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Abstract

Generally, structural design engineers are well versed with the strength behaviour of
reinforced concrete (RC) columns, whilst there is a lack of understanding of the
corresponding drift behaviour of RC columns. For the displacement-based design
approach, it is very important to have reliable prediction of the drift behaviour of RC
columns in both the elastic and inelastic range. On the other hand, no unified lateral
load-drift model exists that could predict the drift capacity of both normal-strength
reinforced concrete (NSRC) and high-strength reinforced concrete (HSRC) columns in
the inelastic range. This paper presents a detailed lateral load-drift model that has the
ability to predict the drift capacity of lightly to moderately reinforced normal-strength
and high-strength concrete columns in the elastic as well as inelastic range. The
proposed detailed lateral load-drift model provides a simple and direct way for
approximating the drift capacity of limited to moderately ductile RC columns at an
early design stage with a reasonable accuracy.
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1. Introduction

The confinement requirements in regions of low to moderate seismicity such as
Australia are not very stringent, thereby resulting in widely spaced transverse
reinforcement and thus a limited ductile column. These limited ductile RC columns
prevail in the majority of the building stock in Australia including the organizations
with post disaster functions (Wilson et al. 2015). It is commonly believed that such
lightly reinforced RC columns have a low drift capacity (FEMA, 2000).

The seismic performance of such columns can be assessed using the capacity spectrum
method as shown in Figure 1, in which the structural capacity curve and seismic demand
curve are superimposed on each other to get the performance point of the structure. The
seismic demand curve is regionally dependent and site-specific and can be derived from
the relevant seismic code, e.g. AS1170.4. It is expressed in the form of acceleration-
displacement response spectrum (ADRS). On the other hand, the know-how of the
relationship between lateral load and drift capacity is required for plotting the structural
capacity curve, which is essentially the pushover curve of the column.
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Figure 1: Capacity spectrum method

A survey of literature shows that while detailed lateral load-drift models (pushover
curve) have been proposed for limited-ductile NSRC columns, very limited work has
been done in this domain on HSRC columns. Moreover, no unified set of post-peak
drift capacity models exist that could predict the drift capacity of both NSRC and HSRC
columns.

The primary aim of this paper is to present a detailed lateral load-drift model (pushover
curve) that possesses the ability to predict the lateral load-drift behaviour of limited to
moderately ductile NSRC as well as HSRC columns. The next section summarizes the
influence of design parameters on the lateral load-drift behaviour of the RC column.
This is followed by detailed lateral load-drift model for both NSRC and HSRC
columns. Finally, the last section presents a case study example to demonstrate the
application of the proposed model.

2. Lateral Load-Drift Behaviour
The post-peak drift behaviour of the column was studied using a database of 190 RC

columns (111 NSRC and 79 HSRC) from the literature (Raza et al. 2017). The influence
of six design parameters, namely, aspect ratio (a/h), longitudinal reinforcement ratio
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(p,), transverse reinforcement ratio (p,), transverse reinforcement yield strength (1),

concrete compressive strength (f;) and axial load ratio (n) on the drift capacity of the
RC column is described as follows:

e Aspect Ratio: It was observed that aspect ratio is the main controlling parameter
that shifts the mode of failure from flexure to shear. The post-peak drift of shear-
critical columns increased with the increase of aspect ratio. However, aspect ratio
had no significant influence on the post-peak drift of flexure-critical columns.

o Longitudinal Reinforcement Ratio: Post-peak drift showed both increasing and
decreasing trends with the increase of longitudinal reinforcement ratio. Hence, no
direct correlation could be delineated between the two parameters.

e Transverse Reinforcement Ratio: A definite increasing correlation was observed
between the drift and the transverse reinforcement ratio for both NSRC and HSRC
columns. However, the rate of increase in drift had some dependency on other
parameters.

o Transverse Reinforcement Yield Strength(f,p,): There was a very slight increase in
lateral load failure drift (drift at 20% degradation of lateral strength) with the
increasing transverse reinforcement yield strength. However, axial load failure drift
(collapse drift) showed more substantial increase with the increase of transverse
reinforcement yield strength.

e (Concrete Compressive Strength: It was noticed that with the increase of concrete
compressive strength the post-peak failure drift reduced for HSRC columns.
However, the rate of reduction had some interdependency with other design
parameters.

e Axial Load Ratio: Among all the design parameters, axial load ratio had the most
significant impact on the post-peak failure drift. A substantial reduction in failure
drift was observed with the increase in axial load ratio for both NSRC and HSRC
columns.

3. Detailed Column Lateral Load-Drift Model

The detailed column lateral load-drift model can be defined by five points, namely,
cracking strength, yield strength, ultimate strength, lateral load failure (20% lateral
strength degradation) and axial load failure (50% lateral strength degradation) as shown
in Figure 2. The model presented in this paper is an extension of the model presented
in Wilson et al. (2015) and includes the expressions for post-peak failure drift that are
applicable to both NSRC and HSRC columns.

e Point A (Cracking Strength): The principles of basic mechanics are used to
determine the lateral strength at cracking point and the corresponding drift.

M.,
Fo=— (1a)
P I
M, =(f-—)= (1b)
Ag y
M,.L
é;l‘_3Ech (lc)

where F,,.= cracking strength, A = cracking moment, ¢,.,= drift at cracking,
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Figure 2: Detailed column lateral load-drift model

Ag=gross area of column , flexural tensile strength of concrete = /. = 0.6\/17 (AS
3600-2009), P= axial load, L=shear span of the column, E_.=elastic modulus of
concrete, y = distance to the neutral axis and /,= gross moment of inertia of column
cross-section.

Point B (Yield Strength): Classical working stress method is used to determine the
yield strength. The corresponding yield drift can be calculated using Equation (2b)
that employs classical curvature methods or Equation (2c) that uses elastic drift
approach and an effective second moment of area as described in FEMA356
(FEMA, 2000) or Paulay and Priestley (1992):

My
F ¥ = T (23)
1
5y=§@yL (2b)
8,= ML 2
Y 3E1, (2¢)

where F,= yield strength, A= yield moment, o,= drift at yield, &,= yield
curvature and 7, = effective second moment of area given by:

(a) FEMA356 (2000)

I =0.71, for axial load ratio n >0.5
= 0.5/, for axial load ratio n <0.3
For 0.3 <n < 0.5, the value of 7, should be interpolated.
(b) Paulay and Priestley (1992)

1, »:(@-I—n)l (2d)
2 f g

y

Point C (Ultimate Strength): Ultimate strength design method is used to determine
the ultimate flexural strength in the lateral load-drift model. The ultimate drift is
calculated as the sum of elastic and plastic drift. The elastic drift is the yield drift
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whereas the plastic drift is calculated using ultimate curvature and plastic hinge
length (Wilson et al. 2015).

M,
Fy= T" (3a)
5u: 6}’+5P1 (3b)
§u=(0,-0,)L, (30)
1
§=39,L (3d)

where F,= ultimate strength, M, = ultimate moment, ,= ultimate drift, 5,,=
plastic drift, @,= ultimate curvature from ultimate strength analysis, L,= plastic
hinge length= 0.5D, D= column width and

Point D (Lateral Load Failure): Lateral load failure point corresponds to 20%
degradation in peak lateral strength of the RC column. The drift at lateral load
failure of flexure-critical NSRC and HSRC columns can be predicted using the
following recently developed empirical expressions (Raza et al. 2017):

f;
(8, =301 —20)+| p, %’L (4a)
(5,f)ﬂexure=3(1—2n)+o.5 P, % (4b)

where (Slf)ﬂexure: drift at lateral load failure for flexure-critical columns (in %),
n=axial load ratio, p,= transverse reinforcement ratio by area (in %), fy,=

transverse reinforcement yield strength (MPa), f,= concrete compressive strength
(MPa), p = transverse reinforcement ratio by volume (in %)

The proposed empirical expressions are applicable within the following range of
parameters: 12.1 < f/ <104.3 MPa, 0.07% < p, <1.0%, 0.15% < p < 2.47%, fyn<
500 MPa and 0.027 <n<0.5

Point E (Axial Load Failure): The strength at axial load failure is conservatively
taken as 50% of the peak lateral strength of the RC column whereas axial load
failure drift of NSRC and HSRC columns can be predicted using the following
recently developed empirical expressions:

3,=5(1 = 2n)+ ph\/j};:’,l (5a)

f
8,,=5(1 —2m)+0.5( p_ |22 (5b)
fe
where §,,= drift at axial load failure (in %), n=axial load ratio, p,= transverse

reinforcement ratio by area (in %), f,,= transverse reinforcement yield strength
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(MPa), f.= concrete compressive strength (MPa), p,= transverse reinforcement
ratio by volume (in %)

The proposed empirical expressions are applicable within the following range of
parameters: 13.5 < f/ < 104.3 MPa, 0.07% <p, < 0.92%, 0.15% < p <2.65%,
240 < f,,, <1360 MPa and 0.05<n<0.5

Equations (4a), (4b), (5a) and (5b) have been developed and calibrated using an
extensive database of NSRC and HSRC columns from the literature. These expressions
fit the experimental data very well and relate the post-peak drift capacity with the
following design parameters: axial load ratio, transverse reinforcement ratio, transverse
reinforcement yield strength and concrete compressive strength.

4. Case Study Example

The application of detailed column lateral load-drift model is demonstrated in this
section using a case study example. The model is used to plot pushover curve for a
cantilever column of 500500 mm cross-section, having an aspect ratio of 4.0 and
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Figure 3: Lateral load-drift curves for case study example
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reinforced with 8N24 longitudinal bars (p =1.45%). The 3-legged N10 ligatures with a
transverse reinforcement yield strength of £,,, =500 MPa are spaced at 250 mm to give
a transverse reinforcement ratio by area of p,=0.19%. The variable parameters for this

case study are concrete compressive strength: £.=25 to f,=100 MPa and axial load ratio:
n=0.1 to n=0.4.

Figure 3 presents the pushover curves for this case study example. It can be seen that
axial load ratio has a very significant impact on the post-peak drift capacity of the RC
column. There is a substantial reduction in the drift capacity when the axial load ratio
increases from n=0.1 to n=0.4 for both NSRC and HSRC columns. This provides an
important insight from the design perspective i.e. the higher the axial load a column is
designed to support, the lesser is its collapse drift capacity. Similarly, it can also be seen
that there is a reduction in the drift capacity of the column when concrete compressive
strength increases from £,=25 to f.=100 MPa.

5. Conclusion

This paper presented a detailed column lateral load-drift model for both NSRC and
HSRC columns. The proposed model uses recently developed empirical expressions to
predict post-peak drift capacity of the RC column at lateral load failure and axial load
failure. The proposed expressions relate the column drift capacity with the following
design parameters: axial load ratio, transverse reinforcement ratio, transverse
reinforcement yield strength and concrete compressive strength and thus provides a
simple and direct way of estimating drift capacity of the RC column at an early design
stage. The application of these models on a case study example shows that axial load
ratio is the most influential parameter affecting the drift capacity of the RC column i.e.
the higher the axial load ratio, the lesser the drift capacity of the column. This implies
that compression dominated columns designed to support high axial loads have a very
low collapse drift capacity. Similarly, the models also demonstrate that high-strength
RC columns have a low drift capacity as compared to normal-strength RC columns.
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