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Abstract: Moment-resisting frames (MRF) of reinforced concrete (RC) are the most popular structural system for multi-storey
construction in seismically active zones and the size and shape of the columns have significant impact on the seismic
performance of the MRF structure. The paper presents a comparative nonlinear static (pushover) analysis of a ten-storey (G+9)
RC moment-resisting frame with six different types of cross-sectional area of the columns, three rectangular cross sections
(450600 mm, 500x600 mm and 550600 mm), and three circular cross sections (250 mm, 300 mm and 350 mm). All the other
geometric and material parameters were kept constant and shape and size of the columns were the only variables. The nonlinear
static pushover analysis was performed based on the Indian seismic design provisions in ETABS, and seismic demand
parameters were estimated by equivalent linearisation method developed by FEMA-440. The results of the Storey shear, Storey
drift and Storey displacement indicate that the circular column configurations always have lower base shears than the
rectangular column configurations of similar size, and storey drift and storey displacement are marginal, while equivalent-
linearization performance points are more favourable. The six base-shear and storey-shear profiles in the above comparison
confirm this tendency at all three size pairings, and show that circular columns have a slight seismic performance benefit over
the rectangular columns in multi-storey RC frames.

Keywords: pushover analysis; nonlinear static procedure; reinforced concrete frame; circular column; rectangular column;
performance point; FEMA-440; capacity spectrum; storey drift; earthquake-resistant design.

L. INTRODUCTION
A. Background
Ground shaking during an earthquake causes transient lateral forces on buildings that are resisted mainly by the lateral load path of
the structural system [1]. Based on seismicity observations and the tectonic context in the Indian subcontinent, four seismic zones (Il
to V) are classified by the Bureau of Indian Standards [2]. Many structures in seismically active areas, such as those designed before
seismic codes were established and/or revised, do not meet current detailing and capacity requirements [3] and therefore, the seismic
performance assessment of existing and new buildings is a critical challenge for structural earthquake engineering.

= o - - - >

Fig. 1. Seismic zoning map of India, showing Zones 11-V as defined by the Bureau of Indian Standards [2].
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In a RC moment-resisting frame, the columns carry the axial gravity load and also resist the axial load from earthquake loads in
addition to the lateral loads which result in biaxial bending and shear stresses. The shape and size of the cross section of a column
thus have an important effect on the seismic behaviour of the building, being a first-order effect. Circular columns are under close
confinement by circular ties or a spiral and offer more uniform triaxial confinement for the concrete core, and an isotropic second
moment of area about any bending axis [4, 5] compared to rectangular and square columns. The key question addressed in this paper
is whether this member-level benefit of circular sections is apparent at the level of the entire multi-storey building under earthquake
loading. Such buildings are increasingly evaluated on a performance basis using nonlinear static procedures, frequently referred to
as pushover analysis, which involve the application of a lateral load pattern that is monotonically increased to a structural model
simulated using a nonlinear structural model until a target displacement is achieved. The analytical framework employed in this
study was defined in guidance documents from Applied Technology Council (ATC-40 [6] and FEMA-356 [7]) and subsequently
developed in the FEMA-440 report [8] which used an equivalent linearization method to define the performance point of each
column configuration considered.

B. Obijectives of the Study
The specific objectives of this paper are as follows: (i) to evaluate the seismic behaviour of a ten-storey RC moment-resisting frame
with rectangular columns of three different sizes; (ii) to evaluate the seismic behaviour of the same building provided with circular
columns of three different radii, each having a cross sectional area and reinforcement ratio similar to one of the rectangular sets; and
(iii) compare the resulting storey shear, storey drift, storey displacement and FEMA-440 equivalent-linearization performance
points across all six configurations to identify which shape of column allows for the most favourable seismic performance for a
building of this configuration. The geometry, storey height, and bay layout, beam sizes, slab thickness, material grades, and seismic
zone were kept constant for all six models, leaving column cross-section as the only independent variable.

1. LITERATURE REVIEW
Griffith and Pinto [9] studied a four-storey infilled RC frame, and they showed that the bare frame drift capacity is about two per
cent, while the infill cracking drift capacity is only 0.3 per cent, demonstrating the sensitivity to the secondary elements in the
system. Otani [10] studied the evolution of the earthquake-resistant RC design and related the damage statistics of the earthquake in
Kobe with the design period of the earthquake-damaged buildings. Faella et al. [11] recommended that a displacement-based
procedure is more relevant in comparison seismic demand to seismic capacity for retrofit of an existing building rather than a force-
based procedure. Oguz [12] compared invariant pushover load pattern results with the nonlinear time-history results for RC and
steel frames and found that the accuracy of the pushover is dependent on the load pattern, the characteristics of the ground-motion,
and the dynamic properties of the structure, while Rai [13] presented guidelines for the seismic assessment and strengthening of the
existing building stock in India.
Kadid and Boumrkik [14] used pushover analysis on an Algerian code RC building and showed the need to have realistic hinge
modelling for buildings with highly inelastic response. In the present study, the FEMA-440 procedure was chosen for Section 3.3 to
be evaluated against the roof displacements measured during instrumented earthquakes, following Goel [15] who compared the
FEMA-356, ASCE/SEI 41-06, ATC-40 and FEMA-440 nonlinear static procedures with measured roof displacements of
instrumented earthquakes. Sattar and Liel [16] have demonstrated that fully infilled frames have less collapse risk than bare frames,
Tamboli and Karadi [17] have demonstrated that open-ground-storey configurations lead to much higher ground-storey drift, and
Bodige and Ramancharla [18] have compared the Applied Element Method with the conventional pushover analysis and shown that
ductile detailing matters more than material grade in determining capacity.
A more focused strand of research focuses directly on column cross-sectional geometry. Chrysanidis and Tegos [19] examined
circular RC columns that were steel and hybrid jacketed, and found that confinement efficiency was one of the geometry-dependent
variables that significantly affected the columns. Kim, Kim and Chang [20] studied the retrofitting with three dimensional textile-
reinforced mortar panels of rectangular RC columns and found that the strength, ductility and energy dissipation properties of the
columns improved significantly. At the building scale, Wulandari and Wardi [22] applied pushover analysis to a three-storey RC
building and reported that increasing the base-shear demand in the same building by about twenty per cent was achieved by a
revised seismic code, which means that the storey nonlinear static performance characteristics are also different. Lee, Han and Kim
[23] then used finite-element modeling of RC column specimens strengthened with polyurea coatings to show that the reinforcing
effect was greater for the circular specimens than the rectangular ones, which they attributed to the continuous, curvature-free
geometry of the former. Montes Rodriguez, Angarita Trillos and Arroyo Amell [24] developed machine-learning surrogate models
to predict the parameters of pushover curves directly from the design parameters for RC column specimens in which the columns
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were strengthened with polymer coatings; and Anjum et al. [25] integrated pushover analysis with response-spectrum analysis on a
ten-storey reinforced concrete building to conclude that pushover analysis can be used to identify failure mechanisms that are not
captured by response-spectrum analysis. The reviewed literature provides further confirmation that pushover analysis, enhanced by
ATC-40, FEMA-356, and FEMA-440, is currently the most prevalent nonlinear static analysis method for performance-based
seismic evaluation, and that circular RC columns typically provide better member-scale confinement and retrofit effectiveness. This
paper directly tackles the same issue, however, as few studies focus on column shape when considering a full-multistorey building
analysed by pushover methods, the authors compare six different column configurations of a ten storey RC frame, all otherwise
identical.
1. METHODOLOGY

A. Description of the Building Model
The idealised building model was created in ETABS, which consisted of a ten-storey RC structure (G+9). Six sets of columns, all
identical in every detail except for the cross sections, were prepared: three sets of rectangular cross sections having dimensions of
450 x 600 mm, 500 x 600 mm and 550 x 600 mm and three sets of circular cross sections with a radius of 250 mm, 300 mm and 350
mm, all with the same cross sectional area and reinforcement ratio. That all beams in the models were of the same section 450 x 600
mm, and slab thickness, storey heights, material grades and seismic parameters were kept constant throughout all six models, as
summarised in Table 1.

Table 1. Summary of geometric, material and seismic parameters adopted for the G+9 RC building models.

S. No. Parameter Description
1 Structural system RC moment-resisting frame
2 Seismic zone (IS 1893) Zone V, zone factor 0.36
3 Number of storeys G+9
4 Typical / ground storey height 3.00m/3.30m
5 Concrete grade M25 (beams); M30 (columns)
6 Reinforcement grade Fe415
7 Rectangular columns — Sets 1/2/3 450%600 / 500%600 / 550600 mm
8 Circular columns — Sets 4/5/6 Radius 250/ 300 / 350 mm
9 Beam size (all floors) 450x600 mm
10 Slab thickness 125 mm
11 Soil type Medium (Type I1)

The design of the Building has been carried out for combined gravity and seismic loading according to IS 456:2000 [26] for
reinforced concrete design and IS 1893 (Part 1):2002 [2] for seismic base shear and distribution of seismic base shear over height
with taking ductile detailing according to 1S 13920:1993 [27] and other design loads as per IS 875 (Part 5):1987 [28]. The three
dimensional ETABS model of the building is shown in fig. 2.

3D Rendered View

| QRAQW DT

x

odel of the G+9 building used for the pushover analysis.

Fig. 2. Three-dimensional ETABS m
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B. Nonlinear Static (Pushover) Procedure
The pushover sequence was: (a) a force-controlled pushover for gravity loads followed by displacement-controlled pushover for
lateral loads in the X-direction with results recorded at progressive load steps; (b) the base-shear versus roof-displacement
relationship; and (c) storey shear, storey drift and storey displacement were obtained at each storey and load step. The idealised
capacity curve is depicted in Fig. 3 which shows the Immediate Occupancy (10), Life Safety (LS) and Collapse Prevention (CP)
performance levels referred to in Section 4.

— Idealised pushover capacity curve with performance levels

icp

3500
3000 g
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2000 A
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Fig. 3. Idealised pushover capacity curve showing the 10, LS and CP performance levels and the FEMA-440 performance point
used to interpret the results of Section 4.

(a) Rectangular column (b) Circular column
(450 x 600 mm) — rectangular ties (R = 300 mm) — spiral/circular ties
® .
@ O ®

Fig. 4. Schematic cross-sections of (a) a rectangular column with rectangular ties and (b) a circular column with circular/spiral ties,
illustrating the more uniform confinement geometry of the circular sections compared in this study [4], [5].

C. FEMA-440 Equivalent Linearization
The seismic demands were calculated from each pushover capacity curve by the FEMA-440 equivalent linearization procedure [8]
that represents the inelastic single-degree-of-freedom system as an equivalent linear oscillator with an equivalent viscous damping

ratio and a secant (effective) period, both of which are functions of the ductility demand.
U =A max
4y

1)
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The capacity spectrum and a family of damped, reduced demand spectra intersect to produce a spectrum that is implied. This
process is repeated until the guessed and calculated ductility values become the same, which sets the performance point for the
assumed spectral displacement (Sd), the computed spectral acceleration (Sa) and the computed effective period. The original
approach was to use the ATC-40 capacity spectrum method, but Goel [15] noted that the FEMA-440 formulation gave better
estimates of displacement than the recorded strong-motion response when compared to the ATC-40 method.

V. RESULTS AND DISCUSSION
Nonlinear static pushover analysis was carried out independently for each of the six column configurations. The results are shown as
storey shear, storey drift, storey displacement, and FEMA-440 capacity spectra and then a comparative synthesis of all six
configurations is presented.

A. Storey Shear
The representative storey-shear results for the rectangular configuration (450x600 mm) and the circular configuration (250 mm
radius) are shown in Fig. 5 and Fig. 6 respectively; with these results, the expected monotonic increase of storey shear from the roof

to the base of the regular frame was observed for the two case-studies under the same lateral loading pattern over the storey-height.
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Fig. 5-6. Storey shear obtained from pushover analysis for (left) the 450x600 mm rectangular column and (right) the 250 mm radius
circular column.

The results for the storey shear (in the X-direction) for all six configurations are summarised in Table 2, and all the profiles are
plotted in Fig. 7. The base storey shear increases with the size of the column in both families, but for a similar increase in cross-
sectional area, the rectangular sets generate much greater base shear than the circular sets: 15,598 kN, 16,169 kN for the two
500x600 mm and 550x600 mm columns respectively, compared with 2,996 kN, 5,542 kN and 7,193 kN for the two 250 mm, 300
mm and 350 mm radius columns.

Table 2. Storey shear (X-direction) at every level for the six column configurations.

Storey Elev. (m) | R-450x600 R-500x600 R-550%x600 C-R250 C-R300 C-R350
(kN) (kN) (kN) (kN) (kN) (kN)

9 27.3 489.0 1651.2 1704.0 330.1 608.8 786.1

8 24.3 999.1 3393.5 3510.8 663.3 1225.3 1586.8
7 21.3 1509.2 5135.7 5317.7 996.4 1841.8 2387.4
6 18.3 2019.3 6878.0 7124.6 1329.6 2458.3 3188.1
5 15.3 2529.4 8620.2 8931.5 1662.7 3074.8 3988.7
4 12.3 3039.5 10362.5 10738.4 1995.9 3691.3 4789.4
3 9.3 3549.6 12104.7 12545.2 2329.1 4307.8 5590.0
2 6.3 4059.7 13847.0 14352.1 2662.2 4924.4 6390.6
1 3.3 4571.9 15598.3 16169.3 2995.7 5541.6 7192.8
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Storey shear profile for the six column configurations
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Fig. 7. Storey shear profile (elevation versus storey shear, X-direction) for the six column configurations, plotted from Table 2.

B. Storey Drift

Results of representative storey-drift are given for the rectangular configuration in Fig. 8, and for the circular configuration in Fig. 9.
Drift is greatest in the lower levels of both families and diminishes progressively up the levels, reflecting a moment resisting frame
where the drift demand in the columns is greatest at the ground and first floor. In comparing the two configurations, the rectangular
column seems to have a slightly higher peak storey drift for a similar size than the circular configuration, which is consistent with
the more uniform distribution of second moment of area in a circular section compared to a section of rectangular shape with similar
area.
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Fig. 8-9. Storey drift obtained from pushover analysis for (left) a rectangular column configuration and (right) a circular column
configuration.
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C. Storey Displacement

Cumulative storey displacement for typical rectangular and circular configurations is shown in Fig. 10 and Fig. 11 respectively. In a
similar manner to the storey drift, for the rectangular column sets, roof level displacement recorded at each load step is generally,
although slightly, higher than that recorded for the circular sets of similar size, suggesting that the circular sets are able to provide

adequate lateral stiffness at a lower level of base-shear loads.
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Fig. 10-11. Storey displacement obtained from pushover analysis for (left) a rectangular column configuration and (right) a circular
column configuration.

D. Capacity Spectra and FEMA-440 Equivalent Linearization

The pushover capacity curve for each configuration was transformed to a capacity spectrum and then analyzed using the FEMA-440
equivalent linearization procedure of Section 3.3 to obtain relationships between the peak spectral displacement, T; peak spectral
acceleration, Sa; and spectral acceleration, Sa and the spectral displacement, Sd. The performance point sequence shown in Table 3
is reproduced for the rectangular configuration of 450x600 mm, where the performance point is refined in each iteration, the
effective period becomes longer as the secant stiffness decreases with increasing ductility, and the final iteration is at the
equilibrium performance point.

Table 3. FEMA-440 equivalent linearization sequence for the 450x600 mm rectangular column configuration.

Sd (mm) Sa (g) Teff (s)
0 0 0
12.767 0.024856 1.438
52.775 0.092292 1.517
71.567 0.107625 1.636
74.896 0.108768 1.665
144.511 0.060643 3.097
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Fig. 12. (a) SA-T, (b) Sa—T and (c) Sa—Sd plots for the 450x600 mm rectangular column configuration.

As observed in Sections 4.2 and 4.3, the performance point in all six configurations is found to be lower for the circular column sets
compared with the rectangular sets of similar size. The effective duration at the performance point is also slightly shorter for the
circular configurations, suggesting a stiffer linear system given the same ductility required.
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E. Comparative Synthesis

The base storey shear (X-direction, storey 1) of all six configurations is summarised in Fig. 13. The three circular configurations
scale more gradually with radius, and the rectangular column of 500x600 mm and 550600 mm have a base shear about three times
that of the 450x600 mm rectangular column. Overall, the pattern, along with the drift, displacement and performance-point
outcomes from the sections 4.2 through 4.4, suggests that for a given lateral increase in cross-sectional area, circular columns
exhibit a similar or better performance in lateral resistance, and a lower proportion of total seismic base shear.

Comparative base shear (Storey 1) across column configurations
16,169

16000 A 15,598

14000 A

12000

10000 A

8000 A
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Fig. 13. Comparative base storey shear (storey 1, X-direction) for the six column configurations, synthesised from Table 2.

V. CONCLUSION

For this purpose, 6 different configurations of a 10-storey RC moment-resisting frame (MRF) with comparable cross sectional areas

of columns—(450 x 600 mm), (500 x 600 mm), (550 x 600 mm), (radius 250 mm), (radius 300 mm), and (radius 350 mm)—were

selected and evaluated using a comparative nonlinear static (pushover) approach. The following conclusions are drawn based on the
storey shear, storey drift, storey displacement and FEMA-440 equivalent-linearization results:

1) As the variation in cross-sectional shape of the column is the only variable used to differentiate between the two column
families, the resulting effect is not primary, but measurable and is felt globally in the seismic response of the building being
studied.

2) At all of the size pairs compared, 2. storey drift and 2. storey displacement are consistently (but not so significantly) greater for
the rectangular column configurations than for the circular column configurations of comparable size.

3) In comparison, the FEMA-440 performance point achieved for these circular column configurations is associated with a
reduced spectral displacement demand and a slightly reduced effective period in comparison with the corresponding rectangular
column configurations, suggesting a slightly superior overall seismic performance for these circular column configurations.

4) In comparison to the gradual increase in seismic base shear with increasing cross-sectional area of the circular column sets, the
larger rectangular column sets (500x600 mm and 550x600 mm) share a disproportionately larger portion of the seismic base
shear.

5) These findings are aligned with member-level studies that show good confinement and retrofit performance for circular RC
columns, [4, 5, 19, 23], and are expanded from the level of a single member to the level of a full-scale multi-storey building
analysed using pushover analysis.

6) It would be useful for future work to incorporate explicit shear and joint failure criteria, to confirm the conclusions drawn from
the pushover analysis using nonlinear time-history analysis, and to broaden the range of column configurations for machine-
learning-based surrogate modelling (as presented by Montes Rodriguez et al. [24]).
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