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Abstract:

This paper presents a numerical investigation on seismic performance of reinforced concrete (RC) cantilever
columns under unidirectional and bidirectional excitations. The influence of cross-sectional geometry and
multiple excitations have been examined in this study. An advanced nonlinear finite element model is
employed to model different failure modes of RC columns under seismic excitation. The model simulates
degradation of materials under cyclic loading, including inelastic buckling and low-cycle fatigue degradation of
longitudinal reinforcement. A series of monotonic pushover and incremental dynamic analyses (IDA) are
conducted on hypothetical rectangular and circular columns. Proposing a unique algorithm, an existing
inclusive damage index is implemented to quantify the different sources of damage including flexural, shear
and reinforcement slippage damage under bidirectional excitation. Ground motion records are carefully
selected using conditional mean spectrum (CMS) to generate as-recorded real mainshock and aftershock
(MSAS) sequences. Results show that multiple bidirectional excitations significantly increase the damage that
accumulates in RC columns. Moreover, inelastic buckling and low-cycle fatigue degradation of longitudinal
bars have an evident contribution to the failure of RC columns. It is also found that the rectangular column is
more prone to collapse under bidirectional loading in comparison to circular section. The analyses results show
that the impact of bidirectional excitation on the seismic performance of the studied cantilever columns is
considerable. This implies that seismic performance assessment of RC structures using unidirectional

excitation can be biased.
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1. Introduction

1.1.Research background
The seismic performance of reinforced concrete (RC) structures under unidirectional loading has been studied
for several years using experimental studies [1-5] and analytical methods [6-10]. Despite the three dimensional

and random characteristics of ground motions, most of the current knowledge is based on unidirectional
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loading [11-12]. Available models have proved to be accurate in simulating flexural, shear and axial behavior
of 2D RC frames. However, the nonlinear dynamic behavior of RC columns/bridge piers under bidirectional
loading is still an ongoing research. Many researchers were aware of the potential significance of bidirectional
bending, and have demonstrated this by running experimental and numerical investigations. For instance,
Solberg et al. [13]; Khaled et al. [14]; Rodrigues et al. [5, 12, 15-17 ]; Nojavan et al. [18]; Han and Lee [19]; Han
and Lee [20]; Raza et al. [21] used cyclic testing, whereas Nakayama et al. [22-23]; Hachem et al. [24]; Galé-
Lamuela et al. [25] used shake table testing and Park et al. [26]; Kitajima et al. [27]; Zeris and Mahin [28]; Lu et
al. [29] performed numerical analyses. The main conclusion by reviewing the above-mentioned literature is

that bidirectional loading decreases the maximum strength and stiffness of the RC columns.

The ultimate displacement capacity of RC members associated with bidirectional loading is still not
clear and the current literature is inadequate. As reported by Hachem et al. [24], based on their experimental
study it is not apparent that bidirectional loading leads to higher displacement capacity especially for well-
confined columns under low axial load intensities. Conducting uni- and bidirectional shaking table tests, they
found that peak bidirectional response is similar to that predicted unidirectionally, but that increased demand
might be observed in the short period range. They also reported that bidirectional loading has a tendency to

increase the residual displacements and it is strongly dependent on axial load ratio.

In another study, Rodrigues et al. [5, 12, 15-17 ] conducted extensive uni- and bidirectional cyclic tests
and suggested that specific damage occurs for lower drift demands for RC members under bidirectional
loading when compared to unidirectional loading. In particular, they reported that cover concrete cracking for
columns tested under bidirectional loading occurs at similar drift demand for unidirectional tests. However,
spalling in bidirectional tests happens at drift in the range of 50-75%, bar bucking occurs at a drift between
65% and 75% of that observed in the unidirectional test. In general, the ultimate ductility is considerably lower
in columns under bidirectional loading and this effect is more prominent in rectangular columns (50% to 75%
lower in the weak direction and approximately 35% lower in the strong direction). Similarly, in a numerical
study, Sengupta et al. [30], found that bidirectional loading can amplify the response in the short period
systems up to 30% for ground motions records with forward directivity characteristics and as high as 50% for

stiff systems under fling pulses ground motions.

Keeping in mind that the ultimate displacement is currently a desired engineering demand parameter
(EDP), the challenge of bidirectional loading in practice have been simplified by so-called 30% [31-33] and 40%
[34-37] combination rules. The idea behind this method is to apply each component of a ground motion along
the principal axis of the structures separately. The peak unidirectional deformation is calculated based on the
maximum deformation in the entire time history analysis plus 30% of the maximum response in the orthogonal

direction. A review and applicability of the method have been reported in [14, 37-38].

Reviewing the experimental studies reported in the current literature show that concrete cover

spalling, bar buckling, low-cycle fatigue, loss of confinement and bond-slip, are the main factors increasing the



stiffness/strength degradation of RC columns under bidirectional excitation. Few experimental studies have
pointed out the impact of bar buckling and fatigue for RC columns under bidirectional loading [14, 18 and 24].
For instance, Hachem et al. [24] reported that low-cycle fatigue can have a significant contribution to the
failure of columns under bidirectional loading. They reported that the fatigue damage index is very small for
periods longer than 1 second; conversely, the fatigue index may be double (on average) for short period RC
columns under bidirectional loading. In their experimental study they found that bar buckling followed by
spiral fracture is more common for RC columns under unidirectional loading, however, columns under
bidirectional loading tend to fracture first, with less bar buckling. They concluded that in the specific specimen
that experienced bar fracture, low-cycle fatigue had more contribution than bar buckling and loss of
confinement. The significance of bar buckling for RC columns under bidirectional loading is also observed by
Khaled et al. [14]. They found that under large displacements, buckling of corner bars may happen. In addition
to low-cycle fatigue and bar buckling, Hachem et al. [24] also observed that the deformation due to pullout of
the longitudinal reinforcement from the foundation contributed to about 30% of the peak displacement for

all the specimens they have tested.

Considering the important contribution of low-cycle fatigue and buckling of longitudinal
reinforcements in damage of RC buildings, Salami et al. [39] conducted an investigation of seismic performance
of low-rise RC buildings under multiple excitations. They found that an escalation of damage in RC columns
due to low-cycle fatigue is probable. The accumulation of damage and degradation in the structure due to the
mainshock and the following aftershocks have also been reported by Faisal et al. [40]; Ebrahimian et al. [41];
Goda and Tesfamariam [42]; Raghunandan et al. [43]; Jeon et al. [44]; Kashani et al. [45]. However, all the
above-mentioned studies used 2D structural models excited under unidirectional loading, which is in
contradiction with the bidirectional nature of ground motions and 3D geometry of buildings. The bidirectional
load interaction leads to increased elongation of the structural period and pronounced increase in bond-slip
and shear displacement [30] which is more severe for short-period structures. Damage accumulation under
mainshock and aftershock can be increased significantly under bidirectional loading in particular for stiff
systems. Hence, this paper aims to explore and quantify the impact of bidirectional loading on RC columns

under multiple excitations.

Reviewing the current literature, there is a significant shortcoming in the assessment of RC columns
under bidirectional loading. In particular, numerical simulations under bidirectional base excitations. One
major challenge that limits the quantity of research in this area, is the popularity of lumped plasticity models
(LPM) for RC structures. Using LPM, the response in both directions is uncoupled; therefore, the bidirectional
loading is irrelevant and have been neglected so far. In contrast, fibre beam-column modelling is a more
appropriate approach for bidirectional loading, especially that the axial and bidirectional flexural load
interaction is considered realistically. Integrating low-cycle fatigue, bar buckling, and bond-slippage in
bidirectional excitation of RC columns and developing fragility curves by introducing an innovative bidirectional

damage index is the main incentive for this study to enrich the existing knowledge in current literature.
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1.2 Research aim and contribution

The aim of this paper is to investigate the nonlinear seismic performance of RC columns under unidirectional
and bidirectional multiple excitations. To consider the cross-sectional geometry effect, a rectangular and a
circular RC column with equal lateral stiffness have been selected. To capture different failure modes of RC
columns under seismic excitation an advanced nonlinear fibre model is employed. The model simulates
degradation of materials under cyclic loading, including inelastic buckling and low-cycle fatigue degradation of
longitudinal reinforcement. A series of monotonic pushover and incremental dynamic analyses (IDAs), [46] are
conducted on hypothetical rectangular and circular columns. Inclusive methodology, validation and detail of
the model is available at Kashani et al. [47-50]; Afsar Dizaj et al. [51-52]. A dimensionless damage index,
developed by Mergos and Kappos [53], has been implemented for quantification of different sources of
damage including flexural, shear and bond-slip damage in the cantilever RC columns. Proposing a unique
algorithm, in the current study, this damage index is further extended to be used in the seismic performance
assessment of RC structures under bidirectional excitations. A successful example of using such damage index

in seismic performance assessment of RC columns can be found in Afsar Dizaj and Kashani [54].

To investigate the impact of fatigue, multiple excitations including mainshock and aftershock have
been considered. Ground motion records are carefully selected using conditional mean spectrum (CMS),
[Baker, 55], to generate real as-recorded mainshock and aftershock (MSAS) sequences. CMS is intentionally
implemented to consider the regional seismic hazard of the selected site. In this paper, the hypothetical
columns are located in Los Angeles, US. Section 2 is dedicated to the description of the RC column model,
followed by the description of the advanced damage index used in this study. The MSAS ground motion
selection is explained in Section 4. Subsequently, the results and discussion regarding the impact of multiple
uni- and bidirectional excitation are presented at the end of this paper in Section 5. Fig. 1 represents a
flowchart summarising the framework for this study. The results/discussions are presented in three separate
sections: i) comparison between uni- and bidirectional loading using single excitation (i.e. mainshock from now
called MS), ii) comparison between bidirectional loading using MS and multiple excitations (i.e, from now

MSAS), and iii) evaluating the impact of uni- and bidirectional loading using MSAS sequences.

2. Reinforced Concrete Model

2.1. Proposed RC columns

To investigate the impact of bidirectional loading and the contribution of bar buckling, bond-slip and low-cycle
fatigue, two RC columns with circular and rectangular cross-section are considered. The circular column is the
test specimen 415 from Lehman et al. [4] available at PEER column database [56], which is used as a benchmark
column. A hypothetical rectangular column with the same axial load ratio and material properties is designed.
Both rectangular and circular RC columns are designed in a way to have relatively close lateral stiffness and

consequently having an equal un-cracked fundamental period of vibration. The details of the RC columns are



presented in Table 1 and shown in Fig. 2. The effective buckling length of vertical reinforcements (Les) reported
in Table 1 is calculated using the iterative procedure proposed by Dhakal and Maekawa [57]. In this method,
tie stiffness and required stiffness to avoid buckling of longitudinal reinforcements are compared to find the
buckling mode and buckling length accordingly. For further details on methodology, application and validation
please refer to Kashani et al. [48] and Dhakal and Maekawa [57].

The proposed modelling technique has been implemented using OpenSees [58] to simulate the
nonlinear dynamic behaviour of rectangular and circular RC columns under bidirectional loading. Each RC
column is modelled using two force-based nonlinear fibre beam-column elements. The length of the first
element at the bottom of the column is adjusted in a way that the integration length of the first integration
point is equal to the effective length of the vertical reinforcement. The first element has three integration
points (fibre sections) and the second element has five integration points. Both finite element models for
rectangular and circular RC columns are capable to simulate bar buckling, low-cycle fatigue and bond-slippage

(for validation please refer to Kashani et al. [47-50]).
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Fig. 1. Flowchart of the methodology for seismic performance assessment of circular and rectangular RC
columns subjected to unidirectional and bidirectional MSAS sequences

2.2. Description of the material models

The implemented model in this paper is capable of simulating the nonlinear structural response of RC

structures and capture damage starting from crack initiation at small deformation to structural instability at



large deformation. To overcome the limitations of lumped plasticity models such as axial-flexural force
interaction and to incorporate the concrete tensile strength and tension stiffening, fibre-based beam-column
models are more popular, in particular under bidirectional loading. Generally, to simulate the cyclic response
of reinforcing bars, the uniaxial material model based on Giuffre-Mengotto-Pinto [GMP, 59], is used. The
material model is known as Steel02 in OpenSees which accounts for Bauschinger effects [60], but it does not
consider the cyclic strength and stiffness degradation due to bar buckling and fatigue. To consider the impact
of bar buckling, uniaxial Hysteretic material model available in OpenSees is used. The material model is
calibrated based on a phenomenological material model of reinforcing bars previously developed by Kashani
et al. [48] that simulate bar buckling. To capture the low-cycle fatigue degradation of reinforcing bars, the
Fatigue material model available in OpenSees is wrapped to the Hysteretic material model. The uniaxial Fatigue
model is based on Coffin-Manson [61] log-log relationships describing low cycle fatigue failure (i.e. Miner’s
Rule). The Fatigue material model does not change the stress-strain curve of the parent material; however,
the stress of the parent steel material drops to zero if the fatigue damage index reaches to 1.0. The calibration
of the Fatigue material constant is very important as it can considerably change the outcome of the simulation;
therefore, the parameters for the Fatigue material model are taken from an experimental study conducted by

Kashani et al. [62].

In this paper, the nonlinear behavior of confined and unconfined concrete for a rectangular column is
modeled using uniaxial material Concrete02. As itis shown in Fig. 2, it has a parabolic curve up to the maximum
concrete stress and a linear post-peak softening branch to a residual strength which his 20% of the maximum
compressive strength. The influence of confinement on the stress-strain relationship of core concrete is
modelled using the modified Kent-Park model [63]. In another study by Kashani et al. [50], it was found that
Concrete04 is more suitable for circular columns. Concrete04 employs the Popovics model [64] with a linear
loading and unloading degradation according to Karsan-Jirsa [65] and exponential decay for tensile strength.
The effect of confinement on the compressive strength of the core concrete is considered using Mander’s

model [66].
2.3. Bond-slip model

The slippage of reinforcing bars between the RC column and footing due to strain penetration results in fixed-
end rotation which is known as one of the primary sources of damage. The result of an experimental study
conducted by Hachem et al. [24] suggests that bar-slip can increase the ultimate displacement of an RC column
by about 30% and affects the lateral stiffness. Including the bond-slip damage due to fixed-end rotation is
essential to accurately predict the damage of RC columns under uni- and bidirectional loading. To do so, the
stress-slip constitutive material model developed by Zhao et al. [67] is assigned to a zero-length section

element at the base of each column.



Table 1. Details of the hypothetical columns
Cross section shape L(mm) L/D  Leg/d o1 (%) ps (%) No/(fAg) T(s)
Rectangular 2438.4 4 10 1.49 0.7 0.045 0.20
Circular 24384 45 10 1.72 0.8 0.045 0.20

Column height (L), shear span to depth ratio (L/D), the ratio of effective buckling length of longitudinal bar to
its diameter (Les/d), the ratio of longitudinal bars (o)), the volumetric ratio of transverse reinforcements (ps),
axial force ratio (Nw/f-Ag) and fundamental period of each column (7).
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Fig. 2. Cross-sectional details of the hypothetical RC columns: (a) rectangular; (b) circular; (c) material model
for reinforcements; (d) concrete material model for rectangular column; and (e) concrete material model for
circular column

2.4. Bidirectional pushover analysis

Before running the time history simulations, a monotonic nonlinear bidirectional pushover analysis is
performed for both the rectangular and circular columns. For each column, the resultant force-deformation
output is calculated using the square root of sum of squares (i.e. SRSS) and presented in Fig. 3. The different
states of damage such as bar yielding, concrete cover spalling and core concrete crushing are also mapped on

the bidirectional pushover curves. The bidirectional loading conducted by changing the ratio of loading in X

direction over the corresponding ratio in the Y direction (i.e. F—"), where F—" =0, implies unidirectional loading
y y

F, . .
and F—x =1, refers to laterally pushing the columns with an angle of 45 degrees. The resultant pushover curves
y

for the lateral load ratio of% =0.25 and 0.5 are also presented in Fig. 3. It is evident that for the circular
y

section the direction or azimuth of loading does not change the resultant force-deformation curve. However,
as also mentioned by Stewart et al. [11], azimuth-dependent structures such as rectangular RC columns are

sensitive to the direction of loading. As the loading angle changes with respect to the principal axes, the force-



deformation curve decays and shows the highest sensitivity at the weakest axis (in this case at 45 degrees for

a square column).
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Fig. 3. Unidirectional and bidirectional pushover curves for rectangular and circular column

Fig. 3 shows that both the circular and rectangular columns exhibit bar yielding, concrete cover spalling
and core concrete crushing under unidirectional and bidirectional loading. The damage conditions and
corresponding drift ratios have been assigned based on the uniaxial stress-strain response of fibres in the
critical section of the RC columns (i.e. steel bar yielding strain, cover spalling and core concrete crushing
strains, [52]). However, the drift thresholds for each damage state decrease for a rectangular column by
increasing the bidirectional load ratio from 0 to 1. For example, the core concrete crushing for rectangular RC
column under unidirectional loading starts from drift ratio of 5%, while for the bidirectional pushover with a
load direction of 45 degrees, the core concrete crushing initiates at approximately 3% resultant drift ratio,

which shows a 50% reduction.

3. Description of the local damage indices

Damage indices are classified as cumulative and non-cumulative. Noncumulative damage indices relate the
state of damage to the maximum response of the structure and do not consider the cyclic loading effects, such
as inter-story drift ratio [68]. On the other hand, cumulative indices account for cyclic loading history effects
on damage states of structures. Selecting a damage index is critical as it can significantly influence the outcome
of seismic performance assessment of RC structures. A great review and suggestions regarding damage indices
are provided by [68-70]. Different authors have investigated and used cumulative damage indices such as Park
and Ang [71] to quantify damage for RC structures. Rodrigues et al. [15] explored seven damage indices based
on different combinations of resultant maximum displacement, equivalent resultant yielding force and the
sum of dissipated energy for RC columns under bidirectional loading. They found that a modified Park and Ang
damage index that employs peak resultant yielding force and resultant displacement combined with the sum
of dissipated energy in both directions predicts the damage of RC columns under bidirectional loading more

realistically.



Considering that the main sources of damage for RC columns under bidirectional loading are cover
concrete spalling, core concrete crushing, bar buckling, bar fracture, bond-slip and shear, the damage index in
this paper is based on a damage index that was proposed by Mergos and Kappos [53]. The selected damage
index is a combined damage index developed for seismic assessments of RC structures which incorporates the
contribution of all deformation mechanisms including flexural, shear and slippage of reinforcements. The

equation for the damage index is presented in Eq. (1):

0.95
1 -1 <1 _ (¢max>1'35> (1 _ (Ymax)(m) 1— <le,max>
tot Dy . Yu . eub,sl (1)

where A¢,; is the total damage index, @max, Ymax: Osimax are maximum curvature, maximum shear
and maximum fixed-end rotation caused by slippage of reinforcement, respectively. Finally, ¢y, ¥, and 0y, &
present the ultimate values of deformation capacities based on the monotonic pushover analysis [53]. The
advantage of this damage index is that if any of each sub-damage indices reaches to zero, subsequently the
total damage index become 1, indicating the failure of the structure. Each damage state, the physical definition

and range of A4, is presented in Table 2. Further details are available in [53].

Table 2. Damage limit states, definition and threshold for flexural, shear and bond-slip damage [53]

Damage
index (A;0¢)

Damage level Flexural damage Shear damage Bond damage

Flexural cracks (<2mm) Hairline mifor shear Fixed-end cracks (<2 mm).

Minor Limited yielding cracks (<0.5 mm) Hairline-visible bond cracks in 0.0-0.20

No spalling parts of the lap splices
Moderate shear Fixed-end cracks (>2 mm).
Moderate Spalling of cover concrete Moderate bond cracking in 0.20-0.50

cracking (>0.5 mm) parts of the lap splices

Rebar Buckling, core concrete
disintegration, fracture of tensile
reinforcement, yielding or
fracture of transverse
reinforcement because

of core expansion

Major fixed-end cracks indicating
Sever shear cracking  reinforcement pullout. Severe bond
(> 1mm), stirrup cracking along the full length of the 0.50-1.00
yielding or fracture lap splices. Spalling of cover

surrounding lap-spliced bars

Severe

Being inspired by the modified Park and Ang damage index that Rodrigues et al. [15]; Roy et al. [72-
73] used, in this paper, the damage index proposed by Mergos and Kappos [53] has been modified to include
the bidirectional loading. In particular, instead of having a singular value for ultimate curvature which is only
acceptable under unidirectional loading, the ultimate curvature is calculated for each angle of peak resultant
deformation as it is presented in Fig. 4(a). For instance, the rectangular RC column under unidirectional

loading parallel to principle axes in X and Y direction shows the highest value for ultimate curvature (@, , Pyy),

however, by changing the angle of loading (i.e. the ratio ofi—" as shown in Fig. 3) the ultimate curvature in both
y

X

directions decays having the lowest magnitude at 45 degrees (i.e., ;— = 1). It is evident that the circular RC
y

section does not have a weak axis and the ultimate curvature is independent of the peak deformation angle.
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Similarly, the ultimate fixed-end rotation is dependent on the angle of peak deformation. For example, under
unidirectional loading, while the ultimate fixed-end rotation in the X direction 8,,, is maximum, the fixed-end
rotation of the orthogonal axis 6, is zero. By changing the angle of loading or the ratio of forces in X and Y
direction in the pushover analysis, both directions participate in the damage due to bar slippage. Comparing
the fixed-end rotation for circular and rectangular RC columns, it can be seen that the rectangular column has
slightly better capacity/resistance for fixed-end rotation under bidirectional pushover analysis, while its
ultimate curvature is hampered in the weak axis at 45 degrees. It is worth noting that, the ultimate shear
capacity (y,,) under bidirectional loading is also presented in Fig 4(c) for both cross-sections. Similar to ultimate
curvature, the ultimate shear deformation in the circular section is independent of the direction, while the
square section has the highest shear capacity at 45 degrees as both horizontal and vertical transverse
reinforcement participate in the shear capacity. In this study, the RC columns are intentionally selected to be
well-confined to have a flexural-dominant response. Therefore, the shear deformation is considered in the
elastic region and the interaction between flexure and shear is omitted. For lightly-confined RC columns (i.e.
non-ductile columns), plastic shear deformation must be considered in the numerical modelling. The relevant
formulation for ultimate shear deformation and the backbone curve for flexural-shear interaction can be found
in Mergos and Kappos [74]. This assumption does not affect the accuracy of results, as the RC columns in this
study are well-confined and flexural dominant columns. In case of shear critical RC columns, plastic shear
deformation is required to be considered using the model proposed by Mergos and Kappos [74]; Sezen and

Moehle [75]; Sezen and Chowdhury [76]; Sae Long et al. [77].
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Having the ultimate capacities for bidirectional bending, shear and slippage, the next step is to
calculate the maximum curvature (@4, ), maximum fixed-end rotation (B may) and maximum shear (Vynqy)
in each bidirectional time history analysis. To run the dynamic analysis under bidirectional excitation, both
components of each selected ground motion record are simultaneously applied along with two principal axes;
then, drifts in two orthogonal directions are recorded over the entire time history. The maximum response in
each direction is called directional peak [15, 72-73]. Directional peaks (A, and Ay) may occur at different
instants and hence to evaluate the resultant peak (A,.s), the responses in two orthogonal directions are
combined using the SRSS method through the entire history and the resultant peak is taken as maximum drift
under bidirectional excitation. Having the X and Y components of the resultant peak response (i.e. A,g), the

Ay res

corresponding resultant peak angle can be calculated as Y, =tan_1< ) Accordingly, the peak

xX,res

bidirectional curvature @, qx res, P€ak bidirectional fixed-end rotation 8y, res and peak bidirectional shear

strain Ymaxres Can be calculated. An algorithm in MATLAB finds all above-mentioned parameters and
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calculates the peak resultant angle (i.e. P,.5). The corresponding ultimate values presented in Fig. 4 are
extracted with respect to peak resultant angle; thus, the sub-damage ratios are calculated consequently. Fig.

5, demonstrate the framework to calculate the damage index under bidirectional loading used in this paper.
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as presented in Fig. 4

Fig. 5. Overview of the proposed algorithm to calculate damage index for RC columns under bidirectional

loading
4. Ground motion selection

To incorporate the seismic hazard and reduce the uncertainty in ground motion records, a ground motion
selection based on CMS [55], has been used in this study. CMS provides the expected (i.e., mean) response
spectrum, conditioned on the occurrence of a target spectral acceleration value at the period of interest (i.e.
T1). In this paper, it is assumed that the proposed columns are located in a typical urban site in Los Angeles,
Us, (latitude/longitude=34.0522°N/118.2437°W). The soil is assumed to be of the NEHRP soil D classification
(Vs=259 m/s). The uniform hazard spectrum with the 2% probability of exceedance in 50 years is presented in
Fig. 6a. The information in this section is publicly available from the probabilistic seismic hazard analysis (PSHA)

information provided by USGS (https://www.usgs.gov). Considering the prior knowledge about the

fundamental vibration period of the columns to be 0.2 second, the spectral acceleration at the period of
interests Sa(T1) is 2.24 g. Another useful information provided by USGS is the disaggregation information for

any specific site in the US. Fig. 6b shows the distribution of magnitudes, distance and their contribution to the

13


https://www.usgs.gov/

site hazard for the specific location in Los Angeles, US. In this paper to be aligned with the tectonics of the site,
only shallow crustal ground motions having a distance of less than 40 km are considered. Using the average
values of distance and magnitude suggested by the USGS, a single target response spectrum (CMS) is
constructed to select the records suitable for this study. Fig. 6a also presents the ground motion prediction
equations (GMPEs) associated with M=6.6, R=10 km, and €=2.8 and the average predicted median spectrum.
As suggested by USGS, five GMPEs including Abrahamson et al. [78]; Chiou and Youngs [79]; Campbell and
Bozorgnia [80]; Boore at al. [81] with a weight factor of 0.22 and Idriss [82] with a weight factor of 0.12 are
used.

To have a sufficient number of records for IDA analysis, it is inevitable to use ground motion data from
other seismic regions. The MSAS sequences in this paper are selected from the PEER-NGA database that was
previously assembled from worldwide shallow crustal earthquakes by Goda and Taylor [83] to investigate the
impact of real MSAS of single-degree-of-freedom (SDOF) systems. It is important to clarify that the records are
real as-recorded ground motions and no artificialness except the amplitude scaling in imposed on them (i.e.
no randomised or back-to-back records).

The MS and AS are distinguished by the magnitude of the ground motions, the record with the highest
magnitude is called mainshock and any following ground motion is considered as an aftershock. The selection
of desired MSAS is conducted from the 172 sequences (each sequence consists of two horizontal components)
available from the PEER-NGA database. After having the target CMS for the specific location, the next step is
to scale up or down the geometric mean of both horizontal components to match the Sa(T:1) which is presented
in Fig. 6¢. As it was mentioned the only artificialness is the amplitude scaling, therefore the frequency content
and duration of records are kept unchanged. The records that match the target spectrum can be selected. The
selection is based on the error calculate between each record and the target CMS spectrum. As suggested by
Baker and Cornell [84], the period ranges from 0.2T; to 2.0T; (0.04—-0.4 s) is selected in this study for record
selection. This is the period range that structural response is the most sensitive to the input excitation. The
total number of selected records is 31 as presented in Fig. 6d and their detailed information is summarised in
Table 3. It is worth mentioning that in this study only one major aftershock record is selected and the impact
of several aftershocks and their contribution to damage, in particular, the low-cycle fatigue is granted in
another study. After having the selected real MSAS records that reflect the seismic hazard level in Los Angeles,
US, IDA can be conducted to calculate the capacity of the RC columns under uni- and bidirectional multiple

MSAS records.
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Table 3. Summary of the constructed real mainshock-aftershock ground motion sequences

Event name StationID  Magnitude Distance (km) Vsso (M/s) PGA* (g) PGV* (cm/s)
Managua-01 & 02 199 6.24,5.2 4.06,7.57 288.77 0.394, 0.287 25.39, 26.85
Fruili, Italy-02 & 03 257 5.5,5.91 15.08, 11.03 338.6 0.046, 0.108 4.88,10.8
Imperial Valley-06 & 07 119 6.53, 5.01 7.05, 14.43 208.91 0.401, 0.204 69.89, 9.23
Imperial Valley-06 & 07 211 6.53,5.01 7.65,12.32 202.89 0.234,0.169 47.47,11.3
Irpinia, Italy-01 & 02 621 6.9,6.2 17.64, 8.83 600 0.153,0.177 17.52,24.32
Irpinia, Italy-01 & 02 935 6.9,6.2 10.84, 20.39 1000 0.295, 0.076 43.74,4.42
Coalinga, 02 & 04 175 5.09,5.18 12.44,12.62 376.073 0.138,0.154 5.15,5.84
Coalinga-02 & 03 176 5.09, 5.38 17.76, 15.75 352.2 0.087,0.174 3.89, 8.88
Coalinga-04 & 05 183 5.18,5.77 10.35, 9.52 376.073 0.186, 0.879 9.85, 38.53
Coalinga-02 & 03 412 5.09, 5.38 16.71,14.77 338.539 0.12, 0.055 5.51,5.27
Chalfant Valley-01 & 02 430 5.77,6.19 24.33,21.92 271.441 0.052,0.19 2.63,14.58
Chalfant Valley-01 & 02 432 5.77,6.19 23.47,17.17 271.441 0.106, 0.21 8.65, 20.52
Chalfant Valley-01 & 02 438 5.77,6.19 6.39, 7.58 271.441 0.243,0.418 20.01,41.14
Northridge-01 & 06 315 6.69, 5.28 8.66, 13.51 297.71 0.321,0.125 30.53,5.49
Northridge-01 & 06 318 6.69, 5.28 29.88,29.89 297.07 0.205, 0.056 16.42,2.44
Northridge-01 & 02 324 6.69, 6.05 5.92,14.34 269.14 0.672,0.041 83.75,2.25
Northridge-01 & 06 333 6.69, 5.28 23.41,23.44 277.98 0.231,0.123 23.75,5.37
Kocaeli & Duzce, Turkey 709 7.51,7.14 15.37, 6.58 276 0.323,0.428 54.08, 69.57
Chi-Chi, Taiwan-01 & 02 653 7.62,5.9 16.06, 58 233.14 0.257,0.093 38.37,4.68
Chi-Chi, Taiwan-01 & 04 685 7.62,6.2 28.91,38.35 417.56 0.133,0.08 11.48,5.87
Chi-Chi, Taiwan-01 & 06 1017 7.62,6.3 26.32,63.12 272.6 0.212,0.053 43,3.99
Chi-Chi, Taiwan-01 & 05 1022 7.62,6.2 3.78,49.58 487.27 0.272,0.062 53.87,2.92
Chi-Chi, Taiwan-01 & 05 1023 7.62,6.2 9.51, 54.13 272.6 0.136, 0.137 39.25,4.64
Chi-Chi, Taiwan-01 & 05 1024 7.62,6.2 7.66,51.32 272.6 0.213,0.126 43.24,4.46
Chi-Chi, Taiwan-01 & 05 1035 7.62,6.2 16.62, 68.07 272.6 0.118,0.042 47.76, 3.02
Chi-Chi, Taiwan-01 & 02 1042 7.62,5.9 13.46, 7.68 549.43 0.443,0.153 54.14,9.91
Chi-Chi, Taiwan-01 & 02 1046 7.62,5.9 10.97,10.41 363.99 0.536,0.319 50.34,11.89
Chi-Chi, Taiwan-01 & 05 1060 7.62,6.2 2.13,52.98 272.6 0.224,0.05 57.12,2.19
Chi-Chi, Taiwan-01 & 02 1074 7.62,5.9 25.44,57.6 215 0.131,0.04 58.49, 4.62
Chi-Chi, Taiwan-01 & 03 1079 7.62,6.2 14.93,31.79 272.6 0.149, 0.065 40.25,10.98
Chi-Chi, Taiwan-01 & 02 1077 7.62,5.9 7.41,36.8 459.34 0.23,0.041 47.87,3.98
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5. Results and discussion

In this section, the results for circular and rectangular RC columns under uni- and bidirectional multiple
excitations are discussed. In particular, the IDA median curves, fatigue damage index and the fragility curves
are presented. The fatigue damage index is collected from the material recorders (Section 2) and presented
here to clarify the impact of low-cycle fatigue. The fragility curves are calculated using the modified damage

index [53] that combines flexural, shear and bond-slip damage.

5.1 Investigating the impact of bidirectional loading using single excitation (1D-2D MS)

Reviewing the literature and current practice, the seismic performance assessment and design of RC structures
is mainly achieved by 2D models, hence neglecting the three-dimensional characteristic of ground motions. It
has been revealed experimentally that bidirectional loading tends to reduce the ultimate stiffness/strength of
RC columns, and in the rectangular column, this reduction can be approximately from 50% to 75% [15]. This
amplification in damage under bidirectional loading can significantly reduce the ultimate capacity of the
columns and ultimately endanger the integrity of RC structures. However, the combined impact of

bidirectional excision and random characteristics of ground motions has not been explored thoroughly.

This section presents the result of extensive investigation regarding the circular and rectangular RC
columns under uni- and bidirectional loading. The IDA simulations were performed using the 31 selected MS
records, therefore the unidirectional IDA simulation has been conducted using 62 individual records. The
summarised IDA curves are given in Fig. 7 (a and b). It is evident that for lower drift levels less than 1%, the
difference between uni- and bidirectional excitation is minimal. However, for the circular and rectangular RC
columns, the median IDA curve shows a significant reduction in capacity for columns under bidirectional
loading. Fig. 7(c and d) presents the distribution of low-cycle fatigue damage index for the RC columns under
uni- and bidirectional excitations. The results belong to the maximum fatigue damage index of the quadrant
and corner reinforcements for the rectangular and circular cross-section, respectively. Generally, the
bidirectional loading increases the median fatigue damage index. However, under unidirectional loading, the
steel reinforcement in the circular column shows a higher value of the median fatigue damage index in
comparison with corner bars at the rectangular section. This can be justified considering that the quadrant
reinforcements in circular section go under higher amplitude variation of cycle strain. On the other hand,
reflecting on bidirectional loading, the corner bars in the rectangular cross-section show a significant increase
of fatigue damage index. The same observation has been reported by Hachem et al. [24] and Sengupta et al.
[30] about the impact of bidirectional loading and the important contribution of low-cycle fatigue for RC
columns. On a related matter, the same observation was reported by Zeris et al. [28]. They found that under
bidirectional loading, high strains may be induced at the critical section level, particularly at the corner

reinforcements.

To fully understand the damage mechanism of circular and rectangular sections under bidirectional

loading, it is essential to look at the material response of concrete and steel fibres. Fig. 8 shows the cross-
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sections and the selected longitudinal reinforcements and their associated notation (i.e. East, West, North,
South for circular section and NW, NE, SW and SE for rectangular column). As an example, the response of the
rectangular and circular RC columns under a sample MS excitation scaled at Sa(T1)=1 g have been examined.
In particular, the bidirectional drift, drift time-history, stress-strain response of longitudinal reinforcement and
core concrete adjacent to the selected longitudinal reinforcement and the fatigue damage index time-history
for uni- and bidirectional excitations are presented in Figs. 9 and 10 for rectangular and circular columns,

respectively.
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Fig. 8. Cross-section of circular and rectangular RC column and the location of the selected longitudinal

reinforcements to demonstrate material responses

The impact of bidirectional loading can be seen by comparing the stress-strain response of steel and
concrete, and the fatigue damage index. For instance, Fig. 9(a) presents the drift in X and Y directions. The red
and blue markers highlight the maximum directional drift, while the black circular marker shows the maximum
resultant drift. The stress-strain curves for two corner longitudinal reinforcements with the maximum
response in compression and tension are presented in Fig. 9(b). The SW-corner reinforcement is at the highest
compression corresponding to the peak resultant drift. It can be interpreted that the SW-corner bar is at the
post-buckling stage followed by a premature core concrete crushing, while the NW-corner reinforcement is
under the maximum tensile stress. The response of the concrete fibres adjacent to the longitudinal
reinforcements is given in Fig. 9(c). Similarly, the South-West corner is under the highest compression while
the North-West failed under tension and stress has dropped to zero. The important observation is presented
in Fig. 9(d), as the material responses reach to the highest values, the fatigue damage index for the selected
longitudinal reinforcements is not noticeable and it gradually increases by the end of the loading cycle.

The material responses under unidirectional loading are presented in Fig. 9(e-1). The materials’ stress-
strain curves for both horizontal directions show a considerably lower strain comparing to those observed
under bidirectional MS excitation, as it was also mentioned by Zeris et al. [28]. Comparing Fig. 9(b, f and j), it
is evident that in this example the buckling of the South-West (SW) longitudinal reinforcement only occurs
under bidirectional loading and the values of fatigue damage index are slightly higher in comparison to

unidirectional loading.

19



0.02 600 5 0.12
/"4 ] i
/ 7] /
= £ / x
S A7 » ] / 2 g
3] 1] © | g ’
8 8 g1 £
5 0 » 0 | 5200 £0.06
> g |/ g £
= o [ © i\ ——SW corner @ ——SW comer
= —Resultant drift [ o w
o * Peak X direction drifl / —NW comer 5 W comer T NWecorner
= Peak Y direction drift -~ ® Peak resultant drift! Q ¢ Peak resultant drift ® Peak resultant drift
® Peak resultant drift ® Peak resultant drift| ® Peak resultant drift Y ® Peak resultant drift
-0.02 -600 -45 0 ———
-0.02 0 0.02 -001 0 0.01 0.02 0.03 001 0 001 002 0.03 0 10 20 30
Drift (X direction) Bar strain Core concrete strain Time (sec)
(a) (b) () (d)
0.02 600 5 0.12
T ——NE & SE comer
‘J ) | 2 ——NW & SW comer,
| o x o Max X-drift
” | / z ] * Max X-drift
» [ @ o
& 2 // / 3 N
5 0 » 0 I/ & -20 ©0.067
— If c o
3 L 8 | =
m W e & s comer by | NE & SE comer & B
| ~——NW & SW corner| ‘5 NW & SW comner| T
—— X component! ) ® Max X-drift &) Max X-drift
* Max X-drif . ® Max X-drift ® Max X-drift J
-0.02 -600 -45 0
0 10 20 30 -001 0 0.01 0.02 0.03 -001 0 0.01 0.02 003 0 10 20 30
Time (sec) Bar strain Core concrete strain Time (sec)
(e) (f) (8) (h)
0.02 600 5 0.12
* ——NE & NW corner
$ ——SE & SW corner
@ ® Max Y-drift
» @ 3 ® Max Y-drift
o —
S ¢ g £ ra
a0 » 0 5 -20 ©0.06 .
[ [ = (=) —
[ S S Y
@ | ——NE & NW corner| © ——NE & NW corner E
@)~ SE & SW comer 5 . ——SE & SW comer
—Y component 7| ® Max Y-drift Qo ® Max Y-drift
® Max Y-drift ® Max Y-drift ® Max Y-drift
-0.02 -600 -45 0
0 10 20 30 -001 0 0.01 002 003 001 0 001 0.02 0.03 0 10 20 30
Time (sec) Bar strain Core concrete strain Time (sec)
(i) () (k) (1)

Fig. 9. Material response under bidirectional and unidirectional MS for rectangular RC column, (a, b, c, d)
bidirectional drift, corner bar stress-strain curve, core concrete stress-strain, and fatigue damage index for
corner bars; (e, f, g, h) X-direction drift time history, corner bar stress-strain under X-direction loading, core
concrete stress-strain under X-direction loading, and fatigue damage index for corner bars under X-direction
loading; (I, j, k and ) according to Y-direction response

Similar to the rectangular cross-section, the material response for circular RC column is presented in
Fig. 10. The locations of the selected longitudinal reinforcements can be seen in Fig. 8, labelled as North, South,
West and East sides. The comparison between bidirectional and unidirectional of circular cross-section
suggests that, unlike the rectangular section, the circular section is less sensitive to bidirectional loading due
to its omnidirectional stiffness/strength (i.e. azimuth independent structure). However, the fatigue damage
index is slightly higher especially under unidirectional loading as the selected reinforcements at the edge is

under higher amplitude of cyclic deformations (Fig 9(1)).
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Fig. 10. Material response under bidirectional and unidirectional excitation for circular RC column; (a, b, ¢, d)
bidirectional drift, bar stress-strain curve, core concrete stress-strain, and fatigue damage index for bars; (e,
f, g, h) X-direction drift time history, bar stress-strain under X-direction loading, core concrete stress-strain
under X-direction loading, and fatigue damage index for bars under X-direction loading; (I, j, k and I)
according to Y-direction response

To clarify and summarise the impact of bidirectional loading on the seismic assessment of RC columns,
fragility curves (i.e. cumulative distribution function) for circular and rectangular columns under uni- and
bidirectional loading are presented in Fig. 11. Three damage limit states based on modified damage index
proposed by Mergos and Kappos [53] have been introduced. The median value for each damage state has
been used to generate the fragility curves. Therefore, calculated damage with A;,; of 0.1, 0.35 and 0.75 are
considered as minor, moderate and severe damage respectively. The physical definition of each damage state

is provided in Table 2.

Fig. 11 shows that bidirectional loading has an impact on the fragility curves and the moderate and
severe damage are more affected under bidirectional loading. Furthermore, the probability of severe damage
for the rectangular column is higher in comparison to the circular column, suggesting that the rectangular
columns are more sensitive to bidirectional loading. For example, at Sa(T1)=3 g, for circular RC column, the
probability of minor, moderate and severe damage under unidirectional excitation is 54.3%, 36.3% and 9.4%
respectively, while the corresponding probability for the same damage levels under bidirectional excitation is

21%, 48.3% and 30.7%, respectively. This shows that including bidirectional loading can significantly increase
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the probability of moderate and severe damage at the same Sa(T1) in comparison to unidirectional (more than
double at severe damage limit). Likewise, at Sa(T1)=3 g, for rectangular RC column, the probability of minor,
moderate and severe damage under unidirectional excitation is 61.4%, 28.9% and 4.7% respectively, while the
probability for the same damage levels under bidirectional excitation is 25.9%, 49.6% and 24.5%, respectively.
This shows the sensitivity of rectangular RC column at this Sa(Ti) is approximately 5 times greater in
comparison to unidirectional excitation at the severe damage limit. A similar trend of having a significant

increase in the probability of moderate and severe damage is dominant for all range of Sa(T1).
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Fig. 11. Fragility curves for (a) circular and (b) rectangular columns under unidirectional and bidirectional
single excitation (MS) loading

5.2. Investigating the difference between bidirectional single and multiple excitations (2D MS-MSAS)
The impact of aftershocks under unidirectional ground motion has been investigated by other researchers,

examples can be found in [40-45]. To the authors’ best knowledge, the current literature is based on 2D models
excited under unidirectional loading. This paper is the first study to implement a holistic approach by
integrating bidirectional loading with real MSAS sequences. The median IDA curve for MS and MSAS are
presented in Fig. 12 for both circular and rectangular columns using the proposed modelling technique. From
Fig. 12(a and b), it can be seen that under bidirectional excitation, aftershock reduces the capacity of the

columns in particular for the resultant drifts of more than 3%.

The fragility curves for RC columns under bidirectional MS and MSAS are presented in Fig. 12 (c and
d). The minor damage for both cross-sections is slightly affected; however, the moderate and severe damages
are remarkably affected under MSAS. For instance, the probability of minor, moderate and severe damage
under MS for the circular column at Sa(T1)=3 g, is 30.0%, 49.0% and 21.0% respectively. The corresponding
probabilities for MSAS are 14.0%, 56.0%, and 30.0% which shows a significant increase in moderate and severe

damage under MSAS excitation (up to 40% for the severe damage).
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Fig. 12. Comparing the impact of bidirectional MS and MSAS; (a) median IDA for the circular column, (b)
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5.3. Comparison between unidirectional and bidirectional multiple excitations (1D-2D MSAS)
To investigate the impact of bidirectional loading on the failure mechanism of RC columns, the IDA results

under uni- and bidirectional multiple excitations have presented in this section. Fig. 13 presents the IDA
median curves, fatigue damage index and fragility curves for circular and rectangular RC columns under uni-
and bidirectional multiple excitations. It can be seen that bidirectional loading reduces the capacity of the RC
column in particular for higher values of resultant drift as presented in Fig. 13 (a and b). The sensitivity of
rectangular RC column is slightly higher to bidirectional loading. This could be because of corner bar buckling
in rectangular cross-sections. Khaled et al. [14] and Kashani et al. [45] have also reported that at large
displacements, buckling and fracture of corner bars in rectangular RC columns can happen, which is not a
desirable response for an RC column. The maximum fatigue damage index for longitudinal corner bars under
uni- and bidirectional MSAS is presented in Fig. 13 (c and d). For the rectangular column, the materials

response (i.e. stress-strain and fatigue damage index of steel bars) of four corner bars are recorded. Under
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each IDA run, the peak fatigue damage index has been considered, similarly, the four-quadrant bars for the
circular section have been recorded and the maximum is presented in Fig. 13(c). It can be concluded that the
maximum fatigue damage index is higher under bidirectional loading. However, reflecting on the material
responses that were presented in Figs. 9 and 10, the fatigue damage index is gradually increased by the end
of the loading cycle. It is worth mentioning that the fatigue models are very sensitive to the calibration
parameters and they are inherently uncertain, therefore careful interpretation is suggested when using such
models in analytical simulation. Further experimental investigation regarding the impact of low-cycle fatigue
and refining the accuracy of available models can improve the outcome of seismic performance assessment

of RC structures.

To conclude and quantify the impact of bidirectional loading on RC columns, the fragility curves for
both models under uni- and bidirectional MSAS excitation are presented in Fig. 13 (e and f). Probability of
exceedance of minor damage is slightly affected by the direction of loading. However, the probability of
exceedance of damage for moderate and severe damage levels are significantly affected by including

bidirectional loading. This is more prominent for the RC column having a rectangular cross-section.
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Fig. 13. Comparing the impact of unidirectional and bidirectional loading on circular and rectangular
columns, (a and b) median IDA curves, (b and c) fatigue damage index and (c and d) fragility curves

For further clarification, the resultant drift ratio and the total damage index for circular and

rectangular columns under uni- and bidirectional loading is presented in Fig. 14 (a and b). It can be seen that
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the rectangular column is more sensitive to bidirectional loading while the circular column is less affected by
bidirectional loading. A damage contour plot for the angle of peak resultant deformation versus peak resultant
drift is presented in Fig. 14(c and d). The damage is gradually increased independent to the angle of peak
resultant drift for the circular column, while for the rectangular column the damage at 45 degree reaches to
unity in lower resultant drift ratios. It must be noted that Fig. 14(d) is associated with a square cross-section
having a symmetrical stiffness. The angle of the maximum resultant drift under bidirectional excitation is a
random variable, due to the probabilistic characteristics of the ground motion records and different width to

height ratio of a rectangular cross-section. As a result, the significance of bidirectional loading might vary under

different cross-sectional geometries or a different set of ground motion components.
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ratio, (c and d) damage contour-plot for the angle of peak resultant drift versus resultant drift

6. Conclusion

This paper investigates the impact of bidirectional multiple excitations on the seismic performance of circular

and rectangular RC columns. An advanced FE model which is capable of simulating multiple degradation
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mechanisms of RC members has been used. The model accounts for bar buckling, low-cycle fatigue and bond-
slippage which experimentally have been proven to be critical for RC members under bidirectional loading. To
investigate the impact of low cycle fatigue degradation of longitudinal reinforcements, multiple excitations
including real mainshock and aftershock have been considered. Moreover, an advanced damage index is
implemented to quantify the various sources of damage including flexural, shear and bond-slip. A unique set
of as-recorded real mainshock-aftershock sequences has been selected by using conditional means spectrum
that reflects the seismicity of the specifically chosen site in the output of this paper. All of the above-mentioned
aspects (i.e. structural modelling technique, cross-sectional geometry, inclusive damage index, accurate
ground motion selection) make this study a comprehensive investigation regarding the impact of bidirectional
behaviour of RC columns. However, it is important to clarify that the findings of this study are only valid for
the selected columns, and ground motion records; and therefore, no generalised conclusion is the intention
of this study. A comprehensive study has been planned to investigate the impact of longitudinal
reinforcement’s ratio, the volumetric ratio of transverse reinforcements and the axial force ratio for RC

columns under bidirectional loading. The main findings of this paper are as follows:

e Bidirectional loading has a significant impact on the seismic performance of RC columns in comparison
to unidirectional loading. For instance, the severe damage for the circular and rectangular column at
Sa(T1)=3 g can be increased up to 2 and 5 times greater, respectively in comparison to unidirectional
excitation.

e Rectangular column considered in this paper has a weak axis at 45 degrees is more sensitive to
bidirectional loading in comparison to the circular column which has a similar stiffness/strength in all
directions (omnidirectional stiffness structure).

e |ow-cycle fatigue failure and longitudinal bar inelastic buckling have a noticeable contribution in
damage of RC members, in particular, the corner bars of rectangular columns. However, the
uncertainty of fatigue material models must be addressed when interpreting the outputs. Further
research is warranted to calibrate the fatigue material model parameters to represent the strength
reduction more realistically.

o Aftershock induces more damage in both the studied columns and increases the probability of
collapse.

e The combined local damage index modified to be used for bidirectional loading can successfully

predict the damage of RC members under flexural, bond-slip and shear damage.
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