefficient Ml 8741 0 v I NS
o multiplied by the maximum available con.ﬁning 60 O Mander st al. X Pl
capacity of the agent #pf, would result in the X Sheikheral &l L P 4
spatially averaged conﬁmng stress applied to the | *°f -1 e /f/t” N
core. For very closely spaced circular ties | ,o| )/)’ pi e p-l.u-s.u
bordering near the conditions offered by a casing, R Hamee ‘s':"
the above value can be assumed to govern the 30+ /,/’ ,,/'/ p=0.7% - zu .°@ @
increase of strength in the confined core. For L ek
other cases of non-circular sections with relatively Mo 35 % 35 40 45 %0 55 60 65 70 5 ®
distant placed ties (s/d= 0.20-1.5) the strength RmhgiiCRag il )

will also be a function of spacing (s'/d) (s is the  Figure 6 Prediction of experimental confined strength
clear spacing between lateral reinforcement), an

uniformity of lateral stress distribution (K).
Through FEM analysis a critical confining stress (o) governing the strength (eq.13) was derived.

4
o_ = ] (13)

1+0.6K(§/d)?

This critical sectionally average confining stress can be closely considered as an equivalent tri-axial
confinement, which enables experimentally obtained relations between strength and confining stress to be
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utilized. Though linear relations between tri-axial confinement and strength gain have been proposed, it
had been observed [9] that for low confining stresses proportional strength gains are higher. Since lower
critical confining stresses are prevailing in passive confined columns in practice, relation in eq. 14 is
proposed for the strength of confined concrete (f,,). The increasing rate of straining is seen to improve
the strength of the confined as well as un confined concrete. Based on previous studies [1,2,8,11], the form
in eq. 15 is proposed where, é is the rate at which the strain is applied, for the prediction of confined
strength under higher strain rates.

f;:c = 'f00+6[0 M]

3,
4

...Stresses in MPa (14

., = f,,*x(1+0.06 log(é-10))  ...for & > 10 pstrain/sec (15)

Comparisons of analytical predictions with experimental results of different sections and reinforcement
arrangements by several previous researchers are given in fig. 6.

7. CONCLUSIONS

Through this study, form of the macro model was developed based on micro models, which was
calibrated by the results of carefully conducted idealized experiments. Final form of the macro model is
a result of micro and macro behavior of confined RC. Following deductions can be concluded.

1 The confinement efficiency of a particular lateral reinforcement arrangement can be quantified as the
ratio of confining stress attained at the peak load to the maximum that can be provided. This ratio also
can be expressed as the average steel stress attained at peak load to yield strength of the steel for normal
strength steels used in practice.

2. The afore mentioned ratio is a function of mainly, amount of lateral steel, shape of the section, relative
spacing of discrete ties, their flexural rigidity (in case of rectilinear), and arrangement of lateral and
longitudinal reinforcement, which can be expressed through the proposed model.

3. It is necessary to account for the flexural stiffness of rectilinear lateral ties for a rational formulation
of confinement effectiveness, though in previous studies this factor is not generally assumed explicitly.
4. The spatially averaged confinement obtainable from confinement effectiveness coefficient can be related
to the strength of the confined concrete by considering the lateral and longitudinal distribution uniformity
and strength of uniformly confined concrete. Proposed model for strength takes these factors into account
and predicts the strength gain with good accuracy.
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