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Generalized Loading Protocols for Experimentally Simulating Multi-1 

Directional Earthquake Actions on Building Columns in Regions of Low to 2 

Moderate Seismicity  3 

Saim Raza1, Hing-Ho Tsang2*, Scott J. Menegon3, John L. Wilson4 4 

Abstract 5 

This study aims to quantitatively develop realistic quasi-static loading protocols for simulating 6 

bidirectional cyclic actions and axial load variation on building columns in a way that is 7 

representative of an actual response during earthquake ground excitation. To this end, a case study 8 

building was subjected to a suite of 15 ground motions that were scaled to design basis earthquake 9 

(DBE) and maximum considered earthquake (MCE) levels of a typical region of low to moderate 10 

seismicity. The results showed that the displacement path of a building column under earthquake 11 

actions is generally in the form of elliptical loops of various orientations due to the phase difference 12 

in the sinusoidal displacements in the two orthogonal axes of the column. Accordingly, a bidirectional 13 

lateral loading protocol that simplifies and generalizes the displacement path of the column in the 14 

form of elliptical loops of four different orientations is proposed. Similarly, the patterns of axial load 15 

variation in columns were also studied in detail, which led to the development of separate axial load 16 

variation protocols for external and internal columns of a building, which can be applied in tandem 17 

with the bidirectional lateral loading protocol. The paper is concluded with a brief overview of the 18 

results of two reinforced concrete (RC) column specimens, which were experimentally tested using 19 

the proposed bidirectional loading protocol. 20 
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Introduction 21 

Building columns experience bidirectional lateral displacement and axial load variation during 22 

earthquake excitations. The bidirectional lateral displacement is induced by the two orthogonal 23 

horizontal components of the ground motion and the variation of axial load is due to the push-pull 24 

forces generated to resist the overturning moments from the horizontal components of the ground 25 

motion and additionally, dynamic forces induced by the vertical component of the ground motion.  26 

Most of the previous studies have evaluated the force-displacement capacity of RC columns under 27 

just unidirectional lateral loading due to the technical difficulties in simulating bidirectional lateral 28 

actions coupled with axial load variation under quasi-static conditions. Nevertheless, few studies 29 

have employed different bidirectional lateral loading protocols under constant axial load. The 30 

experimental studies with bidirectional lateral loading and variable axial load are even fewer 31 

(Rodrigues et al. 2013). The studies under bidirectional lateral loading with constant and variable 32 

axial load have shown that the strength, stiffness, and ductility of the column are significantly 33 

different under these loading conditions compared to unidirectional lateral loading with constant 34 

axial load (Bousias et al. 1995, Rodrigues et al. 2016). In short, previous studies have shown that the 35 

performance of structural components is highly dependent on the imposed cyclic loading sequence 36 

(Gatto and Uang 2003). This confirms the need for assessing the capacity of RC columns under 37 

realistic multi-directional actions. 38 

Rodrigues et al. (2013) summarised typical bidirectional loading protocols used by various 39 

researchers for quasi-static testing of RC columns. The typical bidirectional loading patterns included 40 

linear, diagonal, circular, rhombus, expanding square, square in each quadrant, elliptical and 41 

hexagonal orbital displacement protocols as shown in Fig. 1. However, there is no widely accepted 42 

standard in the literature as to which of these protocols is a more realistic representation of the actual 43 

loading imposed on an RC column during an earthquake. Further to this, there are very few studies 44 

in the literature that quantitatively investigated the bidirectional lateral displacement pattern of RC 45 



 
 

columns during earthquakes. However, more studies attempted to assess this behavior in steel 46 

columns. Palmer et al. (2013) tested steel braced frames under bidirectional lateral loading using a 47 

cloverleaf pattern wherein the first cycle displaced the column in the 1st and 3rd quadrants and the 48 

second cycle displaced it in the 2nd and 4th quadrants. Ishida et al. (2013) and Elkady and Lignos 49 

(2017) proposed bidirectional loading protocols comprising of elliptical loops for rectangular hollow 50 

section and wide flange steel columns by processing the bidirectional drift response history of 51 

columns in multi-story steel buildings. More recently, Suzuki and Lignos (2020) have proposed dual-52 

parameter collapse-consistent loading protocols for steel columns, in which story drift loading 53 

reversals are coupled with axial load variation. Other researchers such as Clark et al. (1997), 54 

Krawinkler et al. (2000) and Richard and Uang (2006) developed unidirectional loading protocols 55 

for steel beam-column connections, short links in eccentrically braced frames and wood frame 56 

structures, respectively, using the Rainflow method (Matsuishi and Endo 1968).  More recently, Al-57 

Janabi and Topkaya (2019) have used Rainflow method to develop non-symmetrical unidirectional 58 

cyclic loading protocols for shear links in eccentrically braced frames (EBFs) based on a numerical 59 

study conducted on EBFs. In the Rainflow method, the drift response history is processed in terms of 60 

number, range/amplitude and sequence of occurrence of drift cycles. However, this method is not 61 

applicable for processing the bidirectional drift response history of the columns as it does not account 62 

for the pattern/amplitude/orientation of the drift cycles in the other axis of the column (Elkady and 63 

Lignos 2017). 64 

Variation in axial load is another important aspect of earthquake actions on RC columns, which is 65 

mostly neglected, even though axial load drastically affects the drift capacity of RC columns 66 

(Rodrigues et al. 2016). Saadeghvaziri (1997), Elmandooh and Ghobarah (2003) and Esmaeily and 67 

Xiao (2004) classified axial load variation into two main categories, namely synchronous and 68 

nonsynchronous axial load variation (also referred to as proportional/in-phase and 69 

nonproportional/out-of-phase axial load variation). The synchronous axial load variation is the one 70 



 
 

in which axial load variation is synchronous to the lateral displacement of the building such that the 71 

maximum displacement and maximum axial load occur at the same time, whereas in nonsynchronous 72 

variation, the lateral displacement and variation in axial load are uncoupled and vary independently  73 

of each other. Most of the existing studies on RC and steel columns have employed constant axial load 74 

with incrementally increasing displacements to simulate earthquake actions under quasi-static 75 

loading conditions. Newell and Uang (2006) and Newell and Uang (2008) proposed a dual-parameter 76 

(axial load-story drift) loading protocol for cyclic testing of columns in steel braced frames. The 77 

loading protocol was developed based on nonlinear time history analysis of prototype 3- and 7-78 

storey steel braced frames. A synchronous axial load variation protocol was proposed, where before 79 

yielding the variation in the axial load at each drift was determined as a function of the maximum 80 

level of variation, which was assumed to occur at the yield point (0.2% drift). On the other hand, after 81 

yielding the axial load kept fluctuating between its maximum negative (compressive) and maximum 82 

positive (tensile) levels. However, the proposed protocol did not consider bidirectional lateral 83 

loading. 84 

This study aims to numerically investigate the patterns of bidirectional lateral displacement and axial 85 

load variation in RC columns. To this end, a case study building, representative of typical construction 86 

practices in Australia (i.e. a typical region of low to moderate seismicity), is subjected to a suite of 15 87 

ground motions, which are scaled to DBE and MCE levels. The bidirectional displacement patterns of 88 

the columns are then statistically processed and used to develop a bidirectional loading protocol, 89 

which is being proposed for quasi-static testing of RC columns. The protocol has been developed 90 

considering the concepts of cumulative damage proposed by Krawinkler (1996; 2009) wherein the 91 

central idea is that the level of damage not only depends on the maximum deformation but also on 92 

the history of deformations. Accordingly, an octo-elliptical bidirectional loading history, which is 93 

representative of the actual displacement path of the column under earthquake actions has been 94 

proposed. The dissipated energy in the proposed loading protocol has been allocated into ellipses of 95 



 
 

four different orientations where each displacement combination is repeated twice to capture the 96 

strength and stiffness degradation of the column. The patterns of axial load variation and the 97 

governing factors controlling them, such as frequency content of the ground motion are also 98 

investigated in detail and two axial load variation protocols are proposed to be used in conjunction 99 

with the bidirectional loading protocols. The paper is concluded with a brief overview of the results 100 

of an experimental testing program where the proposed protocols have been implemented. 101 

Numerical Modelling of the Case Study Building 102 

The case study building is a typical mid-rise frame-wall structure constructed in Australia, which is 103 

a region of low to moderate seismicity. The building was initially identified in a reconnaissance 104 

survey conducted by Menegon et al. (2017) and further presented in Menegon et al. (2019). The plan 105 

view (spanning in the X-Y direction) of the building is shown in Fig. 2. The building was modelled in 106 

Open System for Earthquake Engineering Simulation (OpenSees) (McKenna et al. 2000) using the 107 

distributed plasticity approach where nonlinear beam-column elements were used for defining 108 

flexural behavior of beams and columns and elastic elements defined the behavior of core walls, as 109 

the primary interest was in the behaviour of columns. A shear spring was provided in series with the 110 

beam-column element for modelling the shear behaviour. The degradation in lateral strength was 111 

modelling using the analytical model proposed by LeBorgne and Ghannoum (2014). The nonlinear 112 

modelling for columns was validated with the results of experimental testing. Further details about 113 

material models, schematic layout for nonlinear modelling and validation results can be found in 114 

Raza et al. (2020c) and are not repeated here for the sake of brevity. The natural periods of the 115 

building in the three directions were found out to be 1.14s (X – left/right direction in Fig. 2), 1.48s (Y 116 

– up/down direction in Fig. 2) and 0.17s (Z – vertical direction), respectively. 117 

Ground Motions Characteristics and Scaling 118 

The case study building was subjected to a suite of 15 ground motions scaled to the DBE and MCE 119 

levels representative of low to moderate seismic regions to investigate the patterns of bidirectional 120 



 
 

lateral displacement and axial load variation in the columns. The two levels of shaking were 121 

considered to see the effect of shaking level on the patterns of displacements and axial load variation 122 

if any. The ground motions were obtained from PEER ground motion database (PEER 2013). Details 123 

of the ground motions can be found in Raza et al. (2020c) and are not repeated here for brevity. The 124 

characteristics of the ground motions are as follows: 125 

 Moment magnitude, Mw: 5.5-6.5. 126 

 Distance to rupture surface, Rrup: 10-40 km. 127 

 Shear wave velocity averaged over the top 30 m, Vs30: 180-1500 m/s. 128 

 Peak ground acceleration, PGA: 0.02–0.24g. 129 

The ground motions were scaled to the DBE and MCE levels of the Australian Earthquake Standard, 130 

AS 1170.4-2018 (Standards Australia 2018). DBE refers to an earthquake with a return period of 500 131 

years, while MCE refers to an event with a return period of 2,500 years. The scaling factor was 132 

calculated by dividing the AS 1170.4 DBE or MCE response spectral acceleration (for a given soil site) 133 

corresponding to the natural period of the building in that particular direction with the spectral 134 

acceleration of the ground motion at the same natural period. In this way, separate scaling factors 135 

were determined for the components of the ground motion in X, Y and Z directions for both DBE and 136 

MCE shaking levels. It is noted that X and Y refer to the orthogonal horizontal directions, whereas Z 137 

refers to the vertical direction. The stronger ground motions were applied in the Y-direction (short 138 

direction) of the building. The decision was made to maximize the drifts in the short direction of the 139 

building, considering the worst-case scenario where stronger ground motions are aligned with the 140 

short direction of the building. The scaled DBE and MCE response spectra of the selected ground 141 

motions along with DBE and MCE response spectra of AS 1170.4 are presented in Fig. 3. 142 

Bidirectional Drift Response History  143 

The lateral drifts in the X and Y axes of the 1st storey (i.e. ground storey) and 8th storey (i.e. top storey) 144 

corner perimeter column (on grid intersection A-1) were plotted against each other to visualize the 145 



 
 

displacement path of the column under each scaled DBE and MCE ground motion. It was observed 146 

that, in general terms, the displacement path of the column broadly consisted of elliptical loops of 147 

four different orientations, namely, vertical, diagonal-1, horizontal and diagonal-2. Fig. 4 shows the 148 

four observed orientations of the elliptical loops and the angle range defining each orientation. It is 149 

noted that vertical and horizontal orientation of ellipses refers to Y and X-direction orientation 150 

throughout the manuscript.  151 

The drift plots indicated that the columns, particularly the 1st storey ones, did not undergo large 152 

drifts, especially under DBE ground motion. This is because the deflection profile of the building was 153 

that of a cantilevered element (i.e. the maximum rotations and subsequent inter-storey drifts occur 154 

at the top) due to the presence of four core walls and in addition, also due to the modest nature of the 155 

scaled ground motions. The displacement path of the 1st  and 8th  storey corner perimeter column A-156 

1 with the representative elliptical loops highlighted (i.e. the loops of different orientations with the 157 

largest drifts) under MCE shaking levels of Joshua Tree (1992), Umbria Marche (1997) and 158 

Christchurch (2011) ground motions are shown in Fig. 5. It can be observed in Fig. 5 that the 159 

displacement path of the 1st  and 8th storey columns generally comprised of elliptical loops. The 160 

displacement pattern under DBE shaking level also comprised of elliptical loops; although, the 161 

orientations, amplitudes and aspect ratios of the loops were generally different under the two 162 

shaking levels. The figure also indicates that the displacement path under the Christchurch (2011) 163 

ground motion is primarily dominated by vertical elliptical loops, whereas Joshua Tree (1992) has 164 

more domination of diagonal loops and Umbria Marche (1997) has all the four orientations of the 165 

elliptical loops. The orientation of the loops would more likely be dependent on the structural 166 

proportions of the building and the orientation of the building relative to the magnitude of the 167 

horizontal components of the ground motion. 168 

It is noted that the results were analyzed for all storeys; however, only 1st and 8th storey results are 169 

presented, as these storeys were deemed critical. 1st storey was considered critical because the 170 



 
 

bottom storey columns supported the highest axial load, whereas the 8th storey was considered 171 

critical because it experienced the largest drifts (which is to be expected for a building that relies on 172 

cantilevered walls/cores to resist lateral loads). It is worthwhile to mention that similar results in 173 

terms of displacement path of the column in the form of elliptical loops of various orientations were 174 

observed for the other stories. 175 

Mechanism Leading to the Formation of Elliptical Loops of Various Orientations 176 

The displacement pattern of the column is in the form of elliptical loops because the motions in the 177 

two axes of the column are in the form of sinusoidal waveforms of different phases and amplitudes. 178 

Different orientations of the ellipses result from the phase difference between the displacements in 179 

the X and Y-directions of the column. For instance, vertical loops are formed when X displacement 180 

cycles with smaller amplitudes are leading Y displacement cycles by 90 or 270 degrees, as shown in 181 

Fig. 6 (a). Conversely, horizontal loops are formed when Y displacement cycles with smaller 182 

amplitudes are leading X displacement cycles by 90 or 270 degrees, as shown in Fig. 6 (b). On the 183 

other hand, if Y displacement cycles lead X displacement cycles with a phase between 0 to 90 degrees 184 

or 90 to 270 degrees, then a diagonal-1 loop is formed, whereas if X displacement cycles lead Y 185 

displacement cycles with a phase between 0 to 90 or 90 to 270 degrees, then a diagonal-2 elliptical 186 

loop is formed. This is depicted in Fig. 6 (c) and Fig. 6 (d) where Y displacement cycles lead by 216 187 

degrees and X displacement cycles lead by 36 degrees, respectively, and result in diagonal-1 (45o 188 

orientation) and diagonal-2 (135o orientation) loops of Fig. 4 (b) and Fig. 4 (d), respectively. 189 

The phase difference between X and Y displacements of a building column depends on the dynamic 190 

characteristics of the building and the characteristics of the ground motion. Therefore, the number 191 

of elliptical loops in a particular orientation (Vertical, Horizontal, Diagonal-1 or Diagonal-2) would 192 

vary from columns of one building to another, and similarly, from one ground motion to another. 193 

However, the displacement path of the column can generally be expected to comprise of elliptical 194 

loops, as the displacements in the two axes of the column are generally in the form of sinusoidal 195 



 
 

waves of different phases and amplitudes. In view of this, the displacement pattern observed for the 196 

case-study building columns can be considered as representative of the general displacement path 197 

of columns of any building. 198 

Statistical Analysis of Elliptical Displacement Loops  199 

This section presents a statistical analysis of the displacement path of the columns of the case study 200 

building observed in the numerical study. The analysis showed that displacement path consisted of 201 

a large number of elliptical loops; however, the number of elliptical loops in a particular orientation 202 

at a given drift were quite random because of the random characteristics of the ground motions.  203 

The number of elliptical loops at different drifts and in each orientation in the drift response history 204 

of the 1st and 8th storey corner perimeter columns (on grid intersection A-1) were evaluated by using 205 

a methodology that was refined from the one originally proposed by Elkady and Lignos (2017). Fig. 206 

7 defines the parameters used to characterize an elliptical loop and its geometric properties. The 207 

definition of each parameter is provided below: 208 

𝑋𝑚𝑎𝑥 = Maximum drift in the X-axis of the ellipse;  𝑋𝑚𝑖𝑛 = Minimum drift in the X-axis of the ellipse 209 

𝑋𝑟𝑎𝑛𝑔𝑒 = Drift range in the X-axis of the ellipse (= 𝑋𝑚𝑎𝑥 - 𝑋𝑚𝑖𝑛);  𝑌𝑚𝑎𝑥 = Maximum drift in the Y-axis 210 

of the ellipse;  𝑌𝑚𝑖𝑛 = Minimum drift in the Y-axis of the ellipse;  𝑌𝑟𝑎𝑛𝑔𝑒 = Drift range in the Y-axis of 211 

the ellipse (= 𝑌𝑚𝑎𝑥 - 𝑌𝑚𝑖𝑛);  𝜃 = Angle between the elliptical loop and Y-axis (= arctan(
𝑋𝑟𝑎𝑛𝑔𝑒

𝑌𝑟𝑎𝑛𝑔𝑒
) ) 212 

Xo = X coordinate of the centre of ellipse (= 
𝑋𝑚𝑎𝑥  + 𝑋𝑚𝑖𝑛

2
); Yo = Y coordinate of the centre of ellipse (= 213 

𝑌𝑚𝑎𝑥 + 𝑌𝑚𝑖𝑛 

2
); a = length of the minor axis of the ellipse (perpendicular to the major axis); b = length of 214 

the major axis of the ellipse (perpendicular to the minor axis) 215 

Tables 1 and 2 present the statistics of the parameters characterizing the elliptical displacement 216 

loops of corner perimeter column A1 for drifts greater than 0.25%. It is noted that the statistics of 217 

the 1st and 8th storey columns have been combined because the 1st storey column mostly experienced 218 

small drift (<0.25%), especially under DBE, and as such did not have many elliptical loops in the range 219 



 
 

of interest (i.e. >0.25%). The data has been summarized in terms of the number of elliptical loops 220 

corresponding to different drifts in the Y-direction of the column, angle 𝜃 defining the orientation of 221 

each elliptical loop and aspect ratio of the ellipses. The aspect ratio of an ellipse is defined as the ratio 222 

of minor to major axis (𝑎/𝑏) length of an ellipse. The aspect ratio of each ellipse has been calculated 223 

using coordinates (x, y) at any three points on the ellipse to solve equation (1) for unknowns 𝑎 and 224 

𝑏. The equations for the first two points are subtracted from each other to get 𝑏 in terms of 𝑎, which 225 

is then substituted in the equation for the third point to solve for 𝑎. 226 

((𝑥 − 𝑥𝑜)𝑐𝑜𝑠𝜃 +  (𝑦 − 𝑦𝑜)𝑠𝑖𝑛𝜃)
2

𝑎2
+  

((𝑥 − 𝑥𝑜)𝑠𝑖𝑛𝜃 −  (𝑦 − 𝑦𝑜)𝑐𝑜𝑠𝜃)
2

𝑏2
= 1 (1) 

The average angle 𝜃 and average aspect ratio (𝑎/𝑏) of all the elliptical loops for a given drift and 227 

orientation were determined and are presented in Tables 1 and 2 for DBE and MCE shaking levels, 228 

respectively. As it would be expected, elliptical loops with much larger drifts were observed for MCE 229 

ground motions as opposed to DBE ground motion. The results indicate that the number of vertical 230 

elliptical loops are greatest in number, and the horizontal elliptical loops are least in number. 231 

Whereas, elliptical loops with diagonal-1 and diagonal-2 orientation are in the intermediate range. 232 

For convenience, the average angle for vertical loop and horizontal loops are taken as 0o and 90o, 233 

respectively, if they are within ±10o offset range. On the other hand, the average angle of the diagonal-234 

1 elliptical loops was found to be in the range of 29-310 for DBE shaking and 27-370 for MCE shaking. 235 

Similarly, the average angle of orientation of diagonal-2 elliptical loops was in the range of 144-1450 236 

for DBE shaking and 136-1520 for MCE shaking. The average aspect ratio of the elliptical loops was 237 

0.35 and 0.26 for DBE and MCE shaking, respectively. Similarly, the average ratio of the overall 238 

maximum displacement in the two axis of the column was found to be 0.64 and 0.65 for DBE and MCE 239 

shaking, respectively.  240 

Proposed Bidirectional Loading Protocols 241 

The statistical analysis of the bidirectional drift history of the columns showed that the bidirectional 242 

displacement path under earthquake excitations comprised of elliptical loops of different 243 



 
 

orientations. Further investigation revealed that the formation of elliptical loops of various 244 

orientations was a consequence of the phase difference between sinusoidal X and Y displacements of 245 

the building, which in turn, is dependent on the dynamic properties of the building and the 246 

characteristics of ground motions.  247 

In view of this, a bidirectional loading protocol that generalizes the displacement path of an RC 248 

column in the form of elliptical loops of four possible orientations is proposed. The protocol is 249 

referred to as ’octo-elliptical’ loading protocol. The octo-elliptical protocol is developed to test the 250 

column specimens under two different scenarios; one with a maximum X to Y displacement ratio of 251 

0.6:1 and the second with a ratio of 1:1. The 0.6:1 and 1:1 loading paths are presented in the 252 

subsequent two sub-sections. However, the octo-elliptical protocol could be adopted for any 253 

maximum X to Y displacement ratio. 254 

Octo-Elliptical 0.6:1 Path 255 

The octo-elliptical 0.6:1 loading path consists of a total of eight elliptical loops orientated in four 256 

different directions, as shown in Fig. 8 (a). It is noted that the X and Y-directions herein refer to the 257 

two orthogonal horizontal directions. The column is displaced in the counter clockwise direction in 258 

the first four loops and in the clockwise direction in the next four loops. The loops are classified as 259 

vertical, diagonal-1, horizontal and diagonal-2 elliptical loops. The first elliptical loop in the proposed 260 

loading path is the vertical ellipse that displaces the column from the origin to the Y-direction (strong 261 

direction) and has an orientation of θ=0o with the Y-axis. The column is then displaced diagonally 262 

using diagonal-1 (θ=31o) ellipse, followed by the X-direction (weak direction) displacement via 263 

horizontal ellipse (θ=90o). The column is then displacement again diagonally in the opposite 264 

direction via diagonal-2 ellipse (θ=149o), which also brings the column back to the origin. This 265 

completes one cycle of displacements in the counter clockwise direction and is then followed by the 266 

repetition of these four ellipses in the clockwise direction, thereby making a total of eight ellipses, 267 

and thus the octo-elliptical path. It can be seen that the angles of orientation of the ellipses in the 268 



 
 

proposed loading protocol are quite similar to those observed in the statistical analysis as presented 269 

in Tables 1 and 2. It is noted that the loading protocol uses smooth arcs for transition from one ellipse 270 

to another. As a result of provision of these arcs, two small semi-circles can be seen around the origin. 271 

The upper and lower semicircles are formed when the ellipses are displaced in the counter clockwise 272 

and clockwise direction, respectively.  273 

The four loops are enveloped by an ellipse with an aspect ratio of 0.6:1, as shown in Fig. 8 (a). The 274 

first vertical loop has an aspect ratio of 0.3:1 and the third horizontal loop has an aspect ratio of 275 

0.3:0.6. The diagonal-1 and diagonal-2 loops have an aspect ratio of 0.3:0.8, which is equally 276 

proportioned between the first and third loop in the major axis of the ellipse. The angle of the 277 

diagonal-1 and diagonal-2 loops is ±31o from the vertical Y-axis. This angle of the diagonal loops is 278 

such that they are essentially tangential to the overall 0.6:1 envelope ellipse. The overall 0.6:1 279 

envelope was selected based on the statistical analysis of the bidirectional drift response presented 280 

in the previous section, where the average of maximum displacements in the X to Y-axis was 0.64 and 281 

0.65 under DBE and MCE shakings, respectively. This means that in the octo-elliptical 0.6:1 loading 282 

path, the column is subjected to asymmetric displacements in the strong and weak directions, with 283 

the overall enveloped displacement in the weak direction being 60% of the displacement in the 284 

strong direction. Similarly, the average individual ellipse aspect ratio (in the previous section) was 285 

found to be 0.35 and 0.26 for DBE and MCE shaking levels, respectively. Therefore, the aspect ratio 286 

of the primary vertical loop was 0.3:1.  287 

Octo-Elliptical 1:1 Path 288 

The octo-elliptical 1:1 loading path is similar to octo-elliptical 0.6:1 loading path except that the ratio 289 

of X to Y-axis displacements is equal. As a result, the individual ellipses are enveloped by a circular 290 

loop instead of an elliptical loop, as shown in Fig. 8 (b). The angles of the vertical, diagonal-1, 291 

horizontal and diagonal-2 ellipses in the octo-elliptical (1:1) path are 0o, 45o, 90o and 135o, 292 

respectively. 293 



 
 

The octo-elliptical 1:1 loading path can be employed if a more conservative assessment of the 294 

column’s capacity is required, especially for the situation where strong bidirectional actions are 295 

expected in both axes of the column, whereas the octo-elliptical 0.6:1 loading path is proposed for a 296 

more realistic assessment of the column’s capacity, as the overall enveloped displacement (X/Y) in 297 

this path (i.e. 0.6/1) is similar to what was observed in the numerical study (i.e. 0.65/1). 298 

Fig. 8 (c) and Fig. 8 (d) show the waveforms of X and Y displacements in octo-elliptical (0.6:1) and 299 

octo-elliptical (1:1) loading paths, respectively. The Figures clearly show the phase differences 300 

between X and Y displacements in these waveforms, which then result in four different orientations 301 

of the elliptical loops. 302 

The number of cycles for each displacement combination (X,Y) in the proposed loading protocol is 303 

two in order to adequately capture the strength and stiffness degradation of the column. Additional 304 

guidance about the number of cycles typically expected in low to moderate seismic regions is 305 

presented in detail in Mergos and Beyer (2014). The number of cycles in the proposed loading 306 

protocol can be adjusted (with reference to Mergos and Beyer (2014)) according to the demands 307 

expected in the region of interest whilst keeping the same history/pattern of the proposed loading 308 

protocol. The maximum amplitude of the displacement excursions in the proposed loading protocol 309 

can be decided based on the demand expected in the region of interest. The guiding principle outlined 310 

by Krawinkler (1996; 2009) in this regard is that under design-level earthquakes in high seismic 311 

regions not many loading excursions above 1.5% lateral drift are expected for moment-resisting 312 

frames. However, if the objective is to assess the collapse performance of the column then the 313 

displacement excursions can be incrementally increased until the collapse of the specimen. 314 

In this study, bidirectional lateral loading protocols are proposed with an overall 1:1 circular 315 

envelope and 0.6:1 elliptical envelope. The relative overall enveloped response (i.e. X:Y) will vary 316 

based on the building form, structural proportions, and ground motion intensity in each orthogonal 317 



 
 

direction. Further work is required to specify which enveloped path i.e 1:1 or 0.6:1, or even 318 

something in between is best suited to a particular building form. 319 

Mathematical formulation of Proposed Octo-Elliptical Loading Protocols 320 

The parameters required for geometrically developing the proposed loading protocols for any given 321 

cycle are: 322 

i) Drift in the y-direction (strong direction) for that particular cycle = 𝑦  323 

ii) Aspect ratio (𝑎/𝑏) of the primary vertical ellipse = 0.3 324 

The loading protocol begins with horizontal displacement from the origin to the starting point of the 325 

vertical ellipse (shown as a horizontal blue line in Fig. 8 (a) and Fig. 8 (b)). The two known parameters 326 

i.e. 𝑦 and 𝑎/𝑏 can be used to determine the x-coordinate of this displacement using 𝑥 = 0.3𝑦. 327 

Subsequently, X and Y coordinates of the vertical elliptical loop can be determined using equations 328 

(2) and (3) given below: 329 

𝑋 = 𝑥 ∙ 𝑠𝑖𝑛 (
𝜋

2
− 𝜃) (2) 

𝑌 = 𝑦 ∙ 𝑠𝑖𝑛𝜃 (3) 

where, 𝑋= X-displacement in vertical ellipse, 𝑌= Y-displacement in vertical ellipse  θ = angle of ellipse 330 

The vertical ellipse can be formulated using a suitable angle step/increment until one complete 331 

revolution of 360 degrees is completed.  The diagonal-1, horizontal and diagonal-2 ellipses are then 332 

obtained by rotating the vertical ellipse using equations (4) and (5) to determine the coordinates 333 

(𝑋𝑟, 𝑌𝑟) of the other three orientations of the ellipse. 334 

𝑋𝑟 = 𝑋 ∙ 𝑐𝑜𝑠𝜃𝑟 − 𝛼𝑌 ∙ 𝑠𝑖𝑛𝜃𝑟 (4) 

𝑌𝑟 = 𝑋 ∙ 𝑠𝑖𝑛𝜃𝑟 + 𝛼𝑌 ∙ 𝑐𝑜𝑠𝜃𝑟 (5) 

where, 𝑋𝑟 = X-displacement in a given (rotated) ellipse, 𝑌𝑟 = Y-displacement in a given (rotated) 335 

ellipse, 𝛼= ellipse size factor =0<α≤1 and 𝜃𝑟 =angle of rotation 336 



 
 

The values of α and 𝜃𝑟 for the proposed loading protocols are provided in Table 3. It can be observed 337 

in Table 3 that angle of rotation of ellipses falls in the same range as the results of the numerical study 338 

presented in Table 1 and 2. 339 

In the proposed loading protocols, a total of four transition arcs are needed for the transition from 340 

one ellipse to another in any counter clockwise or clockwise cycle of ellipses. The coordinates (𝑋𝑡 , 𝑌𝑡) 341 

of each transition curve can be determined using equations (6) and (7) as follows:  342 

𝑋𝑡 = 𝑥 ∙ 𝑐𝑜𝑠θ′ (6) 

𝑌𝑡 = 𝑥 ∙ 𝑠𝑖𝑛θ′ (7) 

where 𝜃′= angle of the arc (given in Table 3) 343 

After determining the coordinates of ellipses and arcs of the counter clockwise drift cycle, the 344 

coordinates for clockwise drift cycle can then be obtained by simply multiplying the y-coordinate of 345 

each ellipse and arc by -1. 346 

Pattern of Axial Load Variation in Columns 347 

The patterns of axial load variation in the corner perimeter and internal non-perimeter columns of 348 

the case study building were studied in detail to propose realistic axial load variation protocols. The 349 

results for the two types of columns are discussed herein. 350 

Corner Perimeter Columns 351 

The axial load variation in the corner perimeter columns of the case study building was studied for 352 

all DBE and MCE ground motions. The response history of axial load variation in the 1st storey 353 

perimeter column on grid intersection A-1 for the Christchurch (2011), Dinar (1995) and Double 354 

Springs (1994)  DBE ground motions is shown in Fig. 9, wherein the history of axial load variation is 355 

plotted with the history of drifts in the X and Y directions to understand the relation between the 356 

two. The relationship is shown for the range of maximum variation in axial load only as it is the range 357 

of interest from the perspective of design. The response history of axial load variation with drifts in 358 

the X and Y-axis of the column for the time range with maximum axial load variation under the 359 



 
 

Christchurch (2011) ground motion are presented in Fig. 9 (a) and Fig. 9 (b). It can be observed that 360 

axial load variation is quite synchronous with the pattern of lateral drifts in the Y-direction, whereas 361 

there is a slight phase difference with lateral drifts in the X-direction. The synchronization with the 362 

pattern of lateral drifts is because axial load variation in the corner perimeter columns generally 363 

results from the push-pull framing effects of the perimeter beam-column frame, which is induced by 364 

the horizontal components of the ground motion. It is noted that the effect of shaking level (DBE or 365 

MCE) on the pattern of axial load variation was found to be insignificant i.e. the pattern of axial load 366 

variation was similar irrespective of the shaking level.  367 

Similar behavior was observed under other ground motions. The response histories for Dinar (1995) 368 

and Double Springs (1994) DBE ground motions for the time range with maximum variation in axial 369 

load are shown in Fig. 9 (c), Fig. 9 (d), Fig. 9 (e) and Fig. 9 (f). The axial load variation under the Dinar 370 

(1995) ground motion was also found to be quite synchronous with the lateral drift history in the Y-371 

direction and was slightly out of phase with lateral drifts in the X-direction. However, under Double 372 

Springs (1994) ground motion, axial load variation was more synchronous with lateral drift history 373 

in the X-direction compared to that in the Y-direction.  374 

The underlying reason behind this phenomenon is related to the energy content of displacements at 375 

their dominant frequency. If the energy content of X displacements at their dominant frequency is 376 

higher than that of Y displacements, then axial load variation in the corner perimeter column will be 377 

more synchronous to lateral drifts in the X-direction. Otherwise, if the energy content of Y 378 

displacements at their dominant frequency is higher, then axial load variation will follow the 379 

sequence of drifts in the Y-direction. This behavior is explained in Fig. 10 where the power spectral 380 

density (PSD) of X and Y displacements is plotted against frequency. It is noted that the PSD function 381 

shows the energy content of a waveform at different frequencies. 382 

Fig. 10 shows that for Christchurch (2011) and Dinar (1995) ground motions, the PSD of Y 383 

displacements is more dominant than X displacements. This is why axial load variation follows the 384 



 
 

sequence of displacements in the Y-direction. On the other hand, for Double Springs (1994) ground 385 

motion, the PSD of X displacements is higher than Y and as a result, the axial load variation follows 386 

the pattern of displacements in the X-direction of the column. The normalized PSD for the three 387 

components of these ground motions is also shown in Fig. 11. 388 

The average of maximum positive and maximum negative axial load variation in the 1st storey corner 389 

perimeter column on grid intersection A-1 was 77%, 62% and 48% for the Christchurch (2011), 390 

Dinar (1995) and Double Springs (1994) DBE ground motions, respectively. 391 

It is noted that the synchronization or non-synchronization of lateral drifts with the axial load is 392 

dependent on a number of factors including the natural period of the building and the characteristics 393 

of the horizontal and vertical ground motions. For instance, taller buildings with higher natural 394 

periods could have a lag between the two peaks. Furthermore, this aspect can also be influenced by 395 

the higher mode effects. Therefore, synchronous axial load variation should not always be expected 396 

in the corner columns of the building. 397 

Internal Non-Perimeter Columns  398 

The relationship between axial load variation and lateral drifts of the internal non-perimeter column 399 

on grid intersection B-3 for the Christchurch (2011), Dinar (1995) and Double Springs (1994) DBE 400 

ground motions is shown in Fig. 12 for the time range with maximum variation in axial load. It can 401 

be seen that for all the three ground motions, the axial load variation is totally nonsynchronous with 402 

the lateral drifts in the X and Y-directions. This is because axial load variation in this internal non-403 

perimeter column is controlled by the vertical component of the ground motion since minimal 404 

framing action from the horizontal ground motions is induced in this column. Fig. 12  shows that 405 

there are more cycles of variation in axial load compared to the cycles of lateral drifts, which is 406 

because the vertical component of the ground motion has a higher frequency content than the 407 

horizontal components, and thus results in more cycles of axial load variation in contrast with the 408 



 
 

number of cycles of lateral drift. This is demonstrated in Fig. 11, where it can be seen that the 409 

frequency content of the vertical ground motions is far higher than the horizontal components. 410 

Proposed Axial Load Variation Protocols 411 

The results of the previous section suggest that axial load variation in corner perimeter columns is 412 

typically synchronous to the lateral displacement of the building, whereas axial load variation in the 413 

internal non-perimeter columns is nonsynchronous to the lateral displacement and has a higher 414 

frequency, which is dependent on the frequency of the vertical component of the ground motion. Two 415 

loading protocols namely, synchronous and nonsynchronous axial load variation protocols are 416 

proposed accordingly. The details of the proposed protocols are presented herein. 417 

Synchronous Axial Load Variation Protocol 418 

The variation in axial load is synchronous with the variation of lateral displacement in the strong 419 

direction of the column in this protocol. The synchronous axial load variation pattern can be 420 

generated by normalizing the strong direction (Y-direction) displacement in each ellipse of the octo-421 

elliptical loading protocol with the maximum displacement in that particular ellipse, and then 422 

subsequently by multiplying this normalized displacement with the design axial load and factor 𝛽 423 

that accounts for the percentage variation in the axial load being considered. For a given 424 

displacement history, the synchronous axial load variation pattern, 𝑁𝑆 can be obtained using the 425 

following expression: 426 

𝑁𝑆 = [1 + (
𝑌𝑟

𝑌𝑟,𝑚𝑎𝑥
⁄ ) ×

𝛽

100
] × 𝑁 

  (8)                                         

where, 𝑁𝑆= synchronous axial load in a given elliptical loop, 𝑌𝑟= Y displacement in a given elliptical 427 

loop (as defined in Eq 5), 𝑌𝑟,𝑚𝑎𝑥 = maximum Y displacement in a given elliptical loop. This can be 428 

computed based on Eq 5,  𝛽=% variation in axial load, 𝑁= design axial load. 429 

Fig. 13 (a) and Fig. 13 (b) show sample response history for one complete cycle of the synchronous 430 

axial load variation protocol for a column specimen supporting a design axial load of 𝑁 =1000 kN, 431 

with the percentage variation in the axial load of 𝛽 = 48%, that was reported in the 1st storey corner 432 



 
 

perimeter column A1 under Double Springs DBE ground motion. As such, the axial load was 433 

oscillating between the maximum and minimum values of 1480 kN and 520 kN, respectively. The 434 

displacements shown in Fig. 13 (a) and Fig. 13 (b) are from the octo-elliptical 0.6:1 loading path, with 435 

maximum values of ±6.0 and ±10 mm in the X and Y-directions, respectively. Fig. 13 (a) shows that 436 

axial load is maximum (1480 kN) when the lateral displacement is maximum in the positive Y-437 

direction (10 mm) and minimum (520 kN) when the lateral displacement is maximum in the negative 438 

Y-direction (-10 mm). On the other hand, due to the phase difference in the X and Y displacements, 439 

the axial load variation is slightly nonsynchronous with the maximum and minimum displacements 440 

in the X-direction as shown in Fig. 13 (b). 441 

Nonsynchronous Axial Load Variation Protocol 442 

In the proposed nonsynchronous axial load variation protocol, the variation is nonsynchronous to 443 

the lateral displacement of the building and has a higher frequency, i.e. two cycles of axial load 444 

variation per cycle of lateral displacement. The recommendation of two cycles of axial load variation 445 

per cycle of displacement is supported by the results of axial load variation in the internal columns 446 

under Christchurch (2011) ground motion where roughly two cycles of axial load variation can be 447 

observed per cycle of displacement (refer Fig. 12a). Also, it should be noted that any number of cycles 448 

greater than two would be difficult to achieve under quasi-static conditions. The following expression 449 

can be used to obtain the nonsynchronous axial load variation protocol: 450 

                 𝑁𝑁𝑆 = [1 + (2 × (
𝑌𝑟

𝑌𝑟,𝑚𝑎𝑥
⁄ )

2

− 1) ×
𝛽

100
] × 𝑁 

                 (9)        

where, 𝑁𝑁𝑆= nonsynchronous axial load in a given elliptical loop, 𝑌𝑟= Y displacement in a given 451 

(rotated) elliptical loop, 𝑌𝑟,𝑚𝑎𝑥= maximum Y displacement in a given (rotated) elliptical loop,  𝛽=% 452 

variation in axial load, 𝑁= design axial load. 453 

Fig. 13 (c) and 13 (d) illustrate sample response history of nonsynchronous axial load variation 454 

protocol for the same column specimen supporting a design axial load of 𝑁 = 1000 kN, with the 455 

percentage variation in the axial load of 𝛽 = 48%. It can be seen in Fig. 13 (c) that under 456 



 
 

nonsynchronous loading protocol, the axial load reaches its maximum value (1480 kN) whenever the 457 

column is pushed to its maximum amplitude of displacement (10 mm) either in the positive or 458 

negative Y-direction and minimum value (520 kN) when the column is at the origin. This is in contrast 459 

with the synchronous loading protocol in which the column was subjected to maximum axial load 460 

when maximum amplitude of displacement was attained in the positive Y-direction and minimum 461 

axial load when the amplitude of displacement was maximum in the negative Y-direction. It is noted 462 

that in the X-direction, under nonsynchronous loading protocol, the axial load ratio is mostly at its 463 

minimum value when the displacement is maximum in either direction and is mostly maximum when 464 

the column is at the origin as indicated in Fig. 13 (d). 465 

Implementation of Proposed Loading Protocols 466 

The proposed bidirectional and axial load variation protocols were employed in the experimental 467 

testing of six high strength RC columns. Four specimens, two each under octo-elliptical (0.6:1) and 468 

octo-elliptical (1:1) paths, respectively, were tested with constant axial load, whereas the last two 469 

specimens were tested under octo-elliptical (0.6:1) path with synchronous and nonsynchronous 470 

axial load variation, respectively. The detailed description of the specimen design, test setup and 471 

discussion on the force, drift and stiffness behavior of the specimens along with a comparison with 472 

corresponding unidirectional test results can be found in Raza et al. (2020a), Raza et al. (2020b) and 473 

Raza et al. (2020c). For brevity purposes, only the key results of two specimens, S9 and S11, tested 474 

under octo-elliptical (1:1) and octo-elliptical (0.6:1) path, respectively, are presented herein to 475 

illustrate the application of the proposed loading protocols. The specimens were tested at a constant 476 

axial load ratio of 𝑛=0.15. 477 

The dimensions of each specimen were 250×300×2550 mm and the specimens were provided with 478 

AS 3600-2018 (Standards Australia 2018) compliant transverse reinforcement that comprised of 479 

N10 bars with a spacing of 150 mm in the plastic hinge region amounting to a transverse 480 

reinforcement ratio (ρℎ) of 0.42% and 0.35% in the X and Y-directions, respectively. The longitudinal 481 



 
 

reinforcement consisted of 6N16 bars corresponding to a longitudinal reinforcement ratio (ρ𝑣) of 482 

1.6%. The concrete compressive strengths of the specimens were 90 MPa (S9) and 105 MPa (S11), 483 

respectively. The specimens were tested in double curvature bending configuration. 484 

The experimental results of the specimens, S9 and S11, tested under octo-elliptical (1:1) and octo-485 

elliptical (0.6:1) loading protocols are shown in Fig. 14. Specimen S9 collapsed (axial load failure) at 486 

a drift capacity of 2.4% in both the X and Y-directions as shown in Fig. 14 (a), Fig. 14 (b) and Fig. 14 487 

(c), whereas specimen S11 collapsed at a drift capacity of 1.8% and 3.1% in the X and Y- directions, 488 

respectively, as delineated in Fig. 14 (d), Fig. 14 (e) and Fig. 14 (f). Interestingly, if we take the average 489 

of the drift capacity in the two directions of the specimen S11, it remains the same as 2.4%. This 490 

would imply that the average drift capacity in the two directions of the column would be the same, 491 

irrespective of the ratio of the displacements in the X to Y-direction in a bidirectional displacement 492 

path.  493 

On the other hand, a very significant effect of the type of bidirectional loading history can be observed 494 

on the lateral force behavior of the two specimens. Whilst specimen S9 experienced a reduction of 495 

around 10-15% in the theoretical force capacity in the X and Y-directions under bidirectional loading, 496 

specimen S11 experienced a reduction of around 30-40% and 10-15% in the theoretical force 497 

capacity in the X and Y-directions, respectively. The significant capacity reduction in the X-direction 498 

results from the excessive damage in the Y-direction due to the larger drifts in this direction under 499 

octo-elliptical (0.6:1) path, which might have weakened the X-direction due to the coupling of two 500 

directions. Besides, there is a rapid  strength degradation in the X-direction of specimen S11. The 501 

phenomenon of the significant reduction in the lateral force capacity and accelerated strength 502 

degradation with a change in the imposed bidirectional loading history can have important 503 

implications on the overall seismic performance of the structure. This important effect needs to be 504 

accounted for in the seismic design of RC columns. 505 



 
 

Conclusions 506 

This paper proposed loading protocols for simulating bidirectional cyclic actions and axial load 507 

variation on RC columns, based on 3D analysis of a case study building subjected to a suite of 15 508 

ground motion records that were representative of a typical low to moderate seismic region. The 509 

statistical analysis of the column’s displacement path showed that an RC column is typically displaced 510 

in the form of elliptical loops of various orientations during an earthquake. The formation of elliptical 511 

displacement loops was because the X and Y displacements of the column under earthquake actions 512 

are mostly in the form of sinusoidal waves of unequal amplitudes. The different orientations of 513 

ellipses resulted from the phase difference between the X and Y displacements of the column. 514 

Keeping this in view, a bidirectional loading protocol, namely the octo-elliptical loading path has been 515 

developed, which generalizes and simplifies the displacement path of the column in the form of 516 

elliptical loops of different orientations. Two variations of the octo-elliptical loading protocol have 517 

been proposed based on the ratio of the displacements imposed in the two directions of the column, 518 

which are dependent on the building configuration and the characteristics of the two orthogonal 519 

components of the ground motion. Octo-Elliptical (0.6:1) path can be primarily employed for columns 520 

that are not expected to experience strong bidirectional actions, such as corner columns of 521 

symmetrical buildings. On the other hand, the octo-elliptical (1:1) path can be used for columns that 522 

are prone to strong bidirectional actions, such as corner columns of irregular/unsymmetrical 523 

buildings.  524 

The proposed protocols have been developed based on the analysis of a single case-study building, 525 

and it has been argued that the proposed bidirectional displacement path can be considered 526 

representative of columns in any building whose primary lateral load resisting system comprises 527 

structural walls and or building cores. This is because the displacement path of the columns in any 528 

building would generally be dominated by elliptical loops irrespective of the configuration of the 529 

building. The phenomenon that leads to this behavior is the phase difference in the sinusoidal 530 



 
 

displacements in the two axes of the column, which applies to any building. However, this assertion 531 

needs to be verified in future studies using a variety of buildings of different configurations. Also, 532 

future studies should evaluate the robustness of the proposed loading protocol by considering 533 

different approaches of ground motion scaling other than the one considered in this study. The effect 534 

of the orientation of the ground motions relative to the building orientation should also be considered 535 

in future studies. It is also noted that this study has been conducted on a code-conforming RC 536 

structure. It is expected that the displacement path of the RC columns in non-conforming structures 537 

would also be in the form of elliptical loops of various orientations as the governing mechanism 538 

resulting in this behavior would apply to any building. However, the resulting drifts and orientations 539 

of ellipses in non-conforming structures might be different from those observed for the case-study 540 

building. This aspect needs to be studied in detail in future studies 541 

The study also investigated the patterns of axial load variation in the columns of an RC building and 542 

proposed two axial load variation protocols, namely synchronous axial load variation and 543 

nonsynchronous axial load variation. The axial load follows the pattern of the lateral displacements 544 

in the synchronous axial load variation protocol, which is generally observed in the corner columns 545 

of the building. On the other hand, the axial load variation is independent of the lateral displacement 546 

path in nonsynchronous axial load variation and usually has a higher frequency of variation than the 547 

lateral displacements. This type of variation is generally observed in the internal columns of the 548 

building. Both axial load variation protocols can be applied simultaneously with the octo-elliptical 549 

protocol as illustrated in the case study examples presented in the paper. 550 

The proposed loading protocols have been developed to simulate bidirectional lateral actions and 551 

axial load variation on RC columns under quasi-static testing conditions to make a realistic 552 

assessment of the collapse capacity of the columns under multi-directional earthquake actions. The 553 

results obtained from the experimental testing can subsequently be used to develop realistic 554 



 
 

analytical and numerical models to predict the RC column behavior under multi-directional 555 

earthquake actions. 556 
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List of Tables 653 

Table 1. Statistical analysis of 1st storey and 8th storey corner perimeter column (A1) drift data 654 

under DBE ground motions 655 

Parameter Ellipse 
Orientation 

Drift (%) in the Y-Direction 
 

0.25 0.5 0.75 1.0 1.25 1.5 1.75 2.0 
 

No. of occurrences 
-10o≤θ≤10o 20 18 8 3 - - - - 
10o<θ<80o 8 7 - - - - - - 

 80o≤θ≤100o 5 2 - - - - - - 
100o<θ<170o 9 6 - - - - - - 

Average angle to vertical 
axis 

-10o≤θ≤10o 0 0 0 0 - - - - 

10o<θ<80o 31 29 - - - - - - 

 80o≤θ≤100o 90 90 - - - - - - 
100o<θ<170o 145 144 - - - - - - 

Average aspect ratio of 
ellipses 
(𝑎/𝑏) 

-10o≤θ≤10o 0.41 0.3 0.18 0.19 - - - - 
10o<θ<80o 0.32 0.33 - - - - - - 

 80o≤θ≤100o 0.52 0.68 - - - - - - 
100o<θ<170o 0.36 0.25 - - - - - - 

Average Ratio of Maximum 
Displacement of  X to Y-Axis 

0.64 

 656 

Table 2. Statistical analysis of 1st storey and 8th storey corner perimeter column (A1) drift data 657 

under MCE ground motions 658 

Parameter Ellipse 
Orientation 

Drift (%) in the Y-Direction 
 

0.25 0.5 0.75 1.0 1.25 1.5 1.75 2.0 
 

No. of occurrences 
-10o≤θ≤10o 25 23 15 4 5 2 1 1 
10o<θ<80o 9 10 8 5 1 1 - - 

 80o≤θ≤100o 20 4 1 2 1 - - - 
100o<θ<170o 17 6 11 4 1 - - - 

Average angle to vertical   
axis 

-10o≤θ≤10o 0 0 0 0 0 0 0 0 

10o<θ<80o 37 36 34 27 27 30 - - 

 80o≤θ≤100o 90 90 90 90 90 - - - 
100o<θ<170o 143 136 147 152 - - - - 

Average aspect ratio of 
ellipses 
(𝑎/𝑏) 

-10o≤θ≤10o 0.32 0.35 0.28 0.26 0.15 0.1 0.23 0.25 
10o<θ<80o 0.35 0.28 0.19 0.26 0.25 0.1 - - 

 80o≤θ≤100o 0.37 0.35 0.17 0.25 0.22 - - - 
100o<θ<170o 0.37 0.36 0.3 0.13 - - - - 

Average Ratio of Maximum 
Displacement of X to Y-Axis 

0.65 

 659 



 
 

Table 3. Parameters for mathematical formulation of the proposed bidirectional octo-elliptical 660 

loading protocols 661 

Loading Protocol Ellipse Ellipse Size 
Factor (𝛼) 

Angle of Rotation 
(𝜃𝑟) 

Angle of the Arc (𝜃′) 

 
Octo-Elliptical 

(0.6:1) 
 

Vertical 1 0 0-31 (in 5 steps) 
Diagonal-1 0.8 31 31-90 (in 10 steps) 
Horizontal 0.6 90 90-149 (in 10 steps) 
Diagonal-2 0.8 149 149-180 (in 5 steps) 

 
Octo-Elliptical 

(1:1) 

Vertical 1 0 0-45 (in 8 steps) 
Diagonal-1 1 45 45-90 (in 8 steps) 
Horizontal 1 90 90-135 (in 8 steps) 
Diagonal-2 1 135 135-180 (in 8 steps) 

 662 

 663 

 664 

 665 

 666 

 667 

 668 

 669 

 670 

 671 
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 674 

 675 

 676 

 677 

 678 

 679 



 
 

Figures 680 

 681 

Fig. 1. Typical bidirectional loading paths used in quasi-static testing of RC columns (Rodrigues et al. 682 

2013) 683 

 684 

Fig. 2. Plan view of the case study building (redrawn from Menegon et al. 2019). 685 
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 686 
                                  (a)                                                          (b)                                                          (c) 687 

 688 
                                  (d)                                                           (e)                                                           (f) 689 

Fig. 3. Scaled response spectra of the selected ground motions: (a) DBE-X; (b) DBE-Y; (c) DBE-Z; (d) 690 

MCE-X; (e) MCE-Y; (f) MCE-Z.  691 

 692 
                   (a)                                      (b)                                      (c)                                      (d)                693 

Fig. 4. Orientations of the elliptical loops: (a) vertical (θ=0±10); (b) diagonal-1 (10<θ<80°); (c) 694 

horizontal (80≤θ≤100°); (d) diagonal-2 (100°<θ<170°). 695 

 696 

 697 

 698 



 
 

 699 
                                  (a)                                                         (b)                                                           (c) 700 

 701 
                                  (d)                                                         (e)                                                           (f) 702 

Fig. 5. Displacement path of the corner perimeter column A1 with highlighted representative 703 

elliptical loops under MCE shaking for 1st storey: (a) Joshua Tree (1992); (b) Umbria Marche (1997); 704 

(c) Christchurch (2011); and 8th storey (d) Joshua Tree (1992); (e) Umbria Marche (1997); (f) 705 

Christchurch (2011). 706 

  707 

                   (a)                                        (b)                                      (c)                                      (d)                708 

Fig. 6. Phase difference between X and Y displacements of the column: (a) vertical elliptical loop (X 709 

leads Y by 90 degrees); (b) horizontal elliptical loop (Y leads X by 270 degrees); (c) diagonal-1 710 

elliptical loop (Y leads X by 216 degrees); (d) diagonal-2 elliptical loop (X leads Y by 36 degrees). 711 



 
 

 712 

Fig. 7. Parameters characterizing an elliptical displacement loop. 713 

 714 
                                                             (a)                                                               (b) 715 

 716 
                                                             (c)                                                               (d) 717 

Fig. 8. Proposed bidirectional protocol loading history: (a) octo-elliptical (0.6:1) path; (b) octo-718 

elliptical (1:1) path; and waveforms (c) octo-elliptical (0.6:1) path; (d) octo-elliptical (1:1). 719 



 
 

 720 
                                                          (a)                                                                       (b) 721 

   722 
                                                         (c)                                                                       (d) 723 

 724 
                                                         (e)                                                                        (f) 725 

Fig. 9. Axial load variation and lateral drifts response history for 1st storey corner perimeter column 726 

A1 for the time range with maximum variation: (a) & (b) Christchurch (2011); (c) & (d) Dinar (1995); 727 

(e) & (f) Double Springs (1994). 728 

 729 



 
 

 730 
                                  (a)                                                         (b)                                                           (c) 731 

Fig. 10. Power spectral density (PSD) of the column (A1) lateral displacements: (a) Christchurch 732 

(2011); (b) Dinar (1995); (c) Double Springs (1994). 733 

  734 
                                  (a)                                                         (b)                                                           (c) 735 

Fig. 11. Normalized power spectral density (PSD) of input ground accelerations: (a) Christchurch 736 

(2011); (b) Dinar (1995); (c) Double Springs (1994). 737 

 738 



 
 

 739 
                                                          (a)                                                                       (b) 740 

 741 
                                                          (c)                                                                       (d) 742 

 743 
                                                          (e)                                                                     (f) 744 

Fig. 12. Axial load variation and lateral drifts response history for 1st storey internal non-perimeter 745 

column B3 for the time range with maximum variation: (a) & (b) Christchurch (2011); (c) & (d) Dinar 746 

(1995); (e) & (f) Double Springs (1994). 747 

 748 



 
 

 749 
                                                      (a)                                                                      (b) 750 

 751 
                                                       (c)                                                                     (d) 752 

Fig. 13. Response history of proposed synchronous axial load variation protocol: (a) Y-direction; (b) 753 

X-direction and nonsynchronous axial load variation protocol: (c) Y-direction; (d) X-direction. 754 

 755 

 756 

 757 



 
 

  758 
                                 (a)                                                         (b)                                                          (c) 759 

   760 
                                  (d)                                                           (e)                                                          (f) 761 

Fig. 14. Columns tested under proposed bidirectional loading protocols: specimen S9 lateral load vs 762 

drift: (a) X-direction; (b) Y-direction; (c) octo-elliptical (1:1) drift history; and specimen S11 lateral 763 

load vs drift (d) X-direction; (e) Y-direction; (f) octo-elliptical (0.6:1) drift history (Raza et al. 2020a). 764 
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