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Abstract: Recent studies have shown the importance of including the seismic input directionality in
nonlinear analyses for an accurate prediction of the structural demand on frame structures. This paper
proposes a new method that includes the multi-directionality of the input seismic forces in Nonlinear
Static Analyses (NSAs). Conventionally, the pushover (PO) analyses apply monotonically increasing
lateral loads in two directions that typically correspond with the building X and Y directions, that
in the case of a rectangular plan are parallel to the building sides. Since in general the direction of
the seismic input is a priori unknown, the effects of applying the PO load patterns along varying
angles are studied in this paper. Two non-code-conforming reinforced concrete buildings are used as
a case study. They have identical structural design but the first one is doubly symmetric while the
second one has a significant plan asymmetry due to the translation of the center of mass. PO loads
are applied to both structures at angles between 0° and 360° with 15° increments. The results of the
NSAs are compared with those of multi-directional NHAs applied at the same angles. The structural
demands show that the multi-directional NSAs are more conservative than the conventional NSAs,
especially at the corners of the asymmetric- plan building where they can yield significantly higher
demands. The base shear capacities in the X and Y directions decrease for intermediate angles due to
the interaction between the responses in the X and Y directions that can be captured thanks to the
columns’ fiber section discretization. On average the results of the multi-directional NSAs are closer
to those of the NHAs, even though they are generally lower.

Keywords: reinforced concrete structures; multi-directional seismic input; Nonlinear Static Analysis;
Pushover Analysis; Non-Linear Response History Analysis; incident angle

1. Introduction

The direction with which an earthquake hits a building strongly influences its structural
response, particularly in the case of irregular structures. However, the epicenter—structure
direction of future seismic events is unknown and will not most likely coincide with the
structure’s main horizontal axes. In general, the seismic design of new buildings or the
safety evaluation of existing buildings is carried out considering two horizontal components
of seismic action. All seismic codes ([1-4], etc.) require, for a 3D model, a bi-directional
horizontal ground motion.

Different procedures have been developed to account for the simultaneous application
of the seismic components both in linear and in nonlinear analyses. In Response Spec-
trum Analysis (RSA), when two horizontal components are combined, their effects are
typically multiplied by a factor lower than one since applying the two components fully
and simultaneously would be unrealistic (in fact, it is highly unlikely that the two ground
motion components reach their maximum simultaneously) and over-conservative. More
specifically, Newmark and Rosenblueth [5] propose the Square-Root-of-the-Sum-of-the-
Squares (SRSS) combination rule: if 7 indicates a generic Engineering Demand Parameter
(EDP), r? is computed as the sum of the contributions of the k ground motion components
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r¢2. This formulation is based on the principle of superimposition of effects and assumes
that each component is a Gaussian stochastic process. Newmark [6] and Rosenblueth
and Contreras [7] introduce the Percentage Rule, that evaluates r as the sum of 100% 1y,
plus a percentage A of the responses r due to the other components. Newmark [6] and
Rosenblueth and Contreras [7] indicate that A should be 40% and 30%, respectively. More
recently, Wilson et al. [8] observe that, unlike the SRSS combination, the Percentage Rules
are strictly dependent on the reference system selected for the structure at hand and can
underestimate the design forces in given members. Menun and Der Kiureghian [9] intro-
duce the CQC3 directional combination rule for Response Spectrum Analysis (RSA). The
CQC3 rule computes r as a function of the seismic orientation angle 6 and identifies the
angle providing the maximum linear response. The seismic orientation angle 0 is typically
defined as the angle between the seismic input and the X axis of the structure. The CQC3
rule can be considered the general case of the Percentage and SRSS Rules [10,11]. For
further details, Wang et al. [12] provide an extensive state-of-the-art review of the above
combination rules.

Cimellaro et al. [13] propose a new combination rule for Nonlinear Static Analyses
(NSA). First, they carry out eigenvalue analyses on several highly irregular 3D reinforced
concrete (RC) buildings. The 3D models are then loaded with monotonically increasing lat-
eral load patterns proportional to the mode shapes and ®1y, with the highest participation
factors in the building’s horizontal X and Y directions, respectively. More specifically, for
each model the applied load pattern is equal to

M(®x + 7 P1y) @

where 0 < v < 1. This procedure, called Bidirectional Pushover Analysis (BPA) by the
authors, is applied using different values of 7 ranging from 0.2 to 1.0. They then compute
the nonlinear base shear—roof displacement curve and the corresponding displacement
demand in the X direction based on the N2 method proposed by Fajfar [14]. The basic
idea is that the response in the X direction is affected by the lateral loads applied in
the Y direction. Finally, the torsional effects are considered following Fajfar et al. [15].
Floor displacements and floor rotations obtained by the BPAs are compared with the
corresponding median results obtained by Nonlinear History Analyses (NHAs) carried out
considering bidirectional ground motions. The results of their study suggest a 100% + 60%
rule for the BPAs in place of the Eurocode 8 [1] 100% + 30% rule. The 100% + 60% pattern
corresponds to applying the seismic force at an angle equal to approximately 30°.

The above discussion points to the issue of the multi-directionality of seismic mo-
tion. In the case of irregular structures, the response varies considerably depending on
the angle of incidence of the seismic input. Given that the input earthquake direction
is generally unknown, the assessment of structural demand should consider multiple
angles of incidence of the seismic input. The multi-directionality of the seismic input on
3-dimensional (3D) models has been extensively studied using RSAs, Linear History
Analyses (LHAs) and more recently NHAs. For instance, [16-18] use RSAs and LHAs,
while [19-31] and many others use NHAs. These studies show that the application of the
seismic input along a single reference direction can severely underestimate the seismic
demand on irregular structures. On the other hand, few studies analyze the effects of
seismic multi-directionality on NSAs.

Cannizzaro et al. [32] study the behavior of a masonry building damaged during
the 2009 L’Aquila (Italy) earthquake using 12 NSAs with load patterns applied along
incidence angles that vary by 30° increments. Cannizzaro et al. [32] consider only the mass
proportional load pattern and a unique participation factor I' for all directions. Each of the
12 pushover (PO) curves is plotted as a function of the input angle and contributes to the
construction of a so-called capacity dominium that provides a 3D representation of all the
NSA curves obtained for different incident angles. Similarly, Chécara et al. [33] estimate
the seismic vulnerability of unreinforced masonry buildings using multi-directional NSAs
and the capacity dominium. Kalkbrenner et al. [34] carry out a series of sequential PO
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analyses on the 3D model of a highly irregular masonry building located in Chile using
mass proportional horizontal load patterns rotated from 0° to 360° with 45° increments.
The seismic demands obtained for the different loading directions are compared with
those obtained from NHAs with the longitudinal and transversal components of the
27 February 2010 (Mw 8.8) earthquake recorded at the Santiago Central Station. Kalkbrenner
et al. [34] report that the failure mechanisms found with the multi-directional PO analyses
are in very good agreement with those from the NHAs and with the damage patterns
observed in the structure after the actual earthquake.

Ghayoumian and Emami [35] study the response of three low-to-medium-rise code-
conforming torsionally irregular building archetypes with mixed-moment-resistant frames
and shear walls. They compare the seismic responses along non-principal directions with
those along the principal directions parallel to the reference axes. NSAs are carried out for
incident angles 0° < 6 < 360° with 10° increments, using an adaptive PO procedure [36,37]
with lateral load distributions that are updated to reflect the changes in the mode shapes
as the structure response becomes increasingly nonlinear. The study concludes that the
seismic demands may be at their maximum along non-principal directions.

The above studies do not specifically refer to existing RC framed buildings and do
not present a systematic validation of NSAs and a comparison with NHAs. This study
intends to extend this research to validation through multi-directional NSAs of two different
existing RC buildings, designed for gravity loads only and thus not conforming to modern
seismic design standards of safety and behavior. Each structure is subjected to mass
proportional and triangular load patterns oriented along an incident angle 6 that varies
between 0° and 360° with 15° increments. The effectiveness of the multi-directional NSAs in
the case of the two RC buildings is evaluated, analyzing the advantages and disadvantages
with respect to NSAs carried out along the reference structural directions. The results
obtained with the NSAs are compared with those of NHAs carried out using 20 pairs
of ground motion records, oriented along the same incident angles used for the NSAs.
This comparison helps assess whether the multi-directional NSA is capable of accounting
for the effects of the multi-directionality of the seismic load. The research addresses
three important issues still open in the application of multi-directional pushover analyses:
(1) how to calculate the target point for multi-directional NSA; (2) how to evaluate the
capacity and demand when the pushover load patterns are applied along incident angles
different from the reference structural axes; (3) which load patterns should be used in
case of multi-directional pushover analyses. Eurocode 8 specifies that at least two load
patterns must be applied, one proportional to the masses and the other proportional to
the first mode of the structure in the considered direction. The mass-proportional load
pattern is still applicable for multi-directional analyses whereas the first-mode-proportional
pattern loses meaning. The paper apples a triangular distribution, proportional to the
forces obtained with a linear static analysis, consistent with the Eurocode 8 [1] provisions.
The corresponding participation factor is readily computed.

2. Case Study Structures and Structural Models
2.1. Case Study Structures

The seismic input multi-directionality effects on the structural demands are assessed
through the study of two RC framed buildings called Structure 1 (Strl) and Structure 2
(Str2), respectively. Strl has the structural scheme of a typical gravity-load building de-
signed in Italy in the 1970s. It has five storeys, each 3.2 m high, and plan dimensions
28.5 m x 15.5 m (Figure 1). The load-bearing beams (1-8, 9-16, 17-24 and 25-32), the
external beams (1-8, 8-32, 1-25 and 25-32) and the stair beams (4-12 and 5-13) have
30 x 60 cm cross sections, while all other beams are flat with a 60 x 24 cm cross section.
Following the dated practice of building design for gravity loads only, the column sections
and reinforcements are progressively reduced along the building height, as indicated in
Table Al of Appendix A. The structural plan is similar to that studied by Bosco et al. [38,39].
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However, the load-bearing beams are parallel to the X axis here (whereas they are parallel to
the Y direction in the original plan) and the beams’ cross sections are modified accordingly.
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Figure 1. Plan layout of the buildings analyzed in this study.

As indicated in Figure 1, Str2 is identical to Strl, except for the center of mass (CM)
that in Str2 has eccentricities equal to ex = 15% L and ey = 15% B in the X and Y directions,
respectively. This eccentricity introduces plan asymmetry because CM does not coincide
with the stiffness center. Table Al in Appendix A gives the cross-section sizes and the
reinforcement for each column.

2.2. Structural Models

The two structures are modelled in the computational platform OpenSees [40] using
the pre- and post-processor STKO [41]. Their graphical representation is shown in Figure 2.
Beams and columns are modelled with Beam-with-Hinges elements [42] where the non-
linearity is concentrated at the elements” ends, while the behavior of the middle part is
linear elastic. To account for cracking in the central linear elastic region the cross-section
inertia is reduced to 50% and 75% that of the gross cross section for all beams and columns,
respectively. NTC2018 [2] indicates in fact that the stiffness of the cracked elements can
be reduced by up to 50% of that of the corresponding uncracked elements. Given that the
columns are subjected to compression, the stiffness reduction is lower for the columns.
The reduced values are in line with those given by the ACI Building Code [43] for elastic
cracked sections. The end hinges’ lengths L, are computed from the following expression
used in [1,2,44]
dy fy(MPa) 2

fc(MPa)
where 1 is the section depth, dj; is the (mean) diameter of the tension reinforcement and
fy and f; are the steel yield stress and the concrete compression strength, respectively. For
rectangular columns the plastic hinge length is taken as the average of the values computed
with the two section sizes.

The plastic hinge regions are modelled with fiber sections [45], using for steel and
concrete the uniaxial constitutive laws Steel01 and Concrete01 [46], respectively. Steel01
is assigned elastic modulus Es = 210,000 MPa, yield strength f, = 400 MPa and strain-
hardening ratio b = 0.005. Concrete01 has compressive strength f. = 28 MPa, strain at
maximum strength ¢,p = 2.5%0 and ultimate strain &, = 3.5%o. The fiber section model
accounts for the N-M-M interaction [47,48] that becomes important when the columns are
subjected to biaxial bending as in the case of the present study.

A floor diaphragm constraint is applied to all floors. Since this constraint generates
spurious compressive forces in the beam elements with fiber sections, the axial connec-
tion between one of the beam-ends and the structural node it is connected to is released
following the approach by Barbagallo et al. [49]. The stairs are not included in the struc-
tural models and only their loads are considered. Gravity loads Gy and live loads Qy

Ly = 01Ly +0.17h +0.24
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are applied statically before carrying out all nonlinear analyses. The following values are
evaluated based on the construction practices and Italian building code of the 1970s [50]:
Gy = 5.6 kN/m? and Qi = 2.0 kN/m? for the slabs, Gy = 4.2 kN/m? and Qy = 4.0 kN /m?
for the stairs and Gy = 7.0 kN /m for the infills. The dead loads of each beam and column
are automatically added by the program. According to Eurocode 8 [1] and NTC2018 [2],
the gravity loads in the seismic load combinations for residential buildings are Gy + 0.3Q.

Figure 2. Structural model of the two RC buildings analyzed in this study.

2.3. Modal Analyses

Table 1 shows the results of the modal analyses of the two models after application
of the gravity loads. T (s), Mx(%), My(%) and Rz(%) are the period of vibration, the
x-direction mass participation ratio, the y-direction mass participation ratio and the z-
direction rotational mass ratio, respectively. The participating masses show that the first
three modes of Strl are uncoupled, with translational first and third modes while the
second mode is torsional. In Str2, despite the high eccentricity of the mass, the first mode
remains mostly translational in the X direction as the structure is quite stiff in this direction
and quite flexible in the Y direction. Conversely, the second and third modes are strongly
coupled. While Strl is almost doubly symmetric, with a minor mass eccentricity due to the
staircase gravity loads, Str2 has a high eccentricity of CM that generates a strong asymmetry
of the building.

Table 1. Modal periods (sec) and participation masses (%) of the first three modes of the two structural
models after the application of the gravity loads.

Structure 1 Structure 2
T (s) Mx (%) My(%) Rz(%) T (s) Mx(%) My/(%) Rz(%)
1.50 0.00 76.19 0.00 1.61 1.0 67.7 8.2
1.07 0.02 0.00 78.78 1.10 41.1 6.7 31.6
0.99 81.44 0.00 0.02 0.89 39.3 39.8 39.0

3. Ground Motion Record Selection

The selection of the ground motions for the NHAs is carried out considering the M,-R
bins providing the largest contribution to the seismic hazard for the probability of exceedance
of 10% in 50 years for the reference site located on rock soil at L’Aquila (AQ-Italy)—42.350°
latitude and 13.399° longitude, as indicated in the seismic hazard disaggregation [51] provided
by Barani et al. [52]. The analysis of the seismic hazard disaggregation leads to a preselection of
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55 pairs of ground motion records (each consisting of two orthogonal horizontal components).
These records are selected from two databases, the European Strong-motion Database ESD [53]
and the Engineering Strong-Motion database ESM [54] and are characterized by moment
magnitude M,y ranging from 5.5 to 7.5, epicentral distance R from 0 to 50 km and soil class A.

Given this earthquake scenario, a set of 20 pairs of ground motion records is selected
according to the following spectrum-compatibility criterion [1]: in the 0.2T; — 2T range
of periods, no value of the average elastic spectrum should be less than 90% of the cor-
responding Uniform Hazard Spectrum (UHS). For this study, a 110% upper bound is
added to the previous lower bound. Following Beyer and Bommer [55], for each record
pair, a single response spectrum S,(T;) at given sample periods T; is computed as the
geometric mean of the two corresponding horizontal spectral components S,x and S,y,
thatis Sa(T;) = \/Sax(T;) - Say(T;). For each ground motion record, the resulting response
spectrum is then scaled to the spectral acceleration at T; of the UHS and both acceleration
components are scaled by the same Scale Factor (SF). Since the first vibration periods of the
two structures are similar, a single selection is used with T; = 1.5 s. Figure 3 compares the
response spectra scaled to Ty (grey lines), the average spectrum (red line), the UHS (black
lines), the 90% and the 110% bounds and the spectrum-compatibility range considered for
the ground motion selection.

18 .
516 : Scaled ground motion records
2 ” Target spectrum
E Average Spectrum
5 2y Upper/Lower Limit
:2; 10 seeeeeeee Spectrum-Compatibility Range§
S8 |
o :
< 6 |
E :
E
a2 i

I

Period (sec)

Figure 3. Scaled geometric response spectra, average response spectrum and target UHS of the
20 record pairs selected for Tg = 475 yrs.

Table A2 in Appendix B gives the seismological features of the 20 selected ground
motion records (Database, Code of the Station, Name, Earthquake Date, Time, Moment
Magnitude M,,, Epicentral Distance R, Site Class and Scale Factor).

4. Analysis Results and Discussion
4.1. Multi-Directional Nonlinear Static Analyses

The case study structures are subjected to multi-directional NSAs. Load patterns
are applied along incident angles 0° < 8 < 360° that are rotated with increment A8 = 15°
(Figure 4). The conventional loading directions required by the current seismic codes [1,2]
for the NSAs coincide with the incident angles 6 = 0°, 90°, 180° and 270°.
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Figure 4. Loading patterns (left) and directions (right) in the multi-directional analyses.

For NSAs, Eurocode 8 [1] recommends the use of the “uniform” and “modal” loading
patterns. The first consists of lateral forces proportional to the floor masses (representative
of the first mode for a structure with a soft and possibly damaged bottom floor), while
the second is proportional to the mass matrix multiplied by the first elastic mode shape in
the loading direction (alternatively, a triangular approximation of the first mode shape is
often used). The original N2 method was developed for regular buildings and prescribes
application of a loading pattern in the building’s “principal” directions. However, it has
become common practice to apply the original N2 method to buildings with increasing
plan irregularity and/or asymmetry, neglecting the corrections to the method proposed in
order to account for the higher mode effects both in plan and in height [15,56]. This work
investigates the effects of applying the lateral load in directions different from the reference
Xand Y axes. In this case, the mass proportional loading still retains its meaning while
the modal loading pattern is more difficult to define and justify. For this reason, the two
case study structures are analyzed by applying along each ¢ direction a mass proportional
load pattern and a triangular load pattern. Two capacity curves are obtained in the X and
Y directions and each of them is transformed into the response of an equivalent single-
Xm;P;
;7
mass of floor i and ®; is the applied load shape. It is worth recalling that in the N2 method
derivation [14,57] the loading function is m;®;, while the response displacement shape is
assumed to be proportional to ®;. For each incident angle 6, for a mass proportional load
I' = 1, while for a triangular load vector ®; I' > 1. Each SDOF capacity curve is then bi-
linearized using an equal energy approach and an ultimate displacement that corresponds
to a 20% base shear drop with respect to the peak base shear [2,44]. For each incident angle
6, the structural demands are computed along the X and Y structural directions according
to the original N2 method [14], superimposing the elastic spectrum (with 5% damping) of
the considered site on the bi-linearized capacity curve. The application of the N2 method
leads to different structural demands for each reference direction X and Y and for each
incident angle 6.

Figures 5 and 6 show the capacity curves obtained from mass proportional and
triangular load patterns applied to Strl and Str2, respectively. The first and second rows
refer to mass proportional and triangular load patterns, respectively, while the first and
second columns refer to the X and Y directions, respectively. Each Figure shows the base
shear vs top floor CM displacement for 0° < 8 < 360. The solid black curves refer to
6 =0°,90°, 180° and 270° (i.e., the classical loading directions), while the colored curves
indicate the responses for intermediate values of 6. In general, the variability of these
curves shows how much the structural capacity depends on the incident angle. More
specifically, the biaxial effects are evident as the capacity curves for 6 # 0°, 90°, 180° and

degree-of-freedom (SDOF) system using the participation factor I' = where m; is the
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270° have lower capacities than those for POs in the principal structural directions. These
effects are captured because the fiber sections account for the biaxial bending nonlinear
interaction. The curves for Str2 show a higher variability than those of Strl, because of its
higher plan irregularity. For both structures, loading patterns and structural directions, the
capacity curves for 6 = 0°, 90°, 180° and 270° envelope the curves obtained for the other
loading directions.
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Figure 5. Structure 1 capacity curves in the X (left) and Y (right) directions for mass proportional

(top) and triangular (bottom) load patterns applied at incident angles 0° < 6 < 360°.
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Figure 6. Structure 2 capacity curves in the X (left) and Y (right) directions for mass proportional
(top) and triangular (bottom) load patterns applied at incident angles 0° < 6 < 360°.

In order to investigate the structural behavior in the X and Y directions when the
load pattern is applied along 6, as an example Figure 7 shows the capacity curves of Strl
in the X (left) and Y (right) directions for a mass proportional load pattern applied at
incident angles 6 = 15°, 30° and 45°. The figure shows that, at § = 15°, when the base
shear reaches its maximum value in the X direction, in the Y direction the curve is almost
elastic and subsequently its descending branch begins for V;, values much smaller than the
maximum base shear in the Y-direction for 8 = 0°. Similarly, for 6 = 30°, V and Vy reach
simultaneously their maximum values but while dy increases dy decreases. For 6 = 45°,
Vy and Vy have similar maximum values, but the V, curve quickly drops and unloads,
while V shows a rather ductile response. Similar conclusions can be drawn for Str2.
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Figure 7. Structure 1 capacity curves in the X (left) and Y (right) directions for mass proportional
load pattern applied at incident angles 6 = 0°, 15°, 30°, 45° and 90°.

When the structure is pushed along a 8 direction, the structure moves along a direction
that is in general different from 6 and can change continuously. Figures 8 and 9, for example,
show the displacement paths followed by Strl under mass proportional and triangular
load patterns, respectively. More specifically, each figure shows five plots, for load paths
along 6 = 0°, 15°, 30°, 45°, 60° and 75°, respectively. When 6 >30° the response becomes
increasingly nonlinear, and the structure moves along its weak Y direction. This behavior is
due to the large difference in stiffness and strength in the X and Y directions. Very similar
patterns are found for Str2.
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Figure 8. Displacements of Structure 1 for a mass proportional load pattern along 0° < 8 < 90°. The
dotted line indicates the loading direction while the full line indicates the displacement points.
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Figure 9. Displacements of Structurel for a triangular load pattern along 0° < 6 <90°.

To visualize the structures’ capacity variation for different incident angles 0,
Figures 10 and 11 show in red the peak base shear Vj . in the loading direction
6 normalized with respect to V 4y 0, that is the maximum V}, for 8 = 0°. The same figures
show in blue the maximum displacements d(V} ;51 g) corresponding to Vj, ,,,5x o, normalized
with respect to d(V} ax,0). As previously discussed, the maximum displacement is not

parallel to 6. It is computed as , /d2 + d§ corresponding to V, ;4. 9. Figure 10 refers to Strl,
while Figure 11 refers to Str2. In both figures, the left plot refers to mass proportional and
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the right to triangular loads. Figure 10 shows that for Structure 1 the capacity in terms of
base shear (V}, ;5x 0) is maximum at 0° and minimum at 90°. Conversely, the displacement
A(Vpmax,p) is maximum at 90° and minimum at 0°. This behavior is coherent with the
structural configuration, characterized by deep beams and columns oriented along 0°.
Figure 11 shows that the structural behavior of Structure 2 is not symmetric. The minimum
capacity Vi, uqx 0 occurs in fact at § = 90°, 105° and 6 = 270°, 285°.
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Figure 10. Structure 1. Vi ;00 0/ Vi max,0 (red) and d(V, 01 0)/A(Vi nax,0) (blue) ratios for mass propor-
tional (left) and triangular (right) load patterns.
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Figure 11. Structure 2. Vi j0x 0/ Vi max,0 (red) and d(V, 0x 0)/ AV ynax,0) (blue) ratios for mass propor-
tional (left) and triangular (right) load patterns.

Figures 12 and 13 show in red the peak base shear Vj, ;. xy for loading at an angle
6 normalized with respect to Vi, ;uax 0 Vi max, xy is defined looking at Figure 7: for a given angle
6, Vi max, xy is either Vy, 0. x or V0, v and refers to the curve that reaches the peak and then
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softens (displacement increases) as opposed to the other curve that unloads after the peak
(displacement does not change or decreases). It basically represents the base shear capacity
in the reference direction that reaches failure and then softens. For example, for the curves
of Figure 7, for 6 = 15° and 30° V), jyax xy = Vb, max,x, While for 6 = 45° Vi 00 xy = Vi ppay y- In
the Y direction (€ = 90°) Vi, jyax xv/ Vi,max,0 is about 0.6, indicating that the peak base shear in
the Y direction is about 60% that of the X direction for both loading patterns. The blue lines
show the displacement at V}, 5, xy in the same (X or Y) direction d(V}, ;qy xy), normalized with
respect to the displacement for 6 = 0° d(V}, 4y, 0°). The red and blue curves are interrupted
when V... xy switches from Vi, 0, x t0 V0, y OF Vice versa.
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Figure 12. Structure 1. Vi, 0 xy/ Vi max,0 (ted) and d(Vi yax xv)/ (Vi yax,0) (blue) ratios for mass
proportional (left) and triangular (right) load patterns.
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Figure 13. Structure 2. V} v xy/ Vi max,0 (ted) and d(Vy yax xv) / d(V max,0) ratios for mass propor-
tional (left) and triangular (right) load patterns.
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Figures 12 and 13 show the ratios Vj yax xy/ Vmax,00 and d(V ez xv)/ AV ax,0°) for
mass proportional (left) and triangular (right) load patterns on Strl and Str2, respec-
tively. The two figures show that the ratios d(V} 0 xv)/ (Vi 1max 00 ), are greater than one at
6 = £90° £ 180°, especially for the mass proportional load pattern, and lower than one at
6 = £30° £ 180°. This result indicates that the most and least flexible directions of the
two structures are § = +90° £ 180° and 6 = +30° £ 180°, respectively. Conversely, the
ratios Vi yax xy/ Vi max,0° indicate that the weakest directions are 6 = 30° and 6 = 45°. For
6 = 30°, failure takes place in the X direction with a peak base shear lower (15-20%) than
for 6 = 0°. For 6 = 45°, failure takes place in the y direction with a peak base shear lower
(10-15%) than for 6 = 90°. The results are similar for mass and for triangular load patterns.

The demand in terms of Interstory Drift Ratio (IDR), that represents the demand on
a single story, in considered next. As stated above, the results refer to the pushover in
the direction (X or Y) that reaches a peak base shear and then softens with increasing
displacements. When both displacements in X and Y increase, the curve with the maximum
displacement is selected assuming that the structure reaches its limit state for ductile mech-
anisms with higher displacements. The structural demand for each 6 angle is computed
according to the N2 method [14] superimposing the given capacity curve (in the X or in the
Y direction) with the target spectrum with Tr = 475 years, soil category A and coordinates
42.350° lat. 13.399° long. to find the target displacement. The IDRs are reported at the
target displacement.

Figures 14 and 15 show the IDRs in the X and Y directions, respectively, for the multi-
directional NSAs on Strl. For both Strl and Str2, for 0° < 0 < 30°, 150° < 6 < 210° and
330° < 6 < 0° the IDRs are in the X direction, for the other 6 angles in the Y direction. Each
figure shows the IDRs at CM (left), at Corner A (center) and at Corner C (right) with mass
proportional (first row) and triangular (second row) load patterns. The above Corners are
indicated in Figure 1. The black lines refer to the NSAs for 8 = 0°, 90°, 180° and 270°. The
red lines represent the demand envelopes for all incident angles with the indication of the
angle with the highest demand. Figures 16 and 17 show the same results for Str2.

For Strl, the IDRs indicate that at the ground floor the application of a multi-directional
NSA leads to a higher demand compared to a conventional NSA along the X and Y
directions. At the higher levels, however, the demand of a multi-directional NSA is very
close to that of a conventional NSA. The reason for this behavior lies in the almost perfect
double symmetry of Strl.
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Figure 14. Structure 1 IDRs in the X direction at CM (left), Corner A (center) and Corner C (right) for
mass proportional (top) and triangular (bottom) load patterns at incident angles 0° < 6 < 360° with
A6 = 15° increments. The black lines indicate the IDRs corresponding to 0°, 90°, 180° and 270°, the red
lines indicate the envelope of the multi-directional NSAs and the corresponding maximum demand angle.
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Figure 15. Structure 1 IDRs in the Y direction.
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The multi-directional NSAs applied to Str2 (Figures 16 and 17) yield seismic demands
significantly higher than those of the conventional NSA, especially at Corners A and C. The
most significant case is that of the IDRs in the Y direction at Corner C for the triangular
load pattern, where the ground floor demand predicted by the multi-directional NSAs is
about 30% higher than that predicted by the NSA along the Y direction. This is mostly due
to the asymmetry of Str2.
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Figure 16. Structure 2 IDRs in the X direction.
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Figure 17. Structure 2 IDRs in the Y direction.

To better quantify the amplification of the seismic demand due to the application of the
seismic load along 6 on Str2, Figures 18 and 19 show the ratios between the IDRs generated
by multi-directional and conventional NSAs. For each 8, IDRxy is the IDR in the loading
direction (IDRx or IDRy) where the peak base shear is reached followed by softening. IDRxy
is normalized with respect to the IDR obtained for NSA in the corresponding (X or Y) direc-
tions. More precisely, the IDRs for 330° < 6 < 30°, 150° < 6 < 210°,45° <0 < 135° and
225° < 0 < 315° are normalized with respect to the IDRs for 8 = 0°, 8 = 180°, 6 = 90° and
6 = 270°, respectively. The results in Figures 18 and 19 refer to mass proportional and
triangular load patterns, respectively. Each figure includes three plots, with the results for
each structural level, at CM (top), Corner A (center) and Corner C (bottom), respectively.
For mass proportional load patterns (Figure 18), the highest IDRxy /IDR ratios are 1.44
and 1.59 and occur for 6 = 210° at Corner A and for 6 = 330° at Corner C, respectively. For
triangular load patterns (Figure 19), significant amplifications occur for 6 = 210° at Corner
A (1.47) and for 6 = 330° at Corner C (1.77).
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16

12.8

4.2. Comparison between Multi-Directional Non-Linear Static and Non-Linear History Analyses

The IDRs of the multi-directional NSAs are compared here with the IDRs of the multi-
directional NHAs. As indicated in Section 3, the NHAs were carried out using a set of
20 pairs of recorded ground motion records on Strl and Str2. The structural models use 2%
Rayleigh damping (at the first and third mode frequency) with full initial stiffness.

For each of the 20 ground motion pairs, the EW component of the ground motion
is oriented along the same 24 6 angles used for the multi-directional NSAs. A total of
480 bidirectional NHAs were carried out for each structure.

For each NHA the maximum [IDR| in the X and Y directions maxIDR over the time
history are computed. For each angle 6, the average value of the 20 maxIDRs is found
according to the current regulatory codes [1,2], also if other efficient approaches are used
in literature [58]. Finally, the envelopes of the average values obtained for each incident
angle are plotted. Figures 20-22 show the envelopes of the multi-directional NSAs (red
and blue lines for mass proportional and triangular load patterns, respectively) and of the
NHAs (black lines) for Strl at CM, Corner A and Corner C, respectively. Each figure shows
the IDRs in the X and Y directions (left and right, respectively). The solid lines refer to
the multi-directional NSAs and NHAs, while the corresponding dotted lines refer to the
conventional nonlinear analysis (corresponding to 6 = 0°, 90°, 180° and 270°). Similarly;,
Figures 23-25 show the same results for Str2.
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Figure 24. Structure 2 IDRs at Corner A.
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Figure 25. Structure 2 IDRs at Corner C.

The results for Strl indicate that at CM (Figure 20), Corner A (Figure 21) and Cor-
ner C (Figure 22) the multi-directional NSAs predict demands regularly lower than those
predicted by the multi-directional NHAs, especially at the upper floors and for mass pro-
portional loading patterns. The triangular load pattern leads to IDRs closer to those of
the NHAs. Moreover, the application of the seismic inputs along the conventional 0°, 90°,
180° and 270° directions provide demands that are lower than the corresponding ones for
multidirectional inputs (both static and dynamic), but the differences are not significant. As
previously stated, this result is due to the double symmetry of the structural configuration.
Moreover, for the NHAs the use of a significant number of records makes the results of a
multi-directional analyses similar to those obtained along the reference directions. This is a
general result that is due to the fact that the different record pairs have different principal
directions; thus, as the number of records increases, the multi-directionality of the input is
included in the input ground records [24,30].

Figures 23-25 show the same results for Str2. For this structure: (a) the demands at
CM for the multi-directional NSAs with triangular loads are very close to those for the
multi-directional NHAs; (b) the demands at Corner A indicate that the multi-directional
NHAs are more conservative than the multi-directional NSAs; (c) at Corner C the demands
for the multi-directional NSAs with triangular loads are closer to those of the NHAs than
for Corner A. At the lower levels, the multi-directional NSAs in the X direction are more
conservative than the NHA, indicating a different failure mechanism (at the ground level
for the NSAs, at the second and/or third floors for the other analyses).

The complete results of CM of Str2 for all nonlinear analyses are shown in the polar
plots of Figures 26 and 27 for the X and Y directions, respectively. Each figure shows
five polar graphs, one for each level. Each plot shows the IDRs of the multi-directional
NHAs (in black) and of the multi-directional NSAs with mass proportional (UNI, in red)
and triangular (TRIANG, in blue) load patterns. The grey dots represent the IDRs for
the 20 selected ground motion records applied at a given angle 0, while the black line
connects the points corresponding to the average values of the 20 maximum IDRs obtained
for each direction. All plots show that the IDRy values are greater than the IDRx values
because of the larger structure flexibility in the Y direction. In the X direction (Figure 26),
IDRx for multi-directional NSAs with triangular load pattern are comparable with the
corresponding results for NHAs, especially at the first three levels. In the Y direction
(Figure 27), the differences between multi-directional NSAs and NHAs are greater than
those in the X direction, especially at Levels 1, 4 and 5, where the NSAs can be significantly
unconservative. It appears that, except for Level 1, the UNI (mass proportional) load
pattern consistently underestimates the IDR demand. This result stresses the fact for multi-
directional NSAs too it is important to consider at least two load patterns, where UNI
leads to larger demands at the ground level and TRIANG leads to larger demands at the
higher levels.
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Figure 26. Structure 2: polar plots of IDRx at CM for NHAs (black) and NSAs with mass proportional
(in red) and triangular (in blue) load patterns.
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5. Summary and Conclusions

Several studies show the importance of considering the directionality of the input
forces in seismic analyses of existing structures. For NHAs, the problem is solved when
a large set of ground motions is used. In this case there is no need to rotate the ground
motion inputs. This paper confirms this result. For NSAs, often used in design practice and
research to avoid the large computational cost of NHAs, the problem is not well studied.
This paper analyses the variability in structural demands for multi-directional NSAs and
compares the results with those of NHAs.

Two case-study structures representative of Italian RC buildings of the 1970s are
considered. Structure 1 is roughly doubly symmetric, while Structure 2 has significant
asymmetry caused by the translation of CM by about 15% of the building plan dimensions.
In both structures, the load-bearing and perimetral frames have deep beams while the
other frames have flat beams. The following multi-directional nonlinear static procedure is
proposed in order to account for the directionality of the seismic input:

e  Step 1: A set of PO analyses are sequentially carried out by applying mass proportional
and triangular load patterns at 24 different incident angles 6 with 15° increments;

e  Step 2: For each 6, the V;-8 PO curves are obtained in the X and Y directions for CM
and two corners;

e  Step 3: For each 0, the PO curve (of the two computed at Step 2) that reaches a peak and
then softens (and thus is assumed to have reached failure) is selected as the reference
PO curve. When both PO curves reach the peak and then soften, the PO curve with
the maximum displacement is assumed as the reference PO;

e  Step 4: For each load pattern and 0, the structural demand in terms of IDR is computed
using the N2 method. The IDR is in the direction of the reference PO curve selected in
Step 3.

The procedure applied in this research presents the following innovative points:

1. It clarifies the methodology that is applied to find the structural demand in multi-
directional NSAs;

2. Itindicates two load patterns (mass proportional and triangular) that can be used to
carry out multi-directional NSA and easily compute the relevant participation factors;

3. It shows how the structural capacity and demand are affected by the interaction
between the buildings’ responses in the X and Y directions for loading angles different
from 0° and 90°;

4. It validates the proposed approach through multi-directional NSAs on two buildings
(one plan regular, the other plan asymmetric obtained by changing the position of the
center of mass). The NSA results are compared with those of multi-directional NHAs.

The multi-directional NSAs clearly show that at angles different from the building’s
Xand Y directions the base shear capacity of the building along X and Y decreases due
to the interaction between the X and Y responses. This behavior is captured thanks to
the fiber section discretization of the columns that accounts for biaxial bending and axial
load interaction.

The results of the multi-directional NSAs are compared with those of the multi-
directional NHAs. For the NHAs a ground motion set of 20 pairs of spectrum-compatible
ground motion records scaled to T; are selected. The 20 pairs are applied parallel to the
same angles 6 used in the NSAs. For a given 0, the maximum IDR in each direction for all
20 NHAs and their average values is computed.

The multi-directional NSAs on Structure 1 show results that are similar to those for
the conventional NSAs (i.e., PO along the X and Y building directions). Conversely, the
results of multi-directional NSAs on Structure 2 are significantly more conservative than
those of conventional NSAs, especially at the building corners. For Structure 2, the ratio of
the maximum IDR of multi-directional and conventional NSAs at Corner C for 6 = 330° is
equal to 1.77.
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The comparison of the IDRs from multi-directional NSAs and NHAs shows the fol-
lowing results: (a) application of the input records in the NHAs does not lead to significant
changes, as already shown in previous studies; (b) in most cases, the multi-directional
NSAs are unconservative with respect to the results of the NHAs; (c) however, the multi-
directional NSAs improves the prediction with respect to the conventional NSAs and
the improvement is more significant for the asymmetric Structure 2; (d) as expected, the
mass proportional pattern leads to higher IDR demands at the ground level, while at the
upper levels the triangular load pattern leads to higher demands; (e) For the asymmetric
Structure 2, the demands predicted by the NSAs on the building corners tends to be rather
unconservative with respect to the NHAs.

In conclusion, this paper proposed a new Nonlinear Static Analysis procedure to
account for the multi-directionality of the seismic input. The results show that the demands
can be significantly higher than those for conventional NSAs where the building is pushed
in the X and Y building directions. These results are more evident for the asymmetric case
study structure. However, the results from NHAs are in general more conservative than
for NSAs, even when the multi-directionality is accounted for.

Author Contributions: Conceptualization, C.C.; methodology, C.C.; software, C.C., M.T. and G.C.;
validation, C.C. and M.T.; formal analysis, C.C. and M.T; investigation, C.C. and G.C.; data curation,
C.C. and M.T.; writing—original draft preparation, C.C.; writing—review and editing, C.C. and E.S.;
visualization, C.C.; supervision, E.S.; project administration, E.S.; funding acquisition, E.S. All authors
have read and agreed to the published version of the manuscript.

Funding: The study presented in this article was partially funded by the Italian Civil Protection
Agency (DPC) through Project ReLUIS-DPC 2019-2021 (WP11). The opinions and conclusions
presented by the authors do not necessarily reflect those of the funding agency.

Data Availability Statement: All relevant data are contained within the article.
Conflicts of Interest: The authors declare no conflict of interest.

Appendix A. Cross Sections and Reinforcements of the Columns of the
Case-Study Buildings

Table Al. Size and reinforcement of the columns’ cross sections.

COLUMNS
Story  n. 1-8-25-32  2-7-26-31  3-6-27-30  4-5-28-29 9-16-17-24 10-15-18-23 11-14-19-22 12-13-20-21

5 Size 30 x 50 30 x 50 30 x 50 30 x 50 30 x 50 30 x 50 30 x 50 30 x 50 AsT [o o o T
AsT 2014 2414 2414 2414 2414 2014 2414 2414
AsP 114 1414 1414 1414 1414 114 1414 114 AsP |e ] H
AsB 2014 2b14 2014 2014 2014 2014 2014 2414 J»

LJ o o

4 Size 30 x 55 30 x 50 30 x 50 30 x 55 30 x 55 30 x 50 30 x 50 30 x 55 AsB
AsT 2414 2¢p14 2¢p14 2¢p14 2¢p14 2414 214 2¢p14 + B —
AsP 114 1414 1414 1414 1414 114 1414 1414
AsB 2014 2014 214 2414 2414 2014 2014 2414

3 Size 30 x 55 30 x 55 30 x 55 30 x 55 30 x 55 30 x 55 30 x 55 30 x 55 AsT: top rebars
AsT 2414 2¢14 2014 214 2014 2014 2014 2014 AsP: intermediate rebars
AsP 1414 1414 1414 1414 1414 114 1414 1414 AsB: bottom rebars
AsB 2014 2414 2414 2414 2414 2014 2414 2414

2 Size 30 x 60 30 x 55 30 x 55 30 x 60 30 x 60 30 x 55 30 x 55 30 x 60
AsT 2014 2014 2014 214 2014 2¢14 2¢14 2414
AsP 114 1414 114 114 1¢14 2414 214 1414
AsB 2014 2414 2414 2414 2414 2014 2414 2414

1 Size 30 x 60 30 x 60 30 x 60 30 x 60 30 x 60 30 x 60 30 x 60 30 x 60
AsT 2¢14 2¢14 2414 2414 214 314 3¢14 2414
AsP 1414 1414 114 114 2014 2014 2014 2414
AsB 2014 2014 2014 214 2014 3h14 314 2014
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Appendix B. Selected Ground Motion Records

Table A2. Seismological features of the 20 selected records.

. Time Epicentral Site Scale

n. Database StationID  Earthquake Name Date (UTC) Mw Distance (km) Class Factor

1 ESD ST20 Friuli 06/05/1976  20:00:13 6.5 23 A 1.2734

2 ESD ST54 Tabas 16/09/1978 15:35:57 7.3 12 A 0.8692

3 ESD ST98 Campano Lucano 23/11/1980 18:34:52 6.9 25 A 2.8740

4 ESD ST161 Golbasi 05/05/1986 03:35:38 6 29 A 4.1699

5 ESD ST2486 South Iceland 17/06/2000 15:40:41 6.5 5 A 0.4186

6  ESD ST2487 SouthIceland ~ 17/06/2000 15:40:41 65 13 A 2.1493

7 ESD ST2496 South Iceland 21/06/2000 00:51:48 6.4 14 A 1.3983
(aftershock)

8 ESD ST2486 Southleeland 6 5900 00:51:48 6.4 2 A 3.2431
(aftershock)

9 ESD ST2557 Southlceland 0 5900 00:51:48 6.4 15 A 1.6217
(aftershock)

10 ESD ST2563 Southlceland 00 2000 00:51:48 6.4 24 A 3.5147
(aftershock)

11 ESD ST2497 Southleeland =, 6 5900 00:51:48 6.4 20 A 2.1600
(aftershock)

12 ESD ST2558 Southlceland 0 5900 00:51:48 6.4 5 A 0.4782
(aftershock)

13 ESD ST539 Bingol 01/05/2003 00:27:04 6.3 14 A 1.0089

14 ESM MZ19 Central Italy 30/10/2016 06:40:18 6.5 22.6 A 0.6537

15  ESM ULA Northwestern 5/ /1979 06:19:41 6.9 19.7 A 0.7204

Balkan Peninsula

16 ESM ATHA4 Greece 07/09/1999  11:56:49 59 19.7 A 3.6782

17 ESM CLO Central Italy 26/10/2016  19:18:06 59 10.8 A 1.5432

18 ESM CLO Central Italy 30/10/2016 06:40:18 6.5 7.8 A 0.3685

19 ESM MMO Central Italy 26/10/2016 19:18:06 59 16.2 A 2.4060

20 ESM T1213 Central Italy 30/10/2016 06:40:18 6.5 12 A 0.5742
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