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Abstract: Seismic-resistant design incorporates measures to ensure that structures perform adequately
under specific limit states, focusing on seismic forces derived from both the equivalent static and
spectral modal methods. This study examined buildings on slopes in densely built urban areas,
a common scenario in Latin American cities with high seismic risks. The adjustment of high-rise
buildings to sloping terrains induces structural asymmetry, leading to plan and elevation irregularities
that significantly impact their seismic response. This paper explores the asymmetry in medium-height
reinforced concrete frame buildings on variable inclines (0°, 15°, 30°, and 45°) and its effect on their
nonlinear response, assessed via displacements, rotations, and damage. Synthetic accelerograms
matched with Chile’s high seismic hazard design spectrum, scaled for different performance states
and seismic records from the Chilean subduction zone, were applied. The findings highlight structural
asymmetry’s role in influencing nonlinear response parameters such as ductility, transient interstory
drifts, and roof rotations, and uncover element demand distributions surpassing conventional
analysis and in earthquake-resistant design expectations.

Keywords: hillside buildings; slope adaptation; structural asymmetry; nonlinear response; earthquake-
resistant design; synthetic accelerograms; seismic records

1. Introduction

A detailed understanding of the seismic response of reinforced concrete (RC) structures
on hillside terrains is crucial for advancing seismic engineering, particularly in light of the
interaction between topography, structure, and soil. Recent studies highlight the essential
role of considering complex effects such as seismic amplification induced by topography
and the interaction between soil and structure for an accurate assessment of these structures’
seismic vulnerability [1-3]. This understanding is particularly relevant in Chile, which is
situated along the Pacific subduction zone, where frequent large-magnitude earthquakes,
such as the 1960 Valdivia earthquake (Mw 9.5), the 1985 Algarrobo earthquake (Mw 8.0),
and the 2010 Maule earthquake (Mw 8.8), underscore the country’s high seismic risk. The
research underscores the necessity of an integrated approach that includes both topographic
and geological considerations due to their significant impact on the seismic response
magnitude [4,5]. Such studies are often situated in developing countries, including those
in Latin America, which have witnessed the devastating effects of earthquakes on slope
constructions, thereby underscoring the relevance of incorporating these considerations
into seismic design and analysis practices.

Recurrent earthquakes have historically led to significant human and material losses,
particularly associated with the vulnerability of structures. The implementation of modern
building codes, underpinned by research into material behaviors and their interactions
with the dynamic loads imposed by earthquakes, has significantly reduced the number of
losses during major seismic events. However, certain structural typologies, when adapted
to specific topographical conditions, produce alterations in how structures respond to
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earthquake actions. Thus, the response of a building classified as regular by seismic codes
can be significantly altered if the building’s structure is modified to adapt to hillside locations.
Additionally, research has been conducted on the dynamic amplification that topographic
irregularities can introduce to foundations [6-9]. This aspect, however, remains beyond the
scope of this research.

The assessment of the vulnerability of RC buildings on precarious hillsides to the
combined action of ground shaking and seismic-induced landslides has led to the de-
velopment of specific methodologies that incorporate the analysis of permanent ground
displacements and topographic amplification. Such methodologies aim to generate fragility
curves that effectively consider these combined effects, thus offering a more realistic eval-
uation of seismic hazards [7,10]. Conducting parametric studies examining the influence
of structural configuration and geological and topographic conditions is underlined by
the necessity to optimize design practices to enhance the resilience of structures against
seismic events [4,11-13]. However, it is necessary to indicate that the findings of these
recent studies have not yet been incorporated into global seismic codes and, therefore, into
common design practice for structures located on hillsides [14-17].

Soil-structure interactions have proven to be a determining factor in modifying the
seismic response, emphasizing the importance of considering this effect in seismic design to
ensure structural safety [18-21]. Studies that include this interaction suggest a more holistic
and detailed design approach, which is crucial for structures situated on hillsides [6,22,23].
On the other hand, seismic microzonation emerges as an essential tool for identifying risk
areas and formulating mitigation strategies based on specific site characteristics [24-26],
which can encompass areas with similar geological and topographic conditions that require
the consideration of specific design conditions.

Research on the seismic response and vulnerability of structures on inclined terrains has
significantly advanced in recent times, incorporating complex analyses that consider the vari-
ability in slope inclination, soil-structure interactions, and structural configurations [27-29].
These recent studies have broadened the understanding of the problem, addressing the
location-specific seismic microzonation relative to the slope and detailed analyses of the
nonlinear structural response under specific seismic loads [27,30-32].

The interaction between topography and structure is crucial for evaluating the seismic
response of buildings located on hillsides, where topography can significantly alter the
ground motion amplification pattern. Research has shown that the proximity to crests or
valleys can influence the magnitude of the seismic response, requiring an informed and
adapted structural design for these specific conditions [24,32,33]. The influence of topogra-
phy on seismic amplification, combined with soil-structure interactions, highlights the need
for more sophisticated design approaches that integrate these effects in a comprehensive
manner [33-35].

Furthermore, the analysis of the seismic vulnerability of structures on inclined terrains
has evolved towards more complex models that consider not only the structure itself but
also the geological and topographic environment in which it is located. These models seek
to more accurately predict the behavior of structures during seismic events, considering
effects such as the induction of ground displacements and the dynamic interaction between
the soil and structure [36,37]. Three-dimensional simulations and nonlinear analysis have
provided valuable insights into how these interactions affect the safety and performance of
structures during and after seismic events [28,29,38—41].

The seismic design of structures is conducted through regulatory precepts aimed at en-
suring safety for the occupants, the building, and its contents. The continuous improvement
of construction standards has allowed for the incorporation of principles intended to rectify
the failures observed during previous catastrophic seismic events, preventing such failures
from affecting buildings throughout their lifespan. Currently, the design is based on results
from linear dynamic analyses, where seismic demands are introduced through design
spectra corresponding to a specific demand level for the building’s location [16,42—44].
These demands must be met by the structure’s overall capacity and that of its individual
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components, necessitating the structural engineer to conduct careful design and detailing,
taking into account the characteristics of the materials constituting the structure. Regarding
existing buildings, it is necessary under certain circumstances to carry out capacity upgrade
processes, in which case, a seismic capacity assessment is required, for which, analyses in
both linear and nonlinear ranges are often applied [45,46].

Among the limitations of this study, the following can be mentioned. The structural ty-
pology corresponds to medium-height buildings with reinforced concrete frames, designed
for areas of high seismic threat (0.4 g), situated on terrains with variable inclinations (be-
tween 0° and 45°), representing a wide range of slopes. The challenges of the research are
to capture the nonlinear response of buildings that are assumed to be regular, but due to the
necessity of adapting to the local topography, acquire certain characteristics of asymmetry
that are not covered by current standards, and are therefore, lacking specific prescriptions
for their analysis and design. This could lead to nonlinear structural performances that
cause unexpected damage during the occurrence of strong earthquakes, putting the safety
of people and property at risk.

In this context, the present study focused on the application of detailed numerical anal-
yses to evaluate the seismic response of RC frame building archetypes located on hillsides,
using a methodological approach that incorporates both nonlinear dynamic analyses and
static analyses to assess the nonlinear structural response under combined loading condi-
tions. This approach allows for a comprehensive evaluation of the effects of the structural
irregularity caused by the geometric asymmetry found in buildings on slopes, specifically
considering the combined effects of gravitational actions with ground movements during
strong earthquakes. By employing such analyses, this study aspires to significantly con-
tribute to the body of knowledge in seismic engineering, offering valuable insights for the
design and evaluation of RC structures on inclined terrains, and aimed at mitigating seismic
hazards and protecting lives and properties.

2. Methodology

To analyze the influence of structural asymmetry on the nonlinear response of buildings,
the study began with the conception and design of a series of representative archetypes of
typical structures located on terrains with different slopes. To make the responses obtained
comparable, the general geometry was kept constant, with variations only in the slope of the
terrain. The archetypes were sized and structurally designed to be competent against the
combined impacts of gravitational and seismic effects, according to conventional normative
procedures. For this purpose, spectral modal analysis was initially carried out, considering
the demand that was defined according to the seismic hazard level of the location.

The buildings’ responses were evaluated using analysis methods based on nonlinear
responses, starting with an incremental pushover analysis, which preliminarily allows us to
capture the effects of nonlinearity under a pattern of statically applied loads. Subsequently,
a dynamic analysis was carried out, for which, two sets of accelerograms (artificial and
from seismic records) were used.

The parameters chosen to evaluate the nonlinear response, which are typically used to
determine the displacements that evidence damage [30,44,47], are given in the following list:

Interstory drifts;
Roof rotations;
Demand-capacity ratios of structural elements.

With the selected parameters, an assessment of the influence of structural irregularity
caused by the modification of the archetypes” geometry on the seismic responses of these
archetypes was carried out.

At this point, it is crucial to note that the archetypes were conventionally designed, con-
sidering the implications that irregularities in both plan and elevation, which were generated
by adapting the structure to the slope of the terrain. Regarding regulatory considerations
related to slopes, only Eurocode 8 [43] provides recommendations that consider the presence
of slopes, but these are limited to the foundation design process. As for the main international
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standards, there are no specific recommendations for the design of structures situated on
slopes [14,16,44].

2.1. Description of the Archetypes

The archetypes studied consisted of regular reinforced concrete buildings, designed
for a high seismic hazard zone, located on terrains with different inclinations, the latter of
which were defined by the slope of the terrain. The study began with a basic archetype
consisting of a frame building located on non-inclined terrain; its response was used as a
point of comparison.

Geometry of the Archetypes

The archetypes, regardless of the terrain inclination, had nine levels with a height
of 3.00 m each. The structuring of the buildings was carried out using moment-resisting
frames, defined according to an orthogonal arrangement with five axes in the X direction,
spaced equidistantly every 6.00 m, and four axes in the Y direction, spaced every 5.00 m,
see Figure 1.
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Figure 1. View of the typical floor plan of the archetypes.
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The slope of the terrain influences the structuring. It is assumed that the buildings will
have a general access from the lower part of the building, not from some intermediate level.
Accordingly, the structure adapts to the slope of the terrain by reducing the height of the
columns from the access facade towards the rear facade. This even leads to, for buildings
on steeper slopes, the slabs of the first levels, in some cases, having to be reduced in their
extension or simply eliminated for not being able to include them within the support
structure, see Figure 2a—d.

The removal of floors as a result of adapting the structure to the slope is not directly
limited or regulated by standards. However, it should be noted that when a floor is partially
or completely removed, structural regularity is altered in two ways. The first involves the
alteration of regularity in elevation; when an entire floor is removed, it results in floors with
heights that can double those of existing floors, altering the building’s dynamic response.
Additionally, double-height floors produce the undesired effect of a weak story due to their
reduced stiffness, thus creating a weak link within the structural chain. The second alteration
concerns irregularity in the plan. If a floor is partially removed, its center of gravity shifts
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relative to the centers of gravity of the unaltered floors, leading to uncoupled vibration that
creates torsional effects on the columns connecting those floors. These torsional effects tend
to concentrate in the columns located at the periphery of the floors, making it especially
important to study the displacement demands on such columns.

(@)
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+27.00 -Story 9
+24.00 -Story 8
+21.00 -Story 7
+18.00 -Story 6
+15.00 -Story 5
+12.00 -Story 4
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+6.00 -Story 2

+3.00 -Story1

+0.00 -Story 0

Figure 2. Elevation views of the archetypes: (a) 0° archetype, (b) 15°
and (d) 45° archetype. In this figure, A, B, C and D are structural axis.
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The structural elements of the archetypes were modeled using nonlinear constitu-
tive parameters corresponding to the materials that represent the reinforced concrete in
the analysis and design. Firstly, there is concrete, designated as G30, whose mechanical
characteristics are provided in Table 1. To model the nonlinear behavior of concrete, the
constitutive parameters by Mander et al. [48] has been employed. On the other hand, the
reinforcing steel corresponds to the designation A630-420H, whose mechanical character-
istics can be observed in Table 2. The constitutive parameters of this material are from
Menegotto and Pinto [49].

Table 1. Constitutive model parameters by Mander et al. for concrete grades G25, G30, and G35.

Parameter Concrete G30
Compression strength (MPa) 38.00
Strength lower bound (MPa) 30.00

Tension strength (MPa) 2.90
Modulus of elasticity (MPa) 28,973.00
Specific weight (kN /m?) 24.00

Table 2. Constitutive model parameters by Menegotto and Pinto for A630-420H-grade steel.

Parameter Value
Modulus of elasticity E (MPa) 200,000.00

Yield strength F, (MPa) 490.00

Strain hardening parameter (dimensionless) 0.0050
Transition curve initial shape parameter (dimensionless) 20.00
Transition curve shape calibrating coefficient Al (dimensionless) 18.50
Transition curve shape calibrating coefficient A2 (dimensionless) 0.15
Transition curve shape calibrating coefficient A3 (dimensionless) 0.00
Transition curve shape calibrating coefficient A4 (dimensionless) 1.00
Fracture /buckling strain (dimensionless) 1.00

Specific weight (kN /m?) 78.00

Table 3 shows the resulting sections of the structural elements. It is noted that, for
design reasons, the column sections were kept as squares and with the same dimensions on
each floor. The dimensions progressively decreased with height. For the beams, the same
cross-sectional shapes were adopted for both the X and Y directions, adopting rectangular
shapes. It is also noted that these too decreased with height.

Table 3. Sections resulting from the design of the archetypes. All the dimensions are in cm.

Columns Beams X and Y
Archetype 1-2 3-4 5-6-7 8-9 1-2-3 4-5-6 7-8-9
Basic 70 x 70 60 x 60 50 x 50 40 x 40 30 x 70 30 x 60 30 x 50
15° 70 x 70 60 x 60 50 x 50 40 x 40 30 x 70 30 x 60 30 x 50
30° 70 x 70 60 x 60 50 x 50 40 x 40 30 x 70 30 x 60 30 x 50
45° 70 x 70 60 x 60 50 x 50 40 x 40 30 x 70 30 x 60 30 x 50

2.2. Analysis Type

To study the response of the archetypes, various types of analyses have been applied
to assess their response to earthquake action. The first of these, defined according to the
Chilean seismic code NCh433 [42], is the spectral modal analysis, which was required for
the design of the archetypes. In this work, there were different types of definitions for
the representative elements of the concrete slabs of the levels. These slabs were defined
using rigid diaphragms and shell-type elements, so that the use of different elements in the
modal response of the archetypes can be evaluated.
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On the other hand, to assess the adequacy of the seismic response of the archetypes,
it was necessary to carry out analyses considering the nonlinear behavior, for both the
geometric and constitutive parameters of the elements and materials, respectively. The
nonlinear analyses applied in this study are as follows:

e  Nonlinear static analysis with incremental pushover;
e Nonlinear dynamic time-history analysis using artificial accelerograms;
e Nonlinear dynamic time-history analysis using recorded events.

2.2.1. Static Non-Linear Analysis

The nonlinear static analysis was conducted as a preliminary approach to determine the
response of structures to lateral loads induced by ground motion from earthquakes [28,39,40].
In this study, this analysis was carried out considering two advanced aspects. The first
pertains to the fact that the pattern of incremental lateral forces assumes a shape that
corresponds to the modal displacements of the fundamental mode of vibration of the
building in each of the analysis directions [50]. The second aspect considers the accidental
eccentricity of the floors, for which, the following cases were considered:

+Modal Distribution in X + Eccentricity in Y;

+Modal Distribution in X — Eccentricity in Y;

—Modal Distribution in X + Eccentricity in Y;

—Modal Distribution in X — Eccentricity in Y;

+Modal Distribution in Y + Eccentricity in X;

+Modal Distribution in Y — Eccentricity in X;

—Modal Distribution in Y + Eccentricity in X;

—Modal Distribution in Y — Eccentricity in X.

For the capacity curves obtained through the static nonlinear analysis, a set of perfor-
mance points was determined by applying the ASCE 41-17 [30] procedure, which allows
us to obtain these points based on the seismic hazards defined through the elastic design
spectrum for various return periods. In this study, the elastic design spectrum defined in
the NCh433 for very stiff soil was considered, scaling the spectral ordinates according to
the following return periods:

TZ
0t = CoC1CaSa 2 )8 1)

where Su is the response spectrum acceleration at the effective fundamental period and
damping ratio of the building in the direction under consideration, as calculated by the
methods in Sections 2.4.1 or 2.4.2 of ASCE 41-17.

C0: Modification factor that relates the spectral displacement of the equivalent single
degree of freedom (SDOF) system with the roof displacement of the building’s multiple
degree of freedom (MDOF) system.

C1: Modification factor to relate expected maximum inelastic displacements to dis-
placements calculated for linear elastic response.

C2: Modification factor to represent the effect of pinched hysteresis shape, cyclic stiffness
degradation, and strength deterioration on the maximum displacement response.

2.2.2. Time-History Non-Linear Dynamic Analysis Using Artificial Accelerograms

A set of short-duration synthetic accelerograms (10 s) was used, generated using the
elastic design spectrum defined in the Chilean seismic code NCh433 for various hazard
levels corresponding to different performance levels. The performance levels are shown in
Table 4 along with the associated exceedance probability, with the acceptable performance
levels located in the cells highlighted in green [30,44,45].
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Table 4. Definition of performance limit states with their corresponding associated exceedance

probabilities.
Exceedance Target Building Performance Level
Probability 1-A 1-B 3-C 5-D
Earthquake 50% in 50 years a b c d
Hazard Level 20% in 50 years e f g h
5% in 50 years i j k 1
2% in 50 years m n o P

In this table, the letters a through p represent the different levels of performance with respect to the probabilities
of exceedance.

2.2.3. Time-History Non-Linear Dynamic Analysis Using Seismic Records

Finally, a nonlinear time-history analysis was conducted using a set of accelerograms
from seismic records of earthquakes that occurred in the subduction zone in Chile, matched
with the elastic design spectrum for the building sites.

The records chosen to carry out the nonlinear time-history analyses mentioned in
the previous section correspond to strong earthquakes that occurred during the last two
decades in the subduction zone that have affected Chile. The records were applied using
their two horizontal components, leaving the inclusion of the vertical component for a
subsequent study to avoid introducing an additional variable [32,46,51]. Table 5 displays
the characteristics of the seismic records.

Table 5. Descriptive summary of Chilean records used.

Earthquake Date Magnitude (M) Station Epicentral Distance (km) Component PGA (cm/sec?)
E-W 684
Maule 27-02-2010 8.8 Angol 209 N=S 916
. 97 598
Maule 27-02-2010 8.8 Concepcién San Pedro 109 7 667
Y, E-W 530
Maule 27-02-2010 8.8 Constitucién 70 N-S 618
E-W 324
Maule 27-02-2010 8.8 Llolleo 274 N-S 549
. . E-W 481
Maule 27-02-2010 8.8 Santiago Maipu 69 N-S 549
: 90 677
Coquimbo 16-09-2015 8.3 El pedregal 92 360 561
: 90 234
Coquimbo 16-09-2015 8.3 Tololo 175 360 338
. 90 268
Coquimbo 16-09-2015 8.3 San Esteban 168 360 182
Puert 116 016 7.6 L ill 136 20 136
uerto Quellon 25-12-2 . oncomilla 360 148
. . 90 371
Puerto Quellén  25-12-2016 7.6 Hotel Espejo de Luna 75 360 350
. 90 889
Valparaiso 24-07-2015 6.9 Torpederas 39 360 731

Figure 3 summarizes the response spectra calculated from the records used in the
analyses (set of gray lines). These spectra are shown along with the average calculated
spectrum plus and minus one standard deviation. Also, for comparison purposes, the
elastic design spectrum for stiff soil (soil type B), which is the type of soil idealized for
the placement of the archetypes, was added. Eleven pairs of records were chosen to meet
the requirements of ASCE 7, which requires at least this number of records to perform
analyses in the nonlinear range, thereby allowing for the comparison of the design limit
values against the averages of the characteristics calculated with these records [39,40]. Note
that the pairs of records were applied simultaneously in the two main structural directions
of each archetype. The records were downloaded from the CESMD database [52] and
were corrected using the SeismoSpect [53] and SeismoMatch [54] programs to match these
records with the elastic design spectrum.
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Figure 3. Response spectra of the matched records, with the SB soil elastic design spectrum and the
mean spectrum.

As a result of the process of matching seismic records with the elastic design spectrum,
the modified accelerograms were obtained (see Figure 3). Response spectra (continuous gray
lines) were determined for these accelerograms, and with these, the average spectrum (blue
long-dash line) was calculated; it can be seen that they are quite closely aligned with the
elastic design spectrum. This good alignment has allowed for the validation of the record
matching process through the requirements of ASCE 7, which, in the case of using a minimum
of 11 pairs of records, enables the comparison with the average of the response spectra.

3. Results and Discussion

The results of the analyses are presented below, grouped according to the type of
response. Firstly, the results of the linear analyses are shown, followed by the results of
the nonlinear analyses. The analyses have been conducted using the SeismoStruct [55] and
SeismoBuild [56] programs.

3.1. Results of Linear Analysis

The results obtained from the linear analysis of the structure showed the effect of
asymmetry on the dynamic response of the buildings. This became evident when establish-
ing the minimum number of vibration modes that ensured that the participative modal
mass was at least equal to 95%.

It can be observed in Figure 4 that considering slabs modeled as rigid diaphragms
implies a relatively low number of vibration modes necessary to obtain a participative
mass of at least 95%, compared to the consideration of semi-rigid or shell-type diaphragms.
Additionally, it can be noted that as the slope of the terrain increased, and hence the
buildings lost their regularity both in plan and elevation, the number of modes required to
meet the participative mass criterion increased dramatically [57].

3.2. Results from Non-Linear Analysis

The results corresponding to the nonlinear analysis with incremental pushover verified
that, in both the X and Y directions, the archetypes exhibited adequate ductility. Figure 5
shows the capacity curves obtained through the pushover analysis with the combinations +
Modal Distribution in X + Eccentricity in Y and + Modal Distribution in Y + Eccentricity in X
(light blue and pink lines, respectively). Idealized capacity curves (blue and red lines) were
determined for these capacity curves, and the locations of the performance points, defined
using Equation (1) for the different limit states defined in Table 4, were also found [46,58]. To
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make the results of the different buildings comparable, the capacity curves were normalized
with respect to the total height and seismic weight of the buildings [59-61].
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Figure 4. Minimum number of modes to achieve a minimum participative mass of 95%.
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Figure 5. Capacity curves of the analyzed archetypes: (a) 0° Archetype, (b) 15° Archetype, (c) 30°
Archetype, (d) 45° Archetype. In this figure, the light green dot represents the performance point for
the limit state of the operational level (1-A), while the dark green, orange, and red dots represent the
limit states of immediate occupancy (1-B), life safety (3-C), and collapse prevention (5-D), respectively.
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The displacements (normalized with respect to the height of the archetypes) of the per-
formance points corresponding to the limit states evaluated in this study are summarized
in Table 6. Note that these displacements for each direction of the static nonlinear analysis
represents those shown in Figure 5.

Table 6. Normalized displacements of the performance points calculated for the different archetypes
and limit states.

L. Basic 15° 30° 45°
Limit State X (%) Y (%) X (%) Y (%) X (%) Y (%) X (%) Y (%)
Operational Level (1-A) 0.428 0.449 0.370 0.391 0.362 0.375 0.261 0.265
Immediate Occupancy (1-B) 0.571 0.599 0.493 0.522 0.483 0.499 0.354 0.356
Life Safety (3-C) 0.713 0.749 0.617 0.652 0.603 0.624 0.451 0.450
Collapse Prevention (5-D) 0.856 0.899 0.740 0.783 0.724 0.749 0.553 0.546

Ductility

Méx E+y

M+x E-y

M-x E+y
M-x E-y

Pushover analysis type

M+y E-x

From the capacity curves and their idealized forms, it is possible to determine the
displacement ductility and the reserve of strength [50,59,60]. It was noted that the ductility
developed for the building located on a terrain inclined at 45° showed values much higher
than those achieved by buildings located on less inclined soils (see Figure 6). As for the
reserve of strength reached, the results did not show a great variation. This allows us to
deduce that the asymmetry generated by the irregularity both in plan and elevation of the
studied buildings affects the nonlinear displacement response more than the nonlinear
strength response [62,63].

(b),

35

w

Overstrength
N

M+x E+y
M+x E-y

M-x E+y

M-x E-y

M+y E+x

M+y E-x

45° M-y E+x

45°
M-y E+x 30°

M-y E-x

30° .
15° My E-x 15

. Basic
5 -
%C Building Building

Pushover analysis type

Figure 6. Results of the pushover analyses: (a) ductility and (b) overstrength. In this figure, the blue
bars represent the drifts of the Basic Archetype, the light blue bars represent the drifts of the 15°
Archetype, the green bars represent the drifts of the 30° Archetype, and the yellow bars represent the
drifts of the 45° Archetype.

3.2.1. Interstory Drift Control

Seismic design standards employ dynamic nonlinear analyses to achieve a closer
approximation of the seismic response of buildings. To counteract the high variability
present in the seismic records used for these analyses, ASCE 7 requires the use of at least
11 records, with criteria that allow for the rejection of results, especially in cases where
numerical convergence of the analyses is not achieved.
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Interstory drift

Interstory drift

0.05

0.05

From the results of the dynamic nonlinear analysis, it was possible to calculate the
transient interstory drifts, which were compared against thresholds to determine the damage
to structural elements located at different stories of the building. The greater the transient
interstory drift, the greater the damage achieved and the more the elements engaged in
nonlinear behaviors.

The results must be analyzed in the two main structural directions, corresponding to
the X and Y axes. Figure 7 shows the results of the maximum transient interstory drifts
reached at the nine stories of the basic archetype in the X direction for each pair of records
used in this research. The results were plotted for the four columns at the corners of the
archetype, identifying them according to the intersection of the axes in Figure 1. Thus, in
Figure 7, the drifts corresponding to columns C1 (A-1), C5 (D-1), C16 (A-5), and C20 (D-5)
are shown. The review of the interstory drifts of these columns aimed to capture the effect
of asymmetry and structural irregularity on the dynamic response, which tended to be
magnified in the columns located at the corners of the buildings, where torsional effects
increasingly manifested.

Max. Interstory drift=0.03781724
Level 8, record 4

Max. Interstory drift=0.03781586
Level 8, record 4

Interstory drift 0.05 1

Max. Interstory drift=0.04306802
Level 8, record 1

Max. Interstory drift=0.043075187
Level 8, record 1

. ) o
Interstory drift 0.05 1 Seismic record

Figure 7. Maximum interstory drift in X direction of columns (a) C1, (b) C5, (c) C16, and (d) C20. In
this figure, each color represents the interstory drifts calculated using each pair of seismic records.
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Interstory drift

Interstory drift

0.05

0.05

In this figure, on the x-axis (horizontal and to the right), the 11 pairs of records used in
this research are shown; on the y-axis (horizontal and to the left), the values of the maximum
transient drifts achieved at the different levels of the studied archetype are displayed. Lastly,
on the z-axis (vertical), the levels of the archetype are presented.

It was noted that the greatest interstory drifts occur, regardless of the records and
the location of the columns, on the eighth story of the basic archetype. This is due to the
reduction in the cross-sectional area of the columns at this level, with the maximum drift
value being slightly above 0.04 for record 1 (see Table 5) for column C20. It can also be
noted that the drifts of the lower stories maintained small values, indicating that significant
damage did not occur at these levels. A similar behavior was observed in the results of the
interstory drifts calculated in the Y direction, where the maximum value was also slightly
above 0.04 for record 1 from Table 5, this time for column C1 (see Figure 8). Due to space
limitations, it was not possible to show the results for all the archetypes, but can be made
available for interested readers by correspondence.

Story

Max. Interstory drift=0.032123963
Level 8, record 4

Max. Interstory drift=0.040100347
Level 8, record 1

Interstory drift 0.05 1

story

Max. Interstory drift=0.0401161
Level 8, record 1

Max. Interstory drift=0.03215448
Level 8, record 4

i > o
Interstory drift 0.05 1 Seismic record

Figure 8. Maximum interstory drift in Y direction of columns (a) C1, (b) C5, (c) C16, and (d) C20. In
this figure, each color represents the interstory drifts calculated using each pair of seismic records.
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The consideration of the suitability of the structural design was carried out through the
evaluation of the average interstory drifts, thanks to the use of 11 pairs of records (ASCE 7).
Thus, the average results of the basic archetype in the X and Y directions for columns C1,
C5, C16, and C20 discussed earlier can be appreciated. As expected, the maximum drifts
were reached on the eighth story, in the analyses for both directions (see Figure 9). Similarly,
Figures 10-12 show the average interstory drifts of the 15°, 30°, and 45° archetypes. Note
that in these cases, the maximum average drifts occurred on the eighth story, but unlike
the basic archetype, there were null drifts at the first level of these archetypes, due to the
presence of supports placed on the slope, which nullifies the displacements of these initial
levels. Despite this characteristic, it can be noted that the average interstory drifts reached
in both directions were comparable in all the case studies.

8 8
7 7
6 6
2 2
s° s °
(2] 2]
4 4
3 3
2 2
1 1
0 0
0.01 Max. Interstory drift 0.01 Max. Interstory drift
: =0.028042427 . =0.0259912
0.02 Level 8, Column 20 0.02 Level 8, Column 20
(a) 4 (b) 0.03 4
0.04 , 0.04 ,
Interstory drift 0.05 1 Interstory drift 0.05 1
Column Column

Figure 9. Mean interstory drift in (a) X and (b) Y directions of the basic archetype.

9 9
8 8
7 7
6 6
2 2
§° s °
7] n
4 4
—4 -
3 [ c16 3 — <R
[ cs Eics
[ —e4]
2 2 e
1 1
0 0
0.01 Max. Interstory drift= 0.01 Max. Interstory drift=
0.02761572 0.02289589
0.02 Level 8, column 20 0.02 Level 8, column 20
(a) 0.03 4 (b) 0.03 4
0.04 Py 3 0.04 Py 3
Interstory drift 0.05 1 Interstory drift 0.05 1
Column Column

Figure 10. Mean interstory drift in (a) X and (b) Y directions of the 15° archetype.
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9 9
8 8
7 7
6 6
2 2
§° s °
2 2
7] (7]
4 4
[«
I C16
3 N cs 3
e
2 ’ 2
1 ’ 1
0 0
0.01 Max. Interstory drift= Max. Interstory drift=
0.028627855 0.026255686
0.02 Level 8, column 20 0.02 Level 8, column 1
(a) 0.03 4 (b) 003 4
0.04 > 3 0.04 5 s
Interstory drift 0.05 1 Interstory drift 0.05 1
Column Column

Figure 11. Mean interstory drift in (a) X and (b) Y directions of the 30° archetype.

Max. Interstory drift=

Max. Interstory drift=
0.023894358 0.024259639
. Level 8, column 20 Level 8, column 5
(a) 0.03 4 (b) 003 4
0.04 P 8 0.04 > s
Interstory drift 0.05 1 Interstory drift 0.05 1
Column Column

Figure 12. Mean interstory drift in (a) X and (b) Y directions of the 45° archetype.

In Figures 9-12, on the x-axis (horizontal to the right), the four columns located at the
corners of the archetypes’ floors, whose locations have already been indicated, are shown.
On the y-axis (horizontal to the left), the average values of the maximum transient drifts
achieved at the different levels of the studied archetype, using the eleven pairs of records,
are displayed. Finally, on the z-axis (vertical), the levels of the archetype are presented.

3.2.2. Acceptance Criteria Based on the Transient Interstory Drift

The limits imposed by ASCE 7 for transient floor drifts are provided in the table in
Section 12.12 [44]. For reinforced concrete buildings structured with frames, a limit value
of 0.02hy has been established. The average transient floor drift should not exceed twice
the value of the floor drift expressed in Table 12.12-1 of ASCE 7. Similarly, for buildings
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exceeding 30 m in height, the average transient drift should not surpass the value calculated
using the following expression:

A < hyy (4.71-10*2 — 2341074 ~hn) )

where kg, is the interstory height and h,, is the total height of the structure, both measured
in meters. Although the application of this equation is valid only for buildings that exceed
30 m in height and the study cases only reached 27 m, it has been decided to apply it to
have a referential comparison value as an acceptance criterion. The result of the above
equation should not be less than:

Hox (4.71.10—2 2341074 -hn) > 0.03-715y 3)

Using the data from the studied archetypes, a limit value for the average transient floor
drift of A = 0.122 m was obtained, which is greater than the value obtained from the right
term of the previous equation (0.09 m). This value, which is applicable to the drifts of all
floors, implies that the maximum interstory drift for an interstory height of 3 mis 0.04. As
can be observed in Figures 8-11, none of the average floor values reached this limit value.

Regarding the acceptance criterion for analyses based on transient interstory drifts, if
an analysis yields a maximum transient interstory drift value greater than 150% of the value
calculated using the equation, it will be necessary to discard the results of that analysis in
the calculation of the building’s performance. The maximum limit of the transient floor
drift was then calculated, yielding a value of 0.184 m, which, when converted to interstory
drift, gave a value of 0.06. Comparing this maximum value with the results reported in
Figures 7 and 8, it can be noted that none of the floors exceeded this value, allowing for the
consideration of all the results of the dynamic time-history analyses.

The other acceptance criterion was for residual floor drift. ASCE 7 sets an acceptance
value of 0.03:hsy for drifts remaining in the structure when it reaches rest. In the interest
of brevity, the results of these calculations are not shown, but it can be mentioned that the
values of the residual floor drift in the different archetypes did not exceed the indicated
limit value.

3.2.3. Rotation Control

Design standards do not use floor rotations as acceptance criteria [4,19,64,65]. The
authors believe that such rotations can provide an interesting approximation for the response
associated with torsion induced by the asymmetry of the archetypes. For this purpose,
the maximum relative rotations between the roof level and the foundation level of each
archetype for each pair of records used in the dynamic analysis were calculated, see Figure 13.
It is noted that, contrary to expectations, the most irregular archetype (45°) did not exhibit
the highest rotations, but rather it was the 30° archetype. To prevent the elevated values of
the latter from overshadowing those of the 45° archetype, it was necessary to modify the
order of result presentation in Figure 13.

3.2.4. Damage Control

Damage control was studied based on the outcomes of all the analyses utilized in this
study. The demand versus capacity ratio was determined for each of the structural elements
under the various types of applied loads, whether these were incremental lateral loads
(from the pushover analysis) or loads induced by accelerations imposed on the archetypes,
either defined by artificial accelerograms or by seismic records.

The results of the damage control were extensive, and in the interest of brevity, only
some are shown, which illustrate two of the main issues detected in the analyses: the stiffness
reduction of the eighth floor and the short columns that originate in the archetypes inclined
at 30° and 45°. In Figure 14, the elements of the archetypes that have exceeded a value of
one in the demand versus capacity ratio for the analyses using artificial accelerograms can
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be observed. These results correspond to the limit states of the operational level (1-A) and
immediate occupancy (1-B). In the case of the limit states for life safety (3-C) and collapse
prevention (5-D), exceeding the value of one for the demand versus capacity ratios was not
observed, indicating that these limit states were adequately protected in the conventional
design applied [1,18,66]. The reader may notice that the 30° archetype presented deeper
degrees of damage than the rest of the archetypes. Although, as previously mentioned, the
45° archetype exhibited greater irregularity due to the asymmetry created by the steeper
slope, the presence of supports that restrict displacements prevented the occurrence of
relative displacements that are responsible for producing the most severe damage.

Rotation

3

Archetype

Figure 13. Maximum rotations reached in the gravity center of the roof in each archetype.

R

Figure 14. Cont.
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(d)

Figure 14. Elements that exceed the limit for the demand-capacity relationship in the archetypes
(a) 0°, (b) 15°, (c) 30°, and (d) 45° subjected to the action of synthetic accelerograms for the Immediate
Occupancy limit state (1-B).

4. Conclusions

The study further confirms the complexity of the nonlinear response of buildings to
seismic loads, which has a significant dependence on structural symmetry. The adaptation
of buildings to sloped terrains introduces inherent asymmetries, even when attempts are
made to maintain the regularity of the building’s geometry. The identified irregularities,
such as misaligned centers of gravity across successive stories, increased mass with height,
double-story heights due to the impossibility of placing slabs on certain floors, and the
formation of short columns due to vertical support shortening on slopes, underscore the
challenges posed by slope-induced asymmetry.

Based on the comprehensive results and discussions presented in this study, the follow-
ing conclusions can be drawn:

1.  Influence of Asymmetry on Dynamic Response: The linear analysis indicated a sig-
nificant impact of asymmetry on the dynamic response of the buildings, a factor that
becomes increasingly critical as the slope of the terrain, and hence the irregularity
of the buildings in both plan and elevation, increases. This underscores the need for
considering a higher number of vibration modes to accurately capture the seismic
behavior of structures located on sloped terrains.

2. Nonlinear Ductility and Capacity: The nonlinear analyses, particularly with incremen-
tal pushover, demonstrated that the archetypes exhibited adequate ductility in both
the X'and Y directions. This finding is pivotal, as it suggests that despite the geometric
complexities introduced by slope-induced asymmetry, the designed archetypes can
still achieve the desirable level of seismic performance.

3. Transient Interstory Drift and Damage Control: The dynamic nonlinear analysis,
essential for closely approximating the seismic response of buildings, highlights the
significance of transient interstory drift as a critical measure of seismic damage. This
study confirmed that the maximum allowable drift values, as dictated by ASCE 7,
were not exceeded, ensuring that all the dynamic time-history analyses results can be
considered reliable for performance evaluation.

4. Acceptance Criteria and Structural Design Suitability: The application of ASCE 7
acceptance criteria based on transient interstory drift offers a robust framework for
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evaluating the seismic suitability of structural designs. Our findings reveal that despite
the potential increases in drift due to architectural asymmetry, the structural integrity
remains within safe limits, affirming the effectiveness of conventional design practices
in mitigating seismic risks.

5. Rotations Control and Irregularity Effects: Contrary to expectations, archetypes with
higher degrees of irregularity (45°) did not exhibit the highest rotations, challenging
the preconceived notions about the relationship between structural asymmetry and
torsional responses. This suggests that the presence of structural supports and the
method of displacement restriction play a significant role in mitigating potential
damage, especially in highly irregular structures.

6. Comprehensive Damage Analysis: The extensive damage control analysis, consider-
ing both demand versus capacity ratios and specific architectural features like short
columns and reduced stiffness on upper stories, provides a nuanced understanding
of seismic vulnerability. This approach allows for a detailed examination of how
structural and non-structural elements contribute to the overall seismic resilience of
buildings on sloped terrains.

7. Incorporation into Current Standards: There is a pressing need for current seismic
design standards to include provisions that directly address the design of buildings
located on slopes, ensuring that their dynamic response and the irregularity caused by
asymmetry are considered in conventional design procedures. This inclusion would
enhance the seismic safety and performance of such structures, acknowledging the
unique challenges posed by sloped terrains.

In conclusion, this study contributes valuable insights into the seismic performance of
reinforced concrete buildings on sloped terrains, emphasizing the critical role of asymmetry,
structural ductility, and the application of dynamic nonlinear analyses in enhancing seismic
design codes. The findings underscore the importance of integrating comprehensive
dynamic analyses and conventional design practices with specific guidelines for sloped
terrain construction to ensure the safety, durability, and resilience of structures in seismically
active regions. In line with this, further studies are required on the response of buildings
situated on slopes, including other structural typologies, materials, and configurations.
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