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Abstract

This study investigates the ultimate capacity, in terms of input energy E; expressed as equivalent velocity Vg, of waffle-
flat-plate (WFP) structures subjected to biaxial seismic actions. First, the results obtained from shake-table testing carried
out on a WFP specimen subjected to biaxial seismic loads are briefly presented. The specimen was subjected to the two
horizontal components of the ground motion recorded during the Campano-Lucano earthquake (Italy, 1980) at Calitri
station (C). The loading was applied in successive seismic simulations of increasing intensity until the collapse of the
structure. Next, a numerical model was developed and calibrated with the experimental results. This model was, in turn,
subjected to a set of ordinary records (without pulses). Each pair of records was applied in a sequence of scaled seismic
simulations until failure. The ultimate state was assumed to be reached when the specimen or the numerical model
experienced large lateral displacements. The ultimate values of Ve in the X and Y directions, Ve, and Vgy, obtained for the
test specimen and for the numerical model are presented. Furthermore, a simple model is tentatively proposed to
characterize the ultimate capacity of the structure in terms of energy, under biaxial seismic actions.
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1. Introduction

The seismic capacity of structures is usually established through two independent analyses in two (orthogonal)
horizontal directions. Then, the maximum values of forces and displacements are obtained by applying
combination rules such as the square root of the sum of the squares (SRSS) or its linear approximation in
proportion 1:0.30 [1]. Eurocode 8 Part 1 applies this procedure to both the force-based methodology
represented by the modal response spectrum analysis and the non-linear static analysis (pushover). Further
methodologies such as displacement-based design [2,3] or energy-based design [4] estimate the capacity of
the structure by analyzing two planar models.

Most studies on the seismic capacity of RC structures under bidirectional seismic loadings are related
to isolated structural elements, mainly columns. The interaction of biaxial bending moment with axial force
[5] and stiffness degradation [6,7] are topics deeply studied for columns. The capacity of columns subjected
to bidirectional cyclic loadings has been also studied, especially through interaction curves for strength and
displacements. De Stefano and Faella [8] proposed a yield condition for two degree-of-freedom models
subjected to bidirectional loadings represented by an elliptical domain for both strengths and displacements.
Bousias et al. [5] tested columns under biaxial loading and proposed an ultimate elliptical domain for the chord
rotation from one obtained under uniaxial loadings along the two main axes. Fardis [9] proposed a similar
expression for yielding. The capacity of columns in terms of dissipated energy has been also studied. Columns
subjected to bidirectional loadings with constant axial load lead to levels of dissipated energy higher than under
uniaxial load [6,8]. Nevertheless, this is not so evident when the axial load is not constant [7], which is the
case for example of corner columns. Because the evolution of damage in columns subjected to bidirectional
loadings is an important issue, indexes capable of tracking this damage have been proposed in the literature
[10]. The hysteretic behavior is also affected by biaxial loading; for columns, the hysteretic and softening
properties are different under bidirectional and under uniaxial loading.
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The response of the complete structure under biaxial cyclic loadings cannot be assessed as a simple
extension of the response under uniaxial loadings. Furthermore, the results obtained for isolated columns
cannot be simply extrapolated to the whole structure. Magliulo and Ramasco [11] compared the response of a
RC multistory frame building under unidirectional and under bidirectional seismic loadings, and showed that
even though base shear and top displacements were similar, there were significant differences in terms of
plastic deformation demands in columns. In contrast to uniaxial loading, there is a critical incidence angle of
bidirectional seismic loading that produces the maximum response of the structure [12]. De Stefano and Faella
[8] investigated one-story systems subjected to two-components of the earthquake (torsional effects not
considered) and found that the hysteretic energy demand tends to concentrate in the stiff direction —lower
period— and that this damage concentration is particularly significant for short periods. These authors
proposed an overstrength in that direction (between 20% and 40%) for offsetting the increase of the expected
damage with respect to that under unidirectional loading. In terms of displacements, a considerable increase is
observed in systems subjected to bidirectional loadings with respect to unidirectional loads [13].

The influence of spatial effects derived from the torsional effects is also a critical issue in structures
under bidirectional loadings, even for symmetric structures that undergo plastic deformations. Goel [14] found
that symmetric and asymmetric structures have a similar demand for input and hysteretic energy; but the
distribution of energy in asymmetric structures can be significantly different, with higher demand in flexible
frames (closer to the mass center) than that in stiff frames (farther from the mass center). Moreover, the change
of stiffness in one direction can affect the structural behavior notably in the orthogonal direction, which in turn
depends on the characteristics of the ground motions.

Most of the experimental research on structures subjected to bidirectional loadings is based on
pseudostatic tests, whereas studies based on shake-table dynamic tests are scarce [15,16]. This paper addresses
seismic capacity in terms of energy of waffle-flat-plate structures subjected to bidirectional seismic loadings.
Firstly, a numerical model that represents a portion of a 3-story waffle-flat-plate structure with an irregular
layout of columns was developed and validated —the benchmark numerical model— through the results
obtained in a shake-table test. Secondly, different sets of pairs of ground motion records were selected and
applied in a sequence of scaled seismic simulations to the numerical model until collapse. Eventually, the total
input energy and the energy dissipated through plastic deformations up to collapse was obtained and is
discussed.

2. Benchmark numerical model and validation
2.1 Shake-table tests

First, a 3-story prototype structure consisting of waffle-flat-plates supported on isolated columns with an
irregular layout was designed. The structure corresponds to a residential building located in Granada —a low-
to-moderate seismicity region of Spain— and designed according to current Spanish standards. From the
prototype, a portion formed by one exterior and two interior columns comprising one and a half stories —
ground floor and first story— was selected and scaled by 2/5 (Fig.1). The ends of the columns of the upper
story were pinned to reproduce null bending moment conditions at mid-height of the columns under lateral
load. Steel plates were placed above the columns to simulate the gravity loads and to satisfy similitude laws.
The scaled portion of the prototype structure was built in laboratory and instrumented with accelerometers,
displacement transducers (LVDTs and lasers) and strain gauges. Fig.2 offers details of the geometry and
reinforcement of the structural members. For columns, S-0, S-1 and S-2 respectively correspond to the sections
at the lower part of the columns (foundation), at the upper part of the columns in the ground floor (below the
plate), and at the lower part of the columns in the first floor (above the plate).
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Fig. 1 — Specimen of waffle-flat-plate structure: (a) view in elevation; (b) view in plan
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Fig. 2 — Geometry and reinforcement of columns (a), transverse beam (b) and ribs of the plate (c)

The specimen was set up on a shake-table equipped with two horizontal actuators (Fig.3) and subjected
to bidirectional simulations until collapse using the two horizontal components of the ground motion registered
at the Calitri station during the Lucano-Campano earthquake (Italy, 1980). The peak ground acceleration, PGA,
of the original records was scaled to 35%, 50%, 100%, 200% (partial), 200% (full) and 300% (hereafter
identified as C35, C50, C100, C200i, C200 and C300, respectively) in order to produce increasing levels of
the seismic action. Before applying this sequence of seismic simulations, the specimen was subjected to a
short-pulse vibration during the training phase, named T10. Response in terms of forces, displacements and
energies obtained from the test are explained in detail in reference [15].
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Fig. 3 — View of the specimen installed on the shake-table equipped with two actuators
2.2 Benchmark numerical model

A 3-D numerical model that represented the tested specimen —benchmark numerical model— was built in
OpensSees [17]. The model is made up of 1802 nodes and 1810 elements. Columns proved to be the critical
elements in the numerical model, since they exhibited the largest non-linear behavior during tests and governed
the overall response of the structure. RC columns were modeled using non-linear frame elements. Concrete
compressive strength was 44 MPa and the yield strength of the steel rebars 545 MPa, with a strain-hardening
ratio of 0.003. The non-linear behavior is formulated according to the Modification of Two-Point Gauss—Radau
Integration, for which the frame element comprises three parts: the two end parts are lumped plastic hinges,
while the central part uses fiber elements. The length of the end parts is determined by the plastic hinge length,
I,, which is taken here as the depth of the transverse section, i.e. I, = 160 mm according to the ACI code. As
for the fiber elements, the transverse section is discretized by a grid of 2x2 mm fibers of concrete, which are
replaced by steel when they are occupied by rebars. In addition, the hysteretic behavior of the concrete was
defined through the parametric model proposed in [18], adapted to the constitutive model proposed in [19].
For steel rebars, the Giuffré-Menegotto-Pinto model with isoparametric strain hardening was used. The non-
linear behavior of the plastic hinges is characterized by means of the moment-curvature backbone curve, i.e.
M-, and the corresponding hysteretic law in each main direction. The M-¢ curve is defined by yield moment,
My, and the yield and ultimate curvatures, ¢y and ¢,. My was estimated using the empirical expression proposed
by Fardis [9] with a reduction of 20% to account for the biaxial cyclic loading —interaction factor— [7,20].
First, ¢yand ¢, were calculated as ¢,=8/1, and ¢, = 8./1,, where & and 4, are the yielding and ultimate rotation
obtained with empirical formulae [9]. Next, these initial values were modified to fit the results obtained from
the tests. The stiffness degradation implemented in the hysteretic law was based on the study carried out by
Rodriguez et al. [7].

The waffle-flat-plate is formed by a grid of ribs and solid zones around the columns. The grid of ribs,
was modeled with elastic frame elements according to the transverse sections shown in Fig. 2c, with a 20%
reduction of stiffness to account for cracking. The solid zones were modeled through shell elements with
dimensions, on average, of 42x42 mm; these shell elements support geometry non-linearity. In order to reduce
the computational time, non-linearity was adopted only for the shell elements of certain parts of the solid zones
around the columns, those showing damage in the test. Shell elements were defined through multilayer shell
sections with a total of nine layers. The thickness of each layer depends on the existence (or not) of
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reinforcement. Rebars at the top and the bottom of the plate cross-section did not form a layer strictly speaking
because they appeared as discrete points, for which reason they were considered as smeared steel layers of
equivalent thicknesses, one per each reinforcement direction. Therefore, complete reinforcement entails four
smeared steel layers, two for the upper part and two for the lower. The remaining layers are made up of concrete
with variable thickness. The shell elements without reinforcement —plain concrete— do not have smeared
steel layers. The solid zones were therefore subdivided into different parts according to the heterogeneous
distribution of the reinforcement (Fig.4). The constitutive model used for concrete is based on the concept of
damage mechanics and the smeared crack model. Cracks are assumed to form when the principal tensile stress
exceeds the specified concrete tensile strength. After cracking, concrete is treated as an orthotropic material
by smearing the cracks in the finite element. The properties of reinforcing steel are derived from the uniaxial
materials for rebars in accordance with the corresponding angles of the steel layer in the model.
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Fig. 4 — Solid zone discretization in interior and exterior column-slab connections

The spandrel beam (transverse beam) connected to the edge column C1 (Fig.2b) was modeled as an
elastic beam element with torsional plastic hinges that reproduced the severe damage observed during the tests.
The backbone curve of the torsional spring is a simplified version of the model developed by Valipour and
Foster [21], shown in Fig.5. It is defined through three points: cracking torsion (¢1 ,Ter); ultimate torsional
capacity (¢, Ty); and torsional failure (¢s,Tu).

If ultimate torsion is
associated with
Torque yielding of steel bars

Tu

Cracked

— Valipour et al.
—— Trilinear

Uncracked

@ P3

u Twist
Fig. 5 — Constitutive model for torsion in a frame element

Finally, Fig.6 gives an overview of the numerical model that includes all the elements described above.
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Fig. 6 — Overview of the model
2.3 Experimental validation of the benchmark numerical model

The benchmark numerical model was subjected to the same combination of loads as the specimen tested in
laboratory using OpenSees software. Firstly, the gravity loads were applied in a static analysis; afterwards,
non-linear time history analyses (NLTHAs) were carried out following the same sequence of seismic
simulations used for the shake-table tests (from simulations T10 until C300). A mass-proportional damping
model was defined and calibrated with experimental test data, in order to consider a classical damping matrix
that prevents spurious damping [22] and to reproduce the increasing damping obtained in the tests. The
damping matrix, C —classical— is defined by C = agM, where ay is a parameter and M is the mass matrix. In
turn, ao is defined through the expression ao = 2&a, where & and w; are the damping ratio and the angular
frequency —corresponding to the frequency, fi— of the i-th vibration mode. The reference damping to
calculate ap was & = 3%; this value is close to that obtained experimentally under elastic deformations, i.e.
2.4% [15]. Therefore, the parameter ao was obtained from & = 3% and @, = 2=f, = 273.16 = 19.85 rad/s, being
equal to 1.19. Using this damping model, the damping ratio for the first vibration mode at failure was & =
7.2% for f1 = 1.3 Hz; this value is close to the one measured at the end of the tests, 9.2% [15].

Next, the response of the numerical model was compared with the experimental results. Fig.7 shows the
history of the top displacement. The response in X and Y directions for the successive simulations —C35,
C50, C100, C200i, C200 and C300— is depicted in the two central graphs of the figure. Further, some parts
of these response histories, corresponding to specific simulations, are shown at the top and bottom of the figure.
Simulations C50 and C200i are depicted for the X direction at the top —subfigures a) and b)— and simulations
T10, C200i and C300 are depicted for the Y direction at the bottom part —subfigures c), d) and e). A good
agreement is observed between the numerical prediction and experimental response, especially for the lower
and moderate intensity levels, i.e. until the onset of C200. Nevertheless, for higher intensity levels —C200 and
C300— the large strength degradation observed in the tests, especially at the ends of columns and at the edge
of the column-slab connection, was not properly reproduced in the numerical model, which led to the observed
differences. This is clearly seen in Fig.8, where the maximum displacements obtained for the two components
in the numerical model are found to match the experimental results very well up to C200.
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Fig. 8 -Maximum top displacement: numerical model vs experimental test

Fig.9 shows the history of total energy input in the specimen by the bidirectional seismic loading, E,
(Fig.9a) and the input energy introduced separately by the X and Y components of ground motion, i.e, Eix (Fig.
9b) and Eiy (Fig. 9c), respectively. The numerical model is seen to predict the input energy until the onset of
simulation C200i very well. From this point on, the numerical model underestimates the input energy measured
experimentally. It is important to note that the response history in terms of input energy provides a more
convenient and accurate criterion to assess the goodness-of-fit between model and test, preferable to
displacement or force histories. Displacements or forces are vectors defined at specific parts of the structure;
in contrast, energy is a scalar quantity that characterizes the overall response of the entire structure [23].
Moreover, variations in the input energy history are better distinguished by using a logarithmic scale.
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3. Seismic capacity of waffle-flat-plate structures

3.1 Numerical analyses

The benchmark numerical model described in the previous section was subjected to a selection of ground
motion records to obtain the ultimate capacity of the specimen in terms of energy. The ground motion records
were selected from the database prepared by Lucchini et al. [24]. In turn, this database was built from the
international database of Campbell and Bozorgnia [25] by excluding all records with moment magnitude
smaller than 5 and with a recognizable pulse in the ground velocity (i.e. pulse-like ground motion records
were excluded). The records were selected on the basis of the following two criteria. First, the scale factor SF
to be applied to the accelerograms in order to achieve a total input energy —in terms of pseudo velocity
Ve=(2E/M)®®, where M is the total mass of the structure— of Ve = 70 cm/s was between 1/3 and 3. Ve = 70 cm/s
is the input energy measured in the specimen tested on the shake-table (section 2.1) when it was on the brim
of yield under uni- and bidirectional loadings [15,26]; it will be referred to as Ve (=70 cm/s) herein. The
energy input in the X and Y directions at the onset of yielding of the structure, i.e. when Vg7 (=70 cm/s) is
attained, will be respectively referred to as Ei 70 and Eix 7o, and the corresponding equivalent velocities are Vex7o
= (2Eix,70/M)%5 and Vey,70 = (2E1,70/M)°5. In general, Vex 70 and Vey 70 are different for each ground motion. Second,
the PGA of the ground motion after scaling by SFz, was 0.3g at most. This condition was imposed to avoid
excessively large values of PGA when the numerical model collapses. The records were classified in five sets,
Set 1 to Set 5, according the ratio Vey70/Vex7o as follows: 22.91%atan(Vey,7o/Vex70)<32.65° for Set 1;
32.65%atan(Vey7o/Vex0)<42.40°  for  Set 2;  42.40°%atan(Vey7o/Vexr0)<52.14°  for  Set  3;
52.14%atan(Vey,70/Vex,70)<61.88° for set 4; and 61.88°<atan(Vey7o/Vex70)<71.62° for Set 5. Seven records
corresponding to different earthquakes were chosen within each set according to the lowest SFy criteria. The
records are identified by the earthquake name followed by the record sequence number in the Campbell and
Bozorgnia database. The X and Y components of each ground motion scaled by SFz were applied
simultaneously to the benchmark numerical in successive seismic simulations by using a sequence of scaling
factors 100%, 200%, 300%... until collapse. That is, 100% meant that the scaling factor applied to the original
ground motion was SF7, for 200% the scaling factor was 2xSF, and so on. In addition, within each Set, one
ground motion was selected and the X and Y components were applied separately to the numerical model until
failure, in order to investigate the ultimate capacity under unidirectional seismic loads. In total, 45 NLTHASs
were launched in a parallel scheme (OpenseesMP.exe) using a Dell Precision Tower 5810 with 12 cores at
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3.60 GHz in order to minimize as much as possible the computational time. As a reference, the mean
computational time required was 29 hours per core and record.

The elastic limit state and the ultimate limit state of the structure were determined on the basis of the
top displacement at yielding ¢, and at collapse 6. The values of &, and &, were taken from the results of shake-
table tests available in the literature involving waffle-flat-plate structures subjected to unidirectional [26], and
bidirectional loading [15]. For unidirectional loadings, these values are &,= 19.7mm and & = 43 mm [26]. For
bidirectional loadings, the values adopted are &, = 25 mm and & =55 mm [15].

3.2 Results: capacity in terms of input energy and dissipated energy

The input energy on a structure subjected to bidirectional (horizontal) seismic loading can be expressed in
terms of equivalent velocity Ve by Ve = (Ve®+Vg?)*®. Ve can be interpreted as the modulus of a vector in the
Vex-Vey plane. The same can be applied to the total energy that contributes to damage, Ep, defined as E; minus
the energy dissipated by inherent damping E, i.e. Ep= E,— E. From the energy balance of the structure [4], it
follows that Ep equals the sum of the elastic vibrational energy Ee and the energy dissipated through plastic
deformations (hysteretic energy) En, i.e. Ep=Ee+En. For high levels of plastic deformations E. becomes
negligible in comparison with Ex [4], which leads to Ep ~ En. The energy that contributes to damage can be
calculated independently in the X and Y directions, Epx and Epy, and is almost equal to the energy dissipated
in the X and Y directions, En and Eny, i.e. Epx~ Enxand Epy = Eny. The corresponding equivalent velocities are
Vox = (2Enx/M)®3, Vi, = (2Epy/M)®5 and Vp = (Vox*+Vpy?)*®. Based on the above considerations, the values of Vp,
Vox and Vpy, When the structure is near collapse can be interpreted as the ultimate energy dissipation capacity
of the structure in the form of plastic deformations, expressed in terms of equivalent velocities.

Fig.10a shows Ve (defined by its components Ve, and Vgy) obtained through numerical simulations with
the benchmark model described in section 2.2, subjected to the five sets of bidirectional ground motion records
explained in section 3.1. The results of each set (Set 1 to Set 5) are identified in the figure with different colors.
Also plotted in Fig.10a are the Ve’'s obtained with the numerical model subjected to unidirectional ground
motions (referred to as Set X and Set Y); they are identified in the legend with the letter X or Y added to the
record name. Two limit states are represented in the Figure with a symbol for each record: (i) the yielding limit
state —i.e. when the structure is on the brink of yield, which corresponds to lower values of input energy
denoted hereafter by Vee; and (ii) the ultimate limit state —i.e. when the structure is near collapse,
corresponding to higher values of input energy hereafter denoted by Ve,. The two limit states are separated in
the Figure by a solid black line. The mean x and mean plus/minus one standard deviation o are also depicted
with red and blue dashed lines, respectively, for Vee and Veu. The average values are Ve. = 96 cm/s and Vg, =
226 cm/s, with standard deviations equal to 23 cm/s and 63 cm/s, respectively. In terms of equivalent velocity
this entails an ultimate energy dissipation capacity through plastic deformations of the structure over twice,
i.e. 2.35, the energy the structure can store in the form of elastic deformations. In terms of energy, the increase
is more than fivefold, i.e. 5.54. A more detailed analysis of the results is reported in Table 1, where the mean
and the coefficient of variation, COV, are also shown for each set of records. Moderate differences are seen
among the different groups for both Ve, and Veu. The highest Ve /Ve. ratios are found under unidirectional
loading (Ves/Vee = 2.63 and Veu/Vee = 2.67 for X and Y directions, respectively), but they are still close to the
mean 2.38 (COV =0.22).

Moreover, Fig.10b shows the maximum energy dissipated through plastic deformations until failure
(hysteretic energy) in terms of equivalent velocity, Vp, achieved in the numerical model under the
aforementioned sets of ground motions. The same representation criteria as in Fig.10a are used. On average,
Vp = 142 cm/s with a standard deviation of 42.57 cm/s. Table 1 indicates that the COV for Ve, and Vp are 0.28
and 0.30, respectively. This means that the effect of bidirectional loading is not decisive for obtaining a
reference value, on average, for the ultimate capacity of the structure in terms of energy.
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Fig. 10 — Bidirectional interaction diagram: (a) input energy; (b) hysteretic energy

Table 1 — Analysis of the input energy and the energy that contributes to damage obtained from NLTHAs

Set mean cov mean cov mean cov mean Ccov mean cov
VEe VEe VEu VEu Veu/VEe | VEUWVEe Vb Vb Vo/Veu | Vo/VEu
(cm/s) | (cm/s) | (cm/s) | (cmlis) (cm/s) | (cmlis)
X 74.72 0.18 194.35 0.13 2.63 0.10 128.22 0.09 0.67 0.08
1 107.79 0.30 218.10 0.28 2.12 0.27 147.35 0.31 0.68 0.12
2 108.12 0.20 284.60 0.24 2.63 0.11 177.23 0.23 0.63 0.05
3 103.24 0.17 248.53 0.19 2.43 0.15 169.00 0.23 0.68 0.09
4 94.50 0.22 180.69 0.22 1.94 0.16 117.39 0.20 0.66 0.15
5 94,57 0.10 229.73 0.27 2.42 0.22 134.30 0.27 0.59 0.11
Y 80.87 0.16 212.07 0.21 2.67 0.24 105.52 0.30 0.49 0.19
All 96.35 0.24 225.86 0.28 2.38 0.22 141.90 0.30 0.63 0.15

In Fig.10, the symbols located on the X or Y axis represent the responses of the models subjected only to one
component (in X or Y direction, respectively) of the ground motion. For most records, the values of Vee, Veu
and Vp obtained under unidirectional loadings were similar or slightly smaller than those obtained under
bidirectional loadings (70%, 85% and 80%, respectively on average). One exception is the response under the
Y component of Kobe-1115 —it alone that shows values of Ve, and Vp that are about 40% higher than those
under bidirectional seismic action. This behavior was also observed in the results of the shake-table tests: the
Vey and Vp obtained for the specimen subjected to unidirectional loading along X direction [26] —represented
by red star symbols— are 30% (Fig.10a) and 200% (Fig.10b) higher, respectively, than those achieved under
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bidirectional loading [15] —represented by black star symbols— both of them being outside the range of
values obtained in the numeric simulations —dashed blue lines in Fig.10. The limited results of this study
therefore do not allow one to make a general statement about the higher capacity of structures under
bidirectional loading than under unidirectional loads. Similar results were obtained by Rodriguez H. et al. in
columns subjected to biaxial cyclic loadings and variable axial loads [7]. It is worth noting that the columns of
the specimen are prone to undergo variable axial loads under both unidirectional and bidirectional cyclic
loadings due to the structural scheme of the specimen itself —three columns. This could explain the results
obtained. Interestingly, it can be observed in Fig.10 that the ultimate energy dissipation capacity of the structure
tends to be quite balanced in the X and Y directions (i.e. the points in Fig.10a are close to the 45-degree line).

4. Conclusions

This study investigated the seismic behavior of reinforced concrete waffle-flat-plate structures subjected to
bidirectional seismic loadings. The seismic behavior of a specimen that represents a 2/5 scale portion of a
prototype structure of this type was tested on a shake-table under bidirectional ground motions until collapse.

A non-linear finite element model —benchmark— that represented this specimen was developed, calibrated

and validated with the experimental results. The numerical model was subjected to five sets of seven ground

motion records. Each record was scaled with increasing values of the ground acceleration until collapse. In
addition, five records were selected (one from each set) and the X and Y components were applied separately
in only one direction until collapse. The results indicate that:

e Thetotal input energy, Ve, or the total hysteretic energy, Vo —expressed in form of equivalent velocities—
required to cause the collapse of the structure (ultimate capacity of the structure in terms of energy) remains
basically the same when the two horizontal components of the ground motion are simultaneously applied.

e The total input energy that the structure can endure until collapse is about five times the maximum energy
that the structure can store within the elastic range. In terms of equivalent velocity, the difference is about
twice.

e The capacity of the structure under bidirectional loadings is in most cases slightly higher than under
unidirectional loadings. Nevertheless, for some ground motions the response is opposite.
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