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Abstract: The Soil-Structure Interaction (SSI) effect has been widely evidenced during several
earthquakes around the world. In the Venezuelan context, the seismic event in Caracas in 1967
showed the significant consequences of designing buildings without considering the SSI effect.
Nevertheless, limited research on the seismic performance of concrete moment frames (commonly
used as structural systems in office and residential buildings in Venezuela and Latin America)
considering the SSI effects has been developed, although there have been continuous updates to the
Venezuelan Seismic Code. In this research, the influence of the SSI on the seismic performance of
RC moment frame buildings designed according to the New Venezuelan Seismic Code was studied.
An extensive numerical study of 3D buildings using concrete moment frames supported by mat
foundations on sandy and clayey soils was performed. The response spectrum method, non-linear
static analysis, and non-linear dynamic analysis were used to assess the seismic response of the
archetypes studied. The results show that SSI effects can have a significant impact on the seismic
response of RC moment frame buildings, increasing the interstory drift ratio and decreasing the shear
forces. As is shown in fragility curves, the probability of collapse increases for cases with flexible
bases in comparison to the cases of models with fixed bases. Additionally, in the 24-story archetype,
the fixed-base model reached a maximum probability of collapse. Finally, a new proposal for the
reduction of the strength-reduction factor (R) must be incorporated into the Venezuelan Seismic
Code to improve the safety of the structures. Limitations in the use of RC moment frames must
be incorporated for high-rise buildings since, as the present work demonstrates, for high-period
structures, the normative provisions are not reached.

Keywords: seismic performance; concrete moment frames; soil-structure interaction; seismic design;
pushover analysis

1. Introduction

Reinforced concrete (RC) moment frames are a key part of the seismic resistance
system widely used in Venezuelan buildings. According to [1], concrete moment frames
are generally identified as an economical structural system that provides excellent stiffness
and a large plastic deformation capacity under earthquakes [2,3]. The main goal of this
system is to concentrate the seismic damage in the beams through ductile plastic hinges to
avoid brittle failures and structural collapse. Furthermore, in a comprehensive numerical
study of the seismic performance of concrete moment-frame buildings using non-linear
static and dynamic analyses [4], it was demonstrated that for minor earthquakes, the
system has an adequate ability to resist seismic forces and avoid major damage. On
the other hand, for severe earthquakes, the weak column-strong beam behavior could
result in a column experiencing sideways failure mode if the design and detailing are
not appropriate. In addition, this study found that static pushover analysis reproduces
comparable height-wise distributions of drift and element damage that appear in the
dynamic response of the structure. Therefore, pushover analysis could be considered a
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useful tool for the seismic performance evaluation of concrete moment frame buildings.
Nevertheless, the result of the seismic performance evaluation is highly dependent on the
design and seismic provisions, material conditions, site effects, and numerical modeling
considerations, making each assessment unique. In this sense, the seismic performance
of concrete moment frames has been evaluated under several conditions of its materials,
configurations, and reinforcements.

Research conducted by [5,6] evaluated the seismic performance of concrete moment
frames reinforced with glass fiber-reinforced polymer (GFRP) bars designed according to
ASCE 07 seismic loads using pushover analysis. The results found that a moment frame
reinforced with GFRP bars always provided a greater load-carrying capacity, with an
average of 13% greater capacity than a similar frame reinforced with steel bars. In addition,
the frames were capable of providing ductility at 91% of their control frame, respectively.
However, in these evaluations, only 2D structures were deemed, avoiding the torsional and
site effects, as well as other uncertainties present in 3D structures.

On the other hand, an investigation conducted by [7] evaluated the performance of
concrete moment frames with low-strength concrete using experimental tests on the shake
table and non-linear numerical models. The results showed that a decrease in seismic
performance levels was found in the frames with low-strength concrete, with significant
join panel damages caused in the collapse prevision limit state. In addition, the use of low-
strength concrete caused bond failures and a longitudinal bar slip, affecting the structural
response. Nevertheless, this research was based only on a fixed two-story one-bay frame
(2D models) plane, excluding 3D effects and site conditions in the performance evaluation.
Similarly, [8-10] evaluated the seismic damage to concrete moment frames with high-
strength concrete in 2D and 3D moment frames numerically and experimentally. For these
studies, the results showed that high-strength concrete slightly increased the ductility and
stiffness of the structural system and decreased the required longitudinal reinforcement.
However, these investigations were focused on using specific design codes and analyzing
collapse mechanisms without soil-site effect conditions.

The influence of standard provisions on the performance of concrete moment frames
was evaluated by [11] through an experimental study. In this study, American, Japanese,
Canadian, New Zealand, and European standards were evaluated by comparing standard
stiffness with experimental lateral stiffness regarding a four-story, full-scale reinforced
concrete building tested under multi-directional seismic motions on a shaking table. The
results showed that the building stiffness degraded significantly as drifts increased, and the
standard provisions produced more accurate stiffness estimates for frames than for shear
walls. In general, the standards considered captured the building’s lateral stiffness with
varying degrees of accuracy. Moreover, all standard stiffness values were higher than those
of the building at the drift target of the standard that modified its seismic performance.
However, the research results indicated that improvements in the stiffness provisions for
concrete buildings of all investigated standards may be warranted, particularly for concrete
shear walls, to guarantee a more accurate seismic performance.

Seismic performance evaluations for specific design codes have been widely carried
out, as demonstrated by the studies developed by [12]. They evaluated the seismic perfor-
mance of concrete moment frames designed according to Chinese code, showing that the
concrete moment frame building designed by Chinese code provided the inelastic behavior
and response intended by the code and satisfied the inter-story drift and maximum plastic
rotation limits suggested by [13]. Similarly, Ref. [14] evaluated the strength-reduction factor
of concrete moment frames in 2D designed according to the new Venezuelan seismic code
using the non-linear pushover analysis. The study found that the strength-reduction factor
suggested by the Venezuelan seismic code is higher than the value obtained statically for
the archetypes analyzed. However, this study did not consider the site effects, founda-
tion flexibility, and 3D effects present in the buildings, and time history analysis was not
developed to evaluate the seismic performance.
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Previously cited research showed how the pushover analysis provided a useful tool
for identifying the plastic mechanism developed when the structure is subjected to large
inelastic deformation. This information is not only useful for evaluating the seismic perfor-
mance of the structure but could also help select seismic details that are more suitable for
withstanding the expected inelastic deformations. Furthermore, standards and materials
play a significant role in the expected seismic performance of concrete moment frame
buildings and their performance levels. Nevertheless, simplifications are deemed in the
analysis, which can introduce uncertainty in the seismic performance evaluation. The
investigation conducted by [15] demonstrates how the explicit consideration of epistemic
uncertainties in the process of the assessment of structural performance can lead to more
accurate results. As part of these uncertainties, the assumption of a fixed base can underes-
timate the real flexibility of the system and the modification of the seismic response due to
the soil-structure interaction (SSI).

Soil-structure interaction effects are defined as the modification of the structure base
flexibility and ground motion modifications due to the presence of the soil-foundation
system. This topic has been studied widely in a comprehensive literature review developed
by [16]. This study denotes that traditionally the soil-structure interaction is beneficial
to reduce the seismic base shear of a structure. In addition, it has been suggested that
ignoring the soil-structure interaction in the design practice leads to a conservative design.
However, observations from some past earthquakes evidence of the detrimental nature
of soil-structure interaction in certain circumstances depending on structure-to-soil stiff-
ness contrast; it may turn either beneficial or detrimental to structural response during a
seismic event.

Several approaches to consider the inertial or kinematic soil-structure interaction have
been proposed by investigations and provisions, using response spectrum modification,
non-linear soil springs, impedance functions, and finite element method models. These
methods allow for the incorporation of soil-structure interaction in the design, estimation of
the inelastic response, and seismic performance assessment. Much of the current literature
on soil-structure interaction pays particular attention to the effects of the soil-structure
interaction when shallow foundations or piles are employed for the foundations [17]
and its negative effect on the structural building response [18]. Other approaches have
been focused on the soil, assessing the influence of the sandy soils in the soil-structure
interaction [19] to explain that sandy soils amplify seismic waves on the soil-structure
interface because of the soil-structure interaction effect. However, the main goal of this
consideration is to evaluate the structural response and performance of the structures
due to the soil amplification effects commonly considered by seismic standards in the
design demand.

Several studies have identified the influence of soil-structure interaction on the seismic
performance of concrete moment-frame buildings. The research conducted by [20] allows
assessing the seismic behavior of an Australian building frame considering soil-structure
interaction using a full non-linear dynamic analysis and finite element method to model the
SSI. A 10-story concrete moment frame on shallow foundations was selected in combination
with three soil types with a shear-wave velocity of fewer than 600 m/s, representative of soil
classes Ce, De, and Ee according to the Australian standard. The results indicate that the
performance level of the model supported on soil class Ce does not change substantially and
remains in the life-safe level, while the performance level of the model resting on soil classes
De and Ee substantially increases from the life-safe level to near collapse for both elastic
and inelastic cases. However, this evaluation was limited to one 2D building archetype,
and the use of Australian standards could not be representative of other countries.

The investigation developed by [21] analyzes the modification of the estimated seismic
behavior of low-rise concrete buildings designed by Eurocode 8 due to the soil-structure
interaction effect. The soil-structure interaction was considered by the application of a
spring-dashpot-mass system at the basis of each vertical element for the case of footing
foundations. For the other case of foundation, a spring-dashpot-mass discrete system was
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applied at the geometrical center of the mat foundation to represent the deformable soil.
The results indicate that the inter-story drift increases due to soil-structure interaction, more
for the case of mat foundation than for footings, modifying strongly the estimated seismic
behavior of low-rise concrete buildings. Moreover, the research conducted by [22] studied
two 20 and 30-story concrete moment frame buildings supported on piled raft foundations
through time history analysis using seven earthquake records. Soil-structure interaction
was deemed using the finite element method with solid elements. The results showed
that the soil-structure interaction has a significant impact on the dynamic response of tall
buildings, increasing it for both analyzed cases. Likewise, the study conducted by [23]
demonstrates that for Italian reinforced concrete moment frames, the soil-structure interac-
tion affects the seismic demand in terms of decreasing base shear and increasing maximum
drift. However, in this research, the performance evaluation was only conducted using
linear dynamic analysis, avoiding the estimation of the capacity and performance point of
the structure and based on local design standards non-similar to Latin American standards.

On the other hand, the research conducted by [24-26] analyzes the seismic fragilities
of non-ductile reinforced concrete moment frames considering the soil structure using 2D
building archetypes. The results showed that soil-structure interaction has a significant
influence on the fragilities compared to the fixed-base model, increasing the probability of
exceeding a limit state of damage for the same acceleration. In addition, the difference in
results obtained when considering linear or non-linear behavior of the soil was minimal for
the coupled case in general. Additionally, when soil non-linearity is introduced, the SSI
effects are generally expected to have a lower impact on the structure fragilities for higher
levels of seismic loading. However, this research was limited to old buildings supported
by shallow foundations placed on dense silty sand; thus, these results as limited to the
study context. On the other hand, this research was based on the 2D typology of buildings
being necessary for the development of new analysis, which includes a variety of concrete
buildings and a variety of soil conditions. In this sense, the simplifications in the analysis of
the soil-structure interaction could be considered without incurring significant differences
in the analysis results.

In addition, recent studies [27] show that by changing values of subgrade reaction
modulus (Ks) in foundation design, the effects of SSI on tall buildings can be considered
automatically. Also, the soil-structure interaction can cause changes in the pattern of
foundation settlement and foundation deformation. Moreover, numerical simulation of
the seismic response of reinforced concrete buildings considering soil-structure interaction
in liquefiable soil [28] has suggested that although liquefiable soil layers are present, the
lateral displacement of the buildings is not generally sensitive to be increased for the
thickness layer modification. In this sense, these results were limited to the proposed case
studies. However, they may have interesting applications to design procedures and aid
in the proposal of code provisions. Other more sophisticated methodologies, such as the
application of Bayesian models in conjunction with finite elements for the analysis of soil-
structure interaction [29], have been proposed and validated with good estimation results.
Nevertheless, their existence does not limit the application of simplified methodologies
that have served over the years for the consideration of soil-structure interaction in design
codes; such is the case of the methodology proposed by [30,31].

As mentioned above, the soil-structure interaction effect is an important consideration
that modifies the performance of the structure and, in some cases, can lead to a non-
desire failure mechanism under earthquakes. Furthermore, several investigations have
analyzed the influence of this effect on concrete moment frame buildings denoting that the
effects produce a reduction of base shears due to soil effect dissipation and a drift increase
due to the base flexibility incorporation. The drift increase can lead to no compliance
with drift control specified in seismic provisions and generate damage to non-structural
components [32,33]. In addition, the effect is highly dependent on the type of soil and
foundation, being more significant on soft soils with isolated foundations. Moreover, these
studies show the application of several methods to incorporate the soil-structure interaction
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in the assessment of seismic structural behavior, such as the finite element, springs on
foundation, impedance functions such as damper springs couple, linear springs, and
response spectrum. All these methods have been validated and tested with experimental
tests, and their results, even the most simplified, have been successful. However, the
estimation of the seismic performance of the building’s incorporating the soil-structure
interaction is unique for each case because each evaluated structure is designed by a specific
seismic provision and supported in a particular soil-foundation system.

On the other hand, in the Venezuelan context, few but significant earthquakes through-
out the year have generated the necessity for updating the seismic and design code due
to economic and life losses. Initially, the Caracas earthquake of 1967 provided the first
lesson about the soil site effect, where the ground amplification increased the earthquake
damage [34]. Furthermore, this earthquake demonstrated the lack of lateral load-resistance
planes, an appropriate structural configuration, and detailing in concrete moment frames
were determining factors in the poor performance under seismic loads [35-37]. Subse-
quently, the Cariaco earthquake of 1997 evidenced that the high percentage of damage
in the center of Cariaco was attributed to the poor quality of the households combined
with the presence of thick, poorly consolidated soils and, in some cases, to liquefaction
phenomena [38]. In addition, the reinforced concrete moment frame structures collapsed
due to the short column effects [39,40] and the lack of design and detailed attributes pro-
vided in the existing codes before the event [41]. In this sense, a new Venezuelan seismic
code [42] has been recently released to incorporate all these lessons from past earthquakes,
including the incorporation of the soil-structure interaction using the modification of the
response spectrum method suggested by ASCE 7 [30]. The modification of the seismic
performance of concrete moment frame Venezuelan buildings incorporating the SSI effect is
not clear, especially regarding its seismic design factors and if the drift control still complies
with the new Venezuelan seismic provision. On the other hand, the seismic performance
of Venezuelan concrete moment frame buildings has not been evaluated after seismic
code actualization.

The aim of this research is to assess the influence of the soil-structure interaction
on the seismic performance of concrete moment frame buildings designed according to
the new Venezuelan seismic code located in the Venezuelan seismic zone with Ao =0.3 g.
In this research, 3D regular concrete moment frame buildings of 4-8-12-16-20-24 levels
supported by mat foundations on sandy and clayey soils with shear wave velocity under
250 m/s are evaluated. Furthermore, the presence of a water table was not considered in
this study, and the non-linearities of the soil were deemed directly from the shear modulus
reduction until the final soil state after an earthquake. The response spectrum analysis is
used to evaluate the design seismic response of the building. In addition, the non-linear
pushover analysis is employed to evaluate the capacity and seismic design factors of the
structures, determining the performance under Venezuelan seismic provisions, including
SSI. Subsequently, these factors were compared with the proposed design factor established
on the new Venezuelan seismic code to establish the influence of SSI in the design. Moreover,
the non-linear dynamic analysis of the buildings under seven ground motions of strike-slip
earthquakes is conducted to evaluate the seismic performance of the buildings according
to recommendations of ASCE 41 [13] and FEMA P-58 [43]. Finally, results are reported and
discussed in the next sections.

2. Design of Concrete Moment Frames Buildings

Generally, member sizes of concrete moment frames are estimated based on experience
or serviceability requirements. Furthermore, architectural limitations may also have an
impact on the cross-sectional dimensions of these members. It is common to go through
many iterations before establishing reasonable member sizes. Once preliminary member
sizes are obtained, seismic forces are determined, linear lateral analysis of the building is
developed, drift requirements are checked, and member sizes are adjusted. The design
process was based on current Venezuelan standards [42] for a design earthquake. Moreover,
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beam and column design is performed according to ACI 318-19 [44]. Consequently, the
shear strengths of the joints are verified due to the behavior of the beam-column joints in
the concrete moment frames affecting their overall integrity and performance.

2.1. Response Spectrum Analysis

The response spectrum analysis is a useful tool to obtain the seismic response of
the buildings considering the contributions of all vibration modes. This analysis allows
obtaining forces and displacements based on the seismic demand established on the pro-
visions and are dependent on the strength-reduction factor (R). In this sense, the analysis
is performed according to the new Venezuelan seismic code [42] for regular non-essential
buildings located in Valencia, Venezuela, with Ao = 0.3 g and two types of soils, D and
E. Furthermore, topographic conditions are assumed as low, and the depth of the rock
basement is deemed as 80m. Figure 1 shows the elastic and inelastic response spectrums
obtained for both types of soils in terms of spectral acceleration (Sa) and period (T), de-
noting how the demand increases for long-period structures with soil E but decreases for
short-period structures.

Response Spectrum Ao=0.3g, Soil D, B2 Category Response Spectrum Ao=0.3g, Soil E, B2 Category
1 0.8
0.9 07
0.8
0.6
0.7
0 0.5
T 8
=0 ——Elastic =0 ——Elastic
0.4 Spectrum Spectrum
R=1 03 R=1
03 ) )
Inelastic 0.2 Inelastic
0.2 Spectrum Spectrum
01 0.1
0 0

T[s] - T[s]

Figure 1. Response spectrum according to Venezuelan seismic code [42].

Moreover, according to the Venezuelan seismic code [42], a strength-reduction factor
R = 6 is established for special concrete moment frame buildings, assuming compliance
with the specifications for the detailing of the reinforcement according to Chapter 18 of
ACI 318 [44]. In addition to the intrinsic torsion’s effects, the additional torsion produced
by displacing the center of mass in each direction and at each level were considered as an
additional eccentricity of 6% to the dimension of the floor in a direction perpendicular to
the analysis direction.

2.2. Archetypes and Numerical Model Description

In this research, 3D concrete moment frame residential buildings were deemed. The
buildings are regular typical Venezuelan structures composed of three spans of six meters in
each direction. Furthermore, six building height typologies were considered, 4, 8, 12, 16, 20,
and 24, with a typical story height of 3.5 m. Commonly in Venezuelan structures, the most
relevant buildings are designed from RC moment frame structures in office and residential
buildings. Also, buildings greater than twenty-four stories can only be designed with shear
walls. In this sense, the use of RC moment frames is limited to 24 stories, considering
relevant structures from 4 stories. Figure 2 illustrates a schematic view of the 3D models
adopted and their plane floor view.
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Figure 2. Schematic view of the 3D models.

The buildings were modeled using the SAP2000v24.2 [45] software using frame ele-
ments composed of two nodes with six degrees of freedom in each node. This element
allows modeling the beams and columns as linear unidimensional elements joined by
rigid joints. Furthermore, the base of the buildings was deemed as a fully restrained
fixed base, and loads of the building were distributed along the beams. The materials
deemed in this research are composed of a concrete compression strength of 25 MPa with
an elasticity modulus of E = 24,000 MPa and a rebar steel 60 grade with E = 200,000MPa
for all models. In addition, the second-order effects were deemed with P-delta plus large
displacement analysis, and cracked stiffness was considered for the beam and column
elements to comply with the recommendations established on ASCE 41 [13]. Moreover, to
achieve a strong-column/weak-beam behavior in the design, a full rigid offset length was
modeled in columns, and no rigid offsets were modeled in the beams.

Loads of the structure are given from the self-weight dead load, including a ribbed
one-direction slab with a thickness of 0.25 m (3 kN/m?). Additionally, the self-weight dead
loads were taken at 3.6 kN /m? for floors and 1.2 kN/m? for the roof, equivalent to electrical,
plumbing, masonry, and miscellaneous dead loads. The live load (unreduced) considered a
residential building of 3 kN/ m? for the floors and 1 kN /m? for the roof. Furthermore, the
seismic mass source was deemed as 100% of dead loads and 50% of live load according
to [42] for residential buildings. Finally, two types of soils were considered with a shear
wave velocity (Vs) of 126 m/s and 236 m/s, whose strata are described in Section 3.1.

2.3. Results of Design of Concrete Moment Frames Buildings

In order to establish similar evaluation conditions, the design of the members of
the archetypes was unified at the same section size and steel requirement for both soil
conditions. In this sense, a single building that meets the seismic provisions for both types
of soil was obtained for each archetype. Following the design requirements established on
ACI 318 [44] and COVENIN 1756-1 [42], the size of the elements and their longitudinal and
transverse reinforcement is recounted in Table 1.
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Table 1. Properties of the beams and columns of the archetypes.
Aslong Astop Asbot Asv
Model. Level Element b (mm) h (mm) (Bars) (Bars) (Bars) (Bars)
Column 600 600 160#7 4o#d
1
Beam 400 600 6¢#6 6p#6 4p#3
Column 500 500 16p#7 4op#4
4-story levels 2103
Beam 400 600 6p#6 6@#6 40#3
Column 500 500 16p#7 4o#4
4
Beam 400 600 3p#6 3p#6 3p#3
Column 800 800 24p#7 5#4
1to4
© Beam 400 600 5¢p#8 5p#8 3p#3
Column 700 700 24 #7 S5p#4
8-story levels 5to7
Beam 400 600 5¢p#7 5¢p#7 3p#3
Column 700 700 24 p#7 S5p#4
8
Beam 400 600 3p#7 3p#7 3p#3
Column 900 900 24p#8 6p#4
1to8
© Beam 400 600 5¢p#8 5p#8 3p#3
Column 700 700 24 #7 6p#4
12-story levels 9to 11
Beam 400 600 5¢p#7 5¢p#7 3p#3
Column 700 700 24 p#7 6p#4
12
Beam 400 600 3p#7 3p#7 3p#3
Column 900 900 20p#8 4o#d
1to4
© Beam 400 600 6048 4p#7 10#3
Column 800 800 20p#7 4o#4
5t09
© Beam 400 600 6048 10#7 1043
Column 700 700 20p#6 4o#4
16-story levels 9to12
Beam 400 600 6(p#8 4o#7 4p#3
Column 700 700 20p#6 4o#d
13to 15
Beam 400 600 7o#7 S5¢#7 4o#3
Column 700 700 20p#6 4o#4
16
Beam 400 600 4#6 4p#6 3p#3
Column 1000 1000 24p#8 6p#4
lto4 8p#8 + 3p#8 +
Beam 400 600 20#5 20#7 40#3
Column 900 900 20p#8 4o#4
20-story levels S5toll 8#8 + 3p#8 +
Beam 400 600 20#5 20#7 40#3
Column 900 900 20p#8 4o#4
12
Beam 400 600 7 p#8 5¢#8 4p#3
Column 800 800 200p#7 4o#d
13 Beam 400 600 7#8 5¢#8 49#3
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Table 1. Cont.

Model. Level Element b (mm) h (mm) 1?;1;2;‘; 335;:5}; l(;sat;(s); (]?as :;)
Column 800 800 200p#7 4o#d
1 Beam 400 600 7#8 5¢#8 4p#3
20-story levels 151019 Column 700 700 20p#6 4op#4
Beam 400 600 6p#8 4o#7 40#3
Column 700 700 20p#6 4o#4
200 Beam 400 600 do#6 4o#6 4o#3
Column 1100 1100 24 p#8 6#4
lto6 Beam 400 600 92“’;#?; 5p#8 4o#3
Column 1000 1000 24 p#8 6@#4
7 Beam 400 600 92“’;#?; 5p#8 4o#3
Column 1000 1000 24 p#8 6@#4
8 Beam 400 600 92“’;:; 5p#8 4o#3
Column 900 900 20p#8 4o#d
24-story levels dtoll Beam 400 600 92@;:; 5¢#8 40#3
Column 900 900 20p#8 4o#d
12to 18
Beam 400 600 82“’;:; 32“’(:5; 443
Column 800 800 200p#7 4o#d
19 Beam 400 600 7#8 5¢#8 4#3
Column 800 800 20p#7 4p#4
2001023 T g am 400 600 6H8 1pH7 1043
Column 700 700 20p#6 4o#4
24 Beam 400 600 do#6 4o#6 3p#3

In addition, the inelastic design drift (amplified by Cd) and base shear are shown
in Figure 3 for both types of soils, denoting that all of them comply with the drift limit
established by the Venezuelan seismic code [42]. Moreover, the design base shear for all
archetypes shown in Figure 4 follows a tendency to increase with the fundamental period,
which agrees with a linear tendency, as mentioned in ASCE 41 [13].

A special detail that the previous figure shows is how the design demand for soil
D is higher than for soil E despite the amplification soil effect existing in soil E. This
observation is due to the correction needed to comply with the minimum seismic coefficient
established in [42], which depends on the ground acceleration coefficient (A4) and the
strength-reduction factor (R). In this sense, the new Venezuelan seismic code [42] establishes
a ground acceleration coefficient greater for soil D than for soil E because the amplification
effects are mainly evidence for long-period spectral acceleration.
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Figure 3. (a) Design drift for all archetypes in soil D and (b) design drift for all archetypes in soil E.
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Figure 4. (a) Design base shear for all archetypes in soil D and (b) design base shear for all archetypes
in soil E.

3. Soil-Structure Interaction Approach

In this research, the effects of the soil-structure interaction are deemed using mat
foundations sited in two types of soils. Furthermore, the ASCE 7 [30] approach and the
flexible base approaches are employed to evidence the soil-structure interaction. These
approaches are selected because the ASCE 7 method is employed as mandatory of the new
Venezuelan seismic code to consider the soil-structure interaction effects. Furthermore, the
ASCE 7 method calculation, although it mainly considers the kinematic SSI effects, implies
the estimation of the fundamental period of the structure with a flexible base. In this sense,
the selection of non-linear compression springs is computed according to FEMA P2091.
Nevertheless, both documents, ASCE 7 and FEMAP2091, do not specify limitations to the
application of their methodologies based on soil and type. In this sense, in this section, soil
considerations, foundation design, modified SSI spectrum, and results of elastic analysis,
including SSI, are presented.



Buildings 2023, 13, 1694

11 of 39

3.1. Soil Profiles Characterization and Assumptions

Soil-structure interaction requires the definition of geotechnical parameters to de-
scribe the dynamic behavior of the soil. In this sense, two types of soils with common
geotechnical and geophysical properties based on [46-55] are assumed to be analyzed
in this research to evidence the soil-structure interaction effects under these scenarios.
Table 2 shows the necessary soil properties employed in this research for soil-structure
interaction estimations.

Table 2. Soil properties of considered soils.

Soil Parameters Soil D Soil E Description
Soil Type Dense Sand Soft Clay -
Dr (%) 36 56 Relative density
N0 30 7.35 Standard penetration test blow count
Vs (m/s) 236 141 Shear wave velocity
Gs 2.65 2.42 Empirical soil-specific gravity
D (°) 35.5 4 Friction angle
Cu (kN/m?) 1.6 33 Undrained cohesion
P (Kg/m3) 1.896 1.78 Mass density
Gmax (MPa) 106 52.66 Maximum shear modulus Gmax = st2
v (%) 0.03 0.2 Maximum shear strain [55]
G/Gmax 0.22 0.3 Shear modulus degradation [55]
v 0.3 0.4 Poisson coefficient

Based on these properties, mat foundations were designed using the conventional
rigid method [56,57] and SAFEv20.3 software [58]. The design includes the verification
of admissible soil capacity, shear stress, load punching check, and flexural reinforcement
design. Tables 3 and 4 show the result of the foundation design in terms of the geometry
of the foundation, its reinforcement, and maximum soil stress for each archetype and soil,
respectively. In this table, B is the base, L is the length, e is the thickness, and Df is the
depth of the foundation below the ground. Furthermore, Astop and Aspeom are the top
and bottom rebar steel reinforcement of the foundation. Moreover, these tables evidence
how for soil E, the admissible soil capacity is less than soil D according to soil-foundation
properties. Nevertheless, the design obtained for mat foundation supports in soil D is more
flexible than the one obtained in soil E due to the necessity of a higher thickness of the mat
foundation for soft soil type E.

Table 3. Summary of foundation design for soil D.

Max .
Df q. Punching Max Soil
adm
Archetype B(m) L (m) e (m) (m) (KN/m2) Asiop ASpottom Shear Stress2
. (kN/m?)
Ratio
4 Story 22 22 0.40 0.40 505.336 lo#4 each0.15m 1e#5each0.15m 0.72 142.294
8 Story 23 23 0.70 0.70 492.882 le#d each0.10m  1@#5 each 0.10 m 0.71 165.242
12 Story 24 24 0.90 0.90 558.391 le#5each 0.10m  1@#6 each 0.10 m 0.69 210.255
16 Story 25 25 1.10 1.10 672.05 le#5each 0.10m  1¢#7 each 0.10 m 0.75 298.514
20 Story 26 26 1.30 1.30 672.05 lo#6 each 0.10m  1¢#7 each 0.10 m 0.70 363.729
24 Story 26 26 1.35 1.35 743.34 le#6 each 0.10m  1@#8 each 0.10 m 0.57 430.708
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Table 4. Summary of foundation design for soil E.

Max .
Df q. Punching Max Soil
adm
Archetype B(m) L (m) e (m) (m) (KN/m2) Asiop ASpottom Shear Stress2
. (kKN/m?)
Ratio
4 Story 22 22 0.40 0.40 230.133 lo#4each0.15m 1e#5each(0.15m 0.57 93.163
8 Story 23 23 0.70 0.70 233.977 lo#4 each0.10m 1@#5each 0.10 m 0.55 120.131
12 Story 24 24 0.90 0.90 235.781 lo#5each 0.10m  1@#6each 0.15m 0.53 162.398
16 Story 25 25 1.10 1.10 237.046 lo#5each 0.10m  1¢#7 each 0.15m 0.58 224.768
20 Story 26 26 2.00 2.00 298.534 lo#8 each0.10m  1¢#7 each 0.10 m 0.20 292.729
24 Story 26 26 3.00 3.00 372.653 le#8each0.10m 1@#8each 0.10 m 0.12 337.055

3.2. Flexible Base Approach

The soil-structure interaction estimation requires the determination of the behavior
of the structure with a flexible base because it is necessary to consider the change in
the dynamic behavior in comparison with the fixed-base assumption. In this sense, the
ratio between fixed-base to flexible-base period allows computing the radiation damping
reductions. On the other hand, ASCE 7 [30] establishes that all elements of foundation
flexibility must be considered, including horizontal, vertical, and rotational foundation
and soil stiffness. Therefore, for the flexible-base analysis, it is necessary to include vertical
springs under the mat foundation, as well as lateral springs, which represent the resistance
to sliding due to passive pressure on the foundation face and friction at the bottom of the
slab. Vertical springs were estimated according to method 3 described in ASCE 41 [41],
considering a shear modulus degraded by seismic action to values shown previously in
Table 2. In addition, these values are computed with an upper and lower limit of 50%
additional and less than the original value established by ASCE 7 [30] to determine the
flexible period. The lateral springs are very stiff and do not significantly affect the behavior
for this kind of foundation, but the vertical springs under the mat foundation produce
a rotation of the entire structure and its foundation and the primary mode of behavior.
Furthermore, the FEMA P2091 [31] mentions that the non-consideration of lateral springs
represents a more conservative estimate of the soil-structure interaction; in this sense,
they are not considered in the present study. The development of the flexible model
was carried out in SAP2000 [45] using a shell element as the mat foundation and a shell
element supported on compression springs. The use of these compression springs allows
considering the soil as not working on tension and shows soil pressures in a non-uniform
behavior, as is common in cases of lateral loads. Figure 5 illustrates a schematic view of
3D models with flexible bases for both types of soils, denoting the results obtained for the
thickness of the mat foundation in soil E, which is greater than soil D.

The main goal of the flexible base model is evidence of the inertial soil-structure
interaction effect due to soil-foundation system stiffness. Hence, the modification of the
modal properties is of special interest for the calculations. In this sense, Figure 6 shows the
results of the fundamental period on a flexible base compared to the fixed base, with its
upper and lower limits. An increase in the flexible base period is evidenced for all cases,
particularly in high structures located on soil E, where the increases reached up to 12% of
the value on a fixed base.

3.3. ASCE 7 Approach

Determination of the seismic design forces of the structure and its seismic design
displacements is permitted to consider the effects of soil-structure interaction by Chapter
19 of ASCE 7 [30]. In this chapter, the modification of the general design response spectrum
includes the effects of kinematic interaction of soil-structure interaction using the BSSI
factor for damping ratios different from 0.05. In this sense, the foundation-damping effects
are introduced through the direct incorporation of soil hysteretic damping and radiation
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damping, which are introduced by computing the effective viscous damping ratio of the
soil-structure system in accordance with ASCE 7 [30].

16 story levels

8 story levels 16 story levels

(b)

Figure 5. (a) Schematic view for all flexible base archetypes in soil D and (b) schematic view for all

flexible bases for all archetypes in soil E.

The estimation of the soil hysteretic damping depends only on the site class and the
value of the maximum site spectral acceleration (Spg); this value is taken directly from
Table 19.3.3 of ASCE 7 [30]. On the other hand, the calculations of radiation damping
are considerably more complex because several parameters of the soil, foundation, and
structure are required. The initial parameters referred to the soil at the site are the shear
wave velocity and the soil density, computing the effective shear wave velocity using Table
19.3-1 of ASCE 7 [30] for the soil hysteretic damping ratio. Consequently, the soil shear
modulus at small strain (Gmax) is computed, as shown in Table 2, and is reduced to the
effective shear modulus derived from the deformations imposed in the soil by the seismic
actions. Table 19.3-2 of ASCE 7 [30] represents a simple way to estimate this reduction
from an approximation based on Gnax; however, in this research, the effective soil shear
modulus is taken arbitrarily based on the [55] study.
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Figure 6. (a) Fundamental period for all archetypes in soil D and (b) fundamental period for all
archetypes in soil E.

Several calculations based on the period-lengthening ratio (T /T) between the flexible-
base period and fixed-base period, foundation plan dimensions, system ductility, and soil
parameters are developed to estimate stiffness, damping rations, and other parameters
needed to estimate the effective viscous damping ratio and BSSI. The summary of these
calculations for each archetype and soil type is listed in Table 5.
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Table 5. Summary of ASCE 7 effective damping ratio calculations.
Soil D Soil E
Archetype T By Bxx prd Bf g0 BSSI  TIT By Bxx prd Bf B0 BSSI
4 Story 1.055 0516 0218 00065 0019 0064 1070  1.106 1.549 1.764 0.233 0.246 0.291 1.793
8 Story 1.030 0299 0054 00023 0010 0057 1036  1.058 0.896 0.750 0.105 0112 0.159 1.413
12 Story 1.026 0.206 0.019 0.0010 0.008  0.055 1.028 1.051 0.619 0.362 0.051 0.058 0.105 1.232
16 Story 1.022 0.144 0.007 0.0004 0.006  0.054 1.022 1.043 0.433 0.158 0.022 0.027 0.075 1.116
20 Story 1.044 0.120 0.004 0.0003 0.011  0.057  1.035 1.085 0.360 0.099 0.014 0.025 0.071 1.097
24 Story 1.027 0.100 0002 00002 0007 0055 1025  1.054 0.300 0.062 0.010 0.017 0.065 1.071

On the other hand, the modified response spectrum obtained for the 4 Story archetype
is shown in Figure 7 for each type of soil as an example of the modified spectrum ob-
tained. These modified response spectrums represent the effect of kinematic soil-structure
interaction on the reduction of the design demand. Furthermore, Table 5 shows how the
spectral adjustment factor (BSSI) decreases as the period increases, denoting kinematic
effects that are not relevant for design response estimations in soil D. Nevertheless, for soil
E, even though the tendency is similar, the BSSI factor is greater and more important for
short-period structures.

4 Story Archetype - Soil D 4 Story Archetype - Soil E
1 0.8
— = - Elastic = = - Elastic
09 11 = \ Spectrum 0.7 Spectrum
- b R=1
0.8 r \ R lA 0.6 — = = Elastic
07 { ‘} — = = Elastic . Spectrum
. * Spectrum 0 with SSI
06 I with SSI -5 Inelastic
=0 ) Inelastic =) Spectrum
w 0.5 Spectrum x 0.4 R=6
@ R=6 0 Inelastic
0.4 0.3 Spectrum
Inelastic : ith SSI
0.3 Spectrum wil
with SSI 02
0.2
Sso 0.1
0.1 TR e ol
0 0

0 1 2 T[s] 3 4 5 0 1 2 TI[s] 3 4 5

Figure 7. Response spectrum according to Venezuelan seismic code [42] for 4-story archetype
with SSL

3.4. Results of Design Response with SSI

The results in terms of drift and base shear were obtained through the response spec-
trum analysis, checking the deformation of the compression springs to ensure the behavior
is only compression and not traction. In this sense, a comparative analysis was developed
considering four cases of analysis varying the soil-structure interaction consideration:

Fixed base with original design response spectrum (no SSI effects);

Fixed base with modified response spectrum with SSI (kinematic SSI effects);
Flexible base with original design response spectrum (inertial SSI effects);

Flexible base with modified response spectrum with SSI (inertial and kinematic
SSI effects).

These cases allow evaluation of the influence of soil-structure interaction according to
a specific behavior with kinematic or inertial interaction effects. Finally, 48 models were
developed to analyze the design response with SSI. Figure 8 illustrates the variation of the
design base shear with the period for all cases previously mentioned, denoting the fixed-
base model as the more serious condition to design in terms of the strength of the elements.
Moreover, for structures with a period of fewer than 1.5 s in D and E soil, the inertial
SSI effects have not been relevant compared to the fixed-base cases with variations up to
2.62%. On the other hand, kinematic interaction has a significant impact on the variation
of the design base shear, reducing it to 31.03%. This higher variation could lead to an
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uncomplying of minimum design base shear and minimum seismic coefficient, according
to [42]. However, for structures with periods up to 2.0 s, the variations found were less
than the order of only 10% for the kinematic effect and only 2.1% for the inertial effect.
Similarly, a comparison between the four cases of analysis in terms of drift is shown
in Figure 9 for each archetype developed. For all cases, the design drift limit is still
in compliance with [42]; however, an increase in the drift is shown when the flexible
base is deemed special to soil E. This is due to the fact that the flexible base causes an
increase in the system flexibility allowing the structure to be more deformed by the seismic
demand. Furthermore, the reduction in the drift due to the kinematic SSI effect is higher for
structures located in soil E because the seismic demand is highly reduced. Finally, although
all displacements are increased by the inertial interaction effects, the drifts were mainly
increased in the top stories and decreased in the bottom stories for high levels archetypes.
Nevertheless, in most archetypes, the drifts were increased more uniformly along the high.
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Figure 8. (a) Variation of design base shear due to SSI for all archetypes in soil D and (b) variation of

design base shear due to SSI for all archetypes in soil E.
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Figure 9. Variation of design drift due to SSI for all archetypes.

4. Non-Linear Static Analysis

The non-linear static analysis is performed in this section to evaluate the seismic
performance of the structures, obtaining their capacity to several levels of demand as
suggested [30]. In this sense, the structure capacity curve is obtained by applying a
static load pattern as lateral forces in proportion to the distribution of mass of each floor
diaphragm. Hence, the vertical distribution of these lateral forces is proportional to the
shape of the fundamental vibration mode in each analysis direction. These loads are
monotonically increased until the structure collapse mechanism is achieved. Finally, from
the seismic demand and the capacity curve obtained, seismic design parameters (R, ) are
obtained, as well as the expected structural response from the performance point according
to ASCE 41 [13] and the spectrum capacity method of ATC40 [59].

4.1. Numerical Model

The non-linear response of the buildings is the result of the interaction between the
material non-linearity effect, the effects of geometry non-linearities, and environmental
effects such as soil-structure interaction. In this sense, the force-displacement behavior
of all components is included explicitly using full backbone curves that include strength
degradation and residual strength through plastic hinges. These plastic hinges are defined
as a concentrated inelastic incursion in the members and are validated and allowed by
ASCE 41 [13]. For the columns, hinges consider P-M2-M3 interactions (axial and biaxial
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moment for 3D models), and for the beams, moment-rotation relationships according to
ASCE 41 [13] were considered. Moreover, P-delta effects were deemed in the analysis to
solve the equilibrium equations in deformed conditions. In addition, the control node
was located at the center of mass at the roof story of the building, and a load pattern
proportional to the fundamental model shape was applied according to [41,59]. Concrete
moment frames buildings with 4, 8, 12, 16, 20, and 24 stories were developed considering
fixed and flexible base for two types of soils to obtain a total of 18 models evaluated by two

spectral conditions (with/without kinematic SSI).

4.2. Results of Pushover Analysis
The resulting capacity curves for all archetypes of buildings are shown in Figure 10.
These capacity curves show similar features instead of a flexible base being considered with
ductile behavior for all models. Initially, the curves exhibit an elastic behavior with a sight
loss of stiffness for flexible models until the inelastic incursion starts where the post-yielding
stiffness is similar. Furthermore, an increase in the ultimate displacement is shown in some
archetypes due to the increase of base flexibility special for soil E. Regarding the structure
capacity, no variations were found for the study cases for the maximum resistance; however,
the beginning of inelastic incursion occurs for a lower base shear for flexible base cases
Moreover, due to P-delta effects, almost all models showed a negative post-elastic stiffness
in their pushover curves after large displacements. However, 8 and 12-story models suffer
collapse to less displacement due to a premature failure of the structures.

In addition, the collapse mechanism is shown in Figure 11 for all archetypes in fixed
and flexible bases. Figure 11 shows a sideline referring to the level of damage to the plastic
hinge according to the acceptance criteria of ASCE 41 [13]. The gray color refers to the
performance level of immediate occupation (I0O), the green color refers to the performance
level of life safety (LS), and the blue color refers to the performance level of collapse
prevention (CP). Above this limit, it is understood that the structural element collapses
and is denoted with a red color. In this sense, a ductile collapse mechanism represented
by concentrated plastic hinges in the beams is shown for most models, even with SSI.
Moreover, plastic hinges in the base of the columns are illustrated as typically expected for
a moment frame subjected to lateral loading. However, for high-story models with SSI in

soil D, an increase in the damage of the plastic hinges of the base in the collapse mechanism
is denoted. Similarly, for the 4 stories archetype, there is an increase in beam damage when
SSI is considered for both soil types. Denoting the soil-structure interaction, although it
leads to a greater deformation capacity of the structure, the collapse mechanism can be

modified by it.
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Figure 10. Capacity pushover curves for all archetypes.

After the development of capacity curves according to the ASCE 41 [13] procedure,
the seismic design parameters are obtained in terms of ductility (i), overstrength factor
(QY), and strength-reduction factor (R). In that regard, the strength-reduction factor (R)
is computed as R = R x Q). The Q) is the overstrength of the structure obtained from
the maximum shear divided by the design shear, and the ductility factor Ry is the elastic
shear divided by the maximum shear. Moreover, the ductility factor p = du/dy was
obtained by dividing the maximum displacement (du) by the yield displacement (dy) from
the linearization of the capacity curve. Tables 6-9 show a summary of these parameters
and the performance point computed according to ASCE 41 [13] and ATC 40 [59] for all
archetypes analyzed according to the cases established in Section 3. The tables show how
the elastic shear is reduced by the kinematic SSI effects due to the reduction in the demand
response spectrum. These effects are related to the reduction in the demand response
spectrum, which refers to the variation of ground motion intensity at different periods.
Furthermore, kinematic SSI effects respond to the ground motion intensity modification
due to the damping provided by the soil-foundation system. In this sense, the seismic
forces acting on the structure are reduced by the additional structural damping given
from the soil-foundation system, and therefore the shear force will be lower, as the studies
carried out by [60,61] suggest. Moreover, the strength-reduction factor is slightly affected
by inertial SSI and the combination of inertial and kinematic effects. This suggests that
the presence of SSI affects the estimation of the structural strength of Venezuelan concrete
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moment frame buildings. However, the isolated effect of kinematic interaction in low-story

structures reduces the strength-reduction factor due to the Ry reduction.
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Figure 11. Pushover analysis failure mechanism for all archetypes.

Table 6. Results of pushover analysis for archetypes without SSI.

Performance Point

NO SSI EFFECTS ASCE
ATC 40 41-13
Story Vdesign . du
-] [KN] Velastic [kN] Vmax [kN] dy [mm] [mm] wl-] Ry [-] Q-] R[] D [mm] D [mm]
4 2131.142 11,564.626 7195.308 35.500 310.963 8.760 1.607 3.376 5.426 71.509 83.066
8 2449.077 13,745.330 9239.378 80.000 517.823 6.473 1.488 3.773 5.612 134.772 156.113
e 12 3276.206 14,395.207 9018.787 128.000 656.245 5.127 1.596 2.753 4.394 205.171 228.281
;g 16 3560.121 14,522.191 6020.573 155.000 596.380 3.848 2412 1.691 4.079 277.639 334.899
20 3661.336 15,126.529 6753.182 226.000 846.732 3.747 2.240 1.844 4.131 313.439 427.825
24 3797.221 14,770.963 7417.825 283.000 972.086 3.435 1.991 1.953 3.890 352.760 450.903
4 1704.923 9208.545 7195.308 35.500 310.963 8.760 1.280 4.220 5.401 78.234 64.625
8 3306.238 18,065.825 9239.378 80.000 517.823 6.473 1.955 2.795 5.464 190.857 213.375
E 12 3277115 18,407.123 9018.787 128.000 656.245 5.127 2.041 2.752 5.617 291.299 308.211
;% 16 3417.704 18,655.891 6020.573 155.000 596.380 3.848 3.099 1.762 5.459 400.339 449.349
20 3905.423 19,748.525 6753.182 226.000 846.732 3.747 2.924 1.729 5.057 424 .481 570.065
24 4252.889 20,687.983 7417.825 283.000 972.086 3.435 2.789 1.744 4.864 454.540 675.648
Table 7. Results of pushover analysis for archetypes with inertial SSI.
Performance Point
INERTIAL SSI EFFECTS ATC 40 ASCE
41-13
Vdesign Velastic Vmax
Story [-] [KN] kNI [KN] dy [mm] du [mm] -1 Ry [-] Q-] RI[-] D [mm] D [mm]
4 2214.943 11,927.190 7137.169 41.000 500.000 12.19 1.671 3.222 5.385 79.842 104.910
8 2438.040 13,574.742  8966.005 87.000 473.770 5.446 1.514 3.678 5.568 143.875 159.243
e 12 3283.544 14,279.995 9016.568 135.000 672.692 4.983 1.584 2.746 4.349 214.611 237.469
;g 16 3544.813 14,366.652  5990.841 166.000 595.058 3.585 2.398 1.690 4.053 283.663 349.265
20 3645.538 14,961.791  6584.688 235.000 478.701 2.037 2.272 1.806 4.104 324.800 439.796
24 3730.185 14,370.238  7372.806 315.000 1149.428 3.649 1.949 1.977 3.852 371.208 457.477
4 1809.952 9722.256 7137.169 41.000 500.000 12.19 1.362 3.943 5.372 81.363 91.070
8 3219.111 17,514.067  9073.288 90.000 506.155 5.624 1.930 2.819 5.441 206.705 219.255
E 12 3191.657 17,829.482 8737.614 141.000 609.117 4.320 2.041 2.738 5.586 310.835 327.719
;% 16 3327.138 18,115.779  5976.856 169.000 618.700 3.661 3.031 1.796 5.445 406.950 474.942
20 3820.171 19,227.615 6691.536 248.000 856.023 3.452 2.873 1.752 5.033 440.448 608.503
24 4066.968 19,687.566  7342.521 321.000 1050.860 3.274 2.681 1.805 4.841 481.559 686.298
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Table 8. Results of pushover analysis for archetypes with kinematic SSI.

Performance Point

KINEMATIC SSI EFFECTS ATC 40 ASCE
41-13
Vdesign Velastic Vmax
Story [-] [kN]g [KN] [kN] dy [mm]  du[mm] pl-l Ry [-] Q-] R[] D [mm] D [mm]
4 1995.449 10,832.360  7195.308 35.500 310.963 8.760 1.505 3.606 5.429 67.064 77.042
8 2375.438 13,329.725  9239.378 80.000 517.823 6.473 1.443 3.890 5.611 130.933 151.271
e 12 3208.821 14,096.259  9018.787 128.000 656.245 5127 1.563 2.811 4.393 200.352 223.540
3 16 3507.509 14,303.292  6020.573 155.000 596.380 3.848 2.376 1.716 4.078 274.063 329.968
@ 20 3558.150 14,698.027  6753.182 226.000 846.732 3.747 2.176 1.898 4.131 307.952 416.290
24 3737.422 14,535.380  7417.825 283.000 972.086 3.435 1.960 1.985 3.889 349.546 444158
4 1100.027 5076.316 7195.308 35.500 310.963 8.760 0.706 6.541 4.615 33.220 34.327
8 2316.915 12,659.699  9239.378 80.000 517.823 6.473 1.370 3.988 5.464 127.904 147.474
g 12 2644.968 14,854.908  9018.787 128.000 656.245 5.127 1.647 3.410 5.616 226.253 248.688
8 16 3062.459 16,714.550  6020.573 155.000 596.380 3.848 2.776 1.966 5.458 361.030 403.275
20 3563.342 18,014.783  6753.182 226.000 846.732 3.747 2.668 1.895 5.056 395.783 520.860
24 3985.837 19,386.615  7417.825 283.000 972.086 3.435 2.614 1.861 4.864 434.924 643.401
Table 9. Results of pushover analysis for archetypes with inertial and kinematic SSI.
Performance Point
KINEMATIC AND INERTIAL SSI EFFECTS ATC 40 ASCE
41-13
Vdesign Velastic Vmax
Story [-] [KN] [KN] [kN] dy [mm]  du[mm] pl-l Ry [-] Q-] R[] D [mm] D [mm]
4 2073.917 11,171.967  7137.169 41.000 500.000 12.19 1.565 3.441 5.387 74.630 96.980
8 2364.734 13,164.295  8966.005 87.000 473.770 5.446 1.468 3.792 5.567 139.576 154.455
e 12 3216.008 13,983.439  9016.568 135.000 672.692 4.983 1.551 2.804 4.348 210.215 232.577
E 16 3492.426 14,150.098  5990.841 166.000 595.058 3.585 2.362 1.715 4.052 280.309 344.172
20 3542.797 14,537.956  6584.688 235.000 478.701 2.037 2.208 1.859 4.104 318.932 427.895
24 3671.442 14,141.047  7372.806 315.000 1149.428 3.649 1.918 2.008 3.852 368.176 672.635
4 997.769 5359.505 7137.169 41.000 500.000 12.19 0.751 7.153 5.371 43.606 46.871
8 2255.859 12,273.052  9073.288 90.000 506.155 5.624 1.353 4.022 5.441 140.338 153.615
= 12 2575.994 14,388.741  8737.614 141.000 609.117 4.320 1.647 3.392 5.586 244.554 264.832
E 16 2981.307 16,230.642  5976.856 169.000 618.700 3.661 2.716 2.005 5.444 366.919 428.828
20 3485.558 17,539.604  6691.536 248.000 856.023 3.452 2.621 1.920 5.032 410.915 556.490
24 3811.591 18,449.128  7342.521 321.000 1050.860 3.274 2.513 1.926 4.840 459.731 644.600

Figure 12 illustrates how the performance point is estimated through the spectrum
capacity method of ATC 40 [59]. The use of the reduced demand response spectrum by
kinematic SSI effects and the pushover spectrum capacity curves with and without inertial
effects are deemed. The figure is denoted in terms of spectral acceleration (Sa) and spectral
displacement (Sd), as [59] states. This figure shows how the performance point defined
by the intersection of both spectra has no variation due to inertial SSI effects. However,
reducing the demand spectrum given by the kinematic SSI effects reduces the performance
point of the structure, especially for type E soils.

Moreover, a comparison between each overstrength factor, strength-reduction factor,
ductility, and performance point is shown in Figures 13-16 for all archetypes and cases.
Regarding the overstrength factor, no significant variations were found in soil D and E
for high-period structures. However, an increase in overstrength factor is denoted for a
short-period structure due to the kinematic SSI effect because of the design shear reduction
for the same structure’s maximum capacity. Also, the strength-reduction factor is reduced
only slightly by the inertial SSI effects, regardless of the period and height of the structure.
Hence, no SSI effect or kinematic SSI have too similar a R. This low reduction effect is due
to the simultaneous reduction of the design shear and the elastic shear of the structure
when subjected to less demand, keeping Ry and ). On the other hand, the ductility of the
system decreases as the period of the structure increases and is increased by inertial SSI
effects. This is denoted, especially for short-period structures where the decrease in the
base stiffness favors the displacement capacity of the structure.
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Figure 12. (a) Illustration of spectrum capacity method for 4 stories archetype in soil D and
(b) illustration of spectrum capacity method for 4 stories archetype in soil E.
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Figure 13. (a) Comparison of overstrength factor for all archetypes in soil D and (b) comparison of
overstrength factor for all archetypes in soil E.

Furthermore, the performance point is normalized between the structure yield dis-
placement to unify the evaluation. Figure 16 denotes how the soil-structure interaction
decreases the performance point as the inertial and kinematic effects are incorporated.
Soil D exhibits fewer differences between the results obtained; however, for soil E, higher
reductions are shown, especially for a short-period structure. In addition, for most cases,
the performance point is over the yield structure point, which denotes that all structures
have inelastic deformations under a design earthquake. Kinematic SSI has more impact
than inertial SSI in the reduction of the performance point, taking it until the point of elastic
behavior for low structures. Nevertheless, the combination of kinematic and inertial SSI is
more critical for high structures. In this case, there is a reduction of the performance point
due to these effects; however, it is to a low extent compared to the original system. Finally,
the values obtained by the spectrum capacity method are lower than the values obtained
from the coefficient method of ASCE 41 [13].
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Figure 14. (a) Comparison of strength-reduction factor for all archetypes in soil D and (b) comparison
of strength-reduction factor for all archetypes in soil E.
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Figure 15. (a) Comparison of ductility for all archetypes in soil D and (b) comparison of ductility for
all archetypes in soil E.

The new Venezuelan seismic code [42] establishes several seismic design parameters
and story-level limitations for the structural earthquake-resistant system employed in the
buildings. For the concrete moment frame, no story level limitations are specified for the
present case of study where the seismic intensity is greater than 0.2 g. The overstrength
factor (Q2) for RC moment frames according to the new Venezuelan seismic code [42] is 3.
However, the result of the non-linear static analysis shows values up to 3 for short-period
structures and lower than 2 for long-period structures. The effects of SSI on the overstrength
factor are slight, so they do not significantly affect reaching the normative value. On the
other hand, the displacement amplification factor (Cd) can be compared with the ductility
of the system, and for structures with periods less than 1.5s, the value is greater than
4.5, which is the specified value of [42]. Nevertheless, for structures with periods up to
1.5s, the normative value is not reached, denoting the structures have less deformation
capacity. Furthermore, SSI imposes an increase of this value for short-period structures
and a slight decrease for long-period structures, but in both cases, the effects of the SII do
not condition reaching the normative value. Finally, referring to the strength-reduction
factor (R) normative design value according to [42], the result is 6, and for any archetype,
the system reached this value regardless of the SSI effects. Conversely, SSI effects further
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reduce this value, denoting that the specified normative value might not be conservative
enough to warrant a safe design. It may be necessary to make a new estimate of the seismic
design factors considering the SSI effects, suggesting, for example, a strength-reduction
factor (R) of 4, which is evidently reached for most of the archetypes even considering
SSI effects.
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Figure 16. (a) Comparison of normalized performance point (D/dy) for all archetypes in soil D and
(b) comparison of normalized performance point (D/dy) for all archetypes in soil E.

5. Seismic Performance Evaluation

In this research, the seismic performance is carried out using the non-linear dynamic
analysis based on FEMA P-58 [43] and ASCE 41 [13] recommendations. The performance is
evaluated in terms of inter-story drift, story shear, and failure mechanism of all archetypes.
Furthermore, the performance levels are evaluated according to the demand imposed
by [42] for frequent, design, and extreme considered earthquakes defined from the ex-
ceedance probability in 50 years. These performance levels are assessed with acceptance
criteria adopted according to the Venezuelan seismic code [42]. Finally, simplified non-
linear analysis (SPO2IDA) is employed following the recommendations of FEMA P-58 [43]
to approximate incremental dynamic analysis results, which can be used to generate col-
lapse fragility curves.

5.1. Non-linear Dynamic Analysis

The iterative Newton—-Rapson method is employed to perform the non-linear dy-
namic analysis considering the direct time integration. The buildings of these analyses
are modeled and assessed as three-dimensional assemblies of components, including the
foundations, and considering soil-structure interaction effects for evaluations as estab-
lished by FEMA P-58 [43]. Section 4.1 details how the modeled components include the
non-linear representation of force-deformation behavior, with frame elements with concen-
trated plastic hinges as FEMA P-58 [43] and ASCE41 [13] allowed. These models include
cyclic degradation characterized by loss of strength and negative stiffness occurring within
a single cycle. In addition, P-delta effects and gravity loads based on expected dead and
live loading are deemed.

Moreover, seven seismic records with two horizontal components are deemed accord-
ing to the minimum requirements of FEMA P-58 [43] because vertical shaking is not a
key contributor to earthquake damage and has little impact on seismic performance [43].
In this sense, strike-slip earthquakes are considered for the analysis due to the charac-
teristics of the tectonic faults in Venezuela, which commonly originate from this type of
earthquake. However, due to the complexity of obtaining seismic records of Venezuelan
earthquakes, strike-slip seismic records from other countries are used to complete the
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minimum requirement of FEMA P-58 [43]. Table 10 describes the characteristics of selected
ground motions.

Table 10. Selected seismic records.

Duration  Magnitude

Epicenter Identifier Date Station Is] [Mw] PGA (g) Direction

0.463 EW

Cariaco, Venezuela 9 July 1997 UDO-Cumana 2.98 6.9
0.762 NS
0.335 EW

Managua, Nicaragua 1 January 1972 Managua, ESSO 30.8 6.2
0.325 NS
I 1 Valley, CA, USA 0.1%6 G

mperial Valley, CA, 15 October 1979 Cerro Priet 12.77 6.5
P Y, ctober erro Prieto 0153 NS
Imperial Valley 0.313 EW
El Centro, CA, USA 18 May 1940 Irrigation District 36.88 6.9 0333 NS
0.235 EW

Landers, Inland Empire, USA 28 June 1992 Joshua Tree 8.8 7.3
0.255 NS
. LA—Sepulveda VA 0.546 EW
Northridge, USA 17 January 1994 Hospital 9.555 6.7 0776 NS
0.533 EW

Pazarcik, Turkey 6 February 2023 Kahramanmaras, 47.31 7.8
4612 0.650 NS

Further, the response spectrum of the seismic records was determined using the Nigam,
N. and Jennings, P. method [60], and the median of these spectrums was obtained. This
procedure is developed to scale the selected seismic records to the maximum considered
earthquake (MCE) as FEMA P-58 [43] set by the non-linear dynamic analysis. For this
purpose, the intensity at MCE was evaluated using the extreme earthquake established in
the Venezuelan seismic code [42], where the level of seismic movement of the ground has
a 1.5% probability of being exceeded in a period of 50 years for the B2 importance group.
Details of the MCE for each type of soil, total response spectrum, and median spectrum are
shown in Figure 17.

2.00 1 = ME COVENIN 1756 SOIL D
== ME COVENIN 1756 SOIL E
== = MEDIAN

1:254

Tn [s]

Figure 17. Response spectrum of selected records and MCE deemed for soil D and E.
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FEMA P-58 [43] suggests that when the spectral shape of selected motions matches the
target spectrum well, relatively few records can provide a reasonable estimate of the median
response over building height. Figure 17 illustrates how most of the selected records have
a similar match with the MCE and within themselves. Regardless of the setting, at least
seven pairs of ground motions can be used.

5.2. Results of Non-Linear Dynamic Analysis

Figure 18 shows the results of the non-linear dynamic analysis regarding maximum
and minimum drift. In addition, the expected drift limit for frequent (SE), design (de),
and extreme (ME) earthquakes according to [42] are shown. This figure illustrates how
the obtained drift on soil D for a four-story model is more significant than soil E. Both
cases are greater than the fixed base case, especially for the Turkey earthquake, where
the drift is even over the MCE drift limit. Moreover, in a fixed base, most of the seismic
responses for other earthquakes are within the MCE drift limit. However, when SSI effects
are present, most seismic responses are out of the expected MCE drift limit and less for
non-Venezuelan earthquakes.

Furthermore, a notable increase in first-story drift is shown for the models, which
could indicate a soft-story failure mechanism. Likewise, a similar behavior for 8-story and
12-story models was obtained, mainly for the Turkey and Centro earthquakes, where the
structural collapse was reached for all cases. In this sense, the performance of the buildings
could not be satisfactory according to the performance objectives for earthquakes of these
magnitudes and frequency contents; the opposite point of what happens for earthquakes
such as Cariaco, Imperial Valley, and Northridge, where the dynamic drifts are within the
expected design limits, avoiding the collapse of buildings.

On the other hand, for high-rise buildings of 16-story, 20-story, and 24-story, the
soil-structure interaction effects in models supported on soil D reduce the dynamic drift
response. However, lower stories show a slight increase in the drift for structures supported
on soil E. In addition, structural collapse is reached for Turkey and Centro earthquakes and
the Managua earthquake, similar to low-rise buildings, by a soft-story failure mechanism.
Nevertheless, plastic hinges are initially formed in beams and later in columns. In this
sense, although soil-structure interaction causes a more unfavorable seismic performance,
the collapse mechanism did not change.
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Figure 18. Maximum story drift of non-linear dynamic analysis for soil D and E.
Moreover, the response in terms of maximum dynamic base shear is shown in
Figure 19, denoting a significant decrease in the base shear due to soil-structure inter-
action effects, special to soil E. Nevertheless, instead of the structure members being less
solicited, the inter-story drift plots’ suggests that the elements’ plastic deformation increases
as their capacity and performance decrease. In addition, if soil-structure interaction is
deemed, the minimum base shear specified in [42] could not be satisfied.
4-Story model
B Rigid Max
10000 4 W Flex Soil D Max
I Flex Soil E Max
W Rigid Min
BN Flex Soil D Min
BN Flex Soil E Min
5000 q
z
=
I
<
£ 0
175}
2
<
-]
=5000
—=10000 4
Car‘iaco Man‘agua Imperial Vlalley 1979 Cel‘)tro Lax;der Non.l;ridge Turi(ey
8-Story model
30000 . Rigid Max
BN Flex Soil D Max
BN Flex Soil E Max
20000 - B Rigid Min
B Flex Soil D Min
BN Flex Soil E Min
10000
<
-] i
;o =u Bl
%
2 —10000 {
<
=]
—20000 4
=30000 4

Cariaco Managua  Imperial Valley 1979 Centro Lander Northridge Turkey

Figure 19. Cont.



Buildings 2023, 13, 1694

32 of 39

12-Story model

200000

—200000

—400000

Base Shear [kN]

—600000

—800000

Cariaco Managua  Imperial Valley 1979

Centro

Lander

16-Story model

Northridge

Turkey

40000 1

Base Shear [kN]

20000
) -
—20000 1

Cariaco Manlagua Imperial Vlalley 1979

Centro

Lar;der

20-Story model

Non};ridge

Turkey

80000 -

60000

Base Shear [kN]
3 B
i=3 (=3
=3 i=3
i=3 (=3

=] =} =1

—20000 1

—60000 4

Cariaco Managua  Imperial Valley 1979

Figure 19. Cont.

Centro

Lander

Northridge

Turkey

Rigid Max
Flex Soil D Max
Flex Soil E Max
Rigid Min

Flex Soil D Min
Flex Soil E Min

Rigid Max
Flex Soil D Max
Flex Soil E Max
Rigid Min
Flex Soil D Min
Flex Soil E Min

Rigid Max
Flex Soil D Max
Flex Soil E Max
Rigid Min

Flex Soil D Min
Flex Soil E Min



Buildings 2023, 13, 1694 33 of 39
24-Story model
B Rigid Max
I Flex Soil D Max
B Flex Soil E Max
100000 BN Rigid Min
B Flex Soil D Min
Bl Flex Soil E Min
z
=% 50000 1
St
<
%}
=
wn
3
==}
—50000 -

T
Cariaco

Managua  Imperial Valley 1979 Centro Lander Northridge Turkey

Figure 19. Maximum base shear of non-linear dynamic analysis for soil D and E.

5.3. Simplified Non-Linear Analysis (SPO2IDA)

FEMA P58 [43] allows the simplified non-linear analysis to determine the collapse
acceleration as incremental dynamic analysis approximation. This methodology was
developed by [62] and based on the non-linear static analysis to identify the sequence of
components yielding to a deformation at which collapse is judged to occur. In this sense, it
uses static pushover analysis (SPO) results and a library of empirical fitting coefficients for
the different branches of the idealized SPO backbone. Thus, it permits the quantification of
structural performance up to structural collapse as a function of seismic intensity simply
and efficiently [63].

This methodology has been developed mainly for ductile structures that can be suf-
ficiently represented by a pushover curve with a certain ductile post-yield hardening
followed by a post-peak degradation. This behavior is quite representative of ductile con-
crete and steel moment frame buildings and has resulted in the tool being widely adopted.
Figure 20 illustrates an example of the application of the SPO2IDA tool [63], where the
spectral acceleration of the vertical axis is in terms of SDOF yield acceleration and a trans-
formation factor (I') for a 4-story model supported in soil D. This spectral acceleration
is obtained by each percentile of 16%, 50%, and 84% to decrease the uncertainty of the
approximation. In addition, the horizontal axis expresses the ductility of the structure;
hence, the collapse acceleration can be determined using the ductility computed in the
non-linear static analysis.

Table 11 summarizes the SDOF yield acceleration, computed collapse acceleration,
and the determinate collapse margin. The 50% percentile was deemed to collapse accel-
eration calculations because the FEMA P-58 [43] established a median collapse intensity
as the collapse intensity. The results illustrate that a higher strength-reduction factor than
considered initially by [42] is needed to achieve a successful performance. Furthermore,
the soil-structure interaction effects show decreased collapse acceleration and structural
performance due to the base flexibility.
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Figure 20. Application of SPO2IDA tool for 4-story model supported in soil D.
Table 11. Summary of SPO2IDA results.
Model SDOF Yield Acceleration, Say [g] Strength Factor Median Collapse Acceleration [g]
ode Fixed Soil D Soil E Fixed Soil D Soil E Fixed Soil D Soil E

4-Story 0.7803 0.7739 0.7745 4.44 5.03 4.96 4.7198 5.30312 5.23338
8-Story 0.5413 0.5253 0.5316 4.24 3.74 3.74 3.28683 2.81353 2.84728
12-Story 0.7444 0.7442 0.7212 3.59 3.45 3.10 3.8483 3.69728 3.21945
16-Story 0.3800 0.3781 0.3773 3.41 3.14 3.00 1.88486 1.72704 1.64619
20-Story 0.3451 0.3365 0.3419 4.69 1.01 4.28 2.3683 0.49729 2.14153
24-Story 0.3184 0.3164 0.3151 3.45 1.01 4.01 1.61398 0.46963 1.85692

Moreover, the results indicate that the application of [63] seems to not be representative
of the performance of tall buildings in this case for the 16 and 20-story models, where the
collapse accelerations, especially in soil D, do not seem to be consistent with the results
obtained for the non-linear static and dynamic analysis. Figure 21 shows the collapse
fragility curves considering an uncertainty g equal to 0.6, as FEMA P-58 [43] suggests,
denoting how soil-structure interaction decreases the seismic performance, especially in
soft soils such as E. However, for 12 and 16-story models, a reduction of the collapse
probability is denoted. Finally, the results of fragility curves for 20 and 24 stories do not
follow a clear tendency in their behavior that allows conclusions about them. On the other
hand, the fragility curves for 20 and 24 stories models in soil D were obtained from the
SPO2IDA tool, where the median collapse acceleration obtained does not follow a clear
tendency in the structural behavior as the other archetypes. Therefore, this article is not a
representative result, and other methods, such as IDA, are necessary to obtain the median
collapse acceleration and a new fragility curve.
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Figure 21. Collapse fragility curves obtained from the SPO2IDA tool.

Finally, the result of this research follows a similar tendency with previous research
detailed in Section 1, even though the context of the studies is different. Similarly to the
results obtained in [19-21], an increase in the inter-story drift is denoted for both scenarios
of soil types analyzed. Likewise, a decrease in the base shear is shown similar to the
results obtained in [23,61] due to the flexibility given from inertial effects and the additional
damping from kinematic effects. Regarding the performance evaluation, the investigations
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developed by [24-26] based on non-ductile RC moment frames showed an increase in
the collapse probability of the fragility curves by incorporating inertial SSI effects. In the
present research, this effect is evidenced for RC moment frame buildings instead of the
buildings designed as ductile, and different foundation systems are employed. Compared
with previous studies, the present study shows that seismic design factors differ from
the nationally and internationally recommended normative values when SSI is present.
Therefore, the seismic performance of RC moment frames in Venezuela and Latin America
may require more stringent design assumptions.

6. Conclusions

In this research, the influence of the soil-structure interaction in terms of design
response and structural performance was assessed for six archetypes of 3D buildings
designed according to the new Venezuelan seismic code. Numerical models were developed
using SAP2000v24.2 software, and foundations were designed using SAFEv20.3 software
supported in soils type D and E regarding seismic code. In this sense, inertial soil-structure
interaction was deemed using an explicit model of the mat foundations supported on non-
linear compression springs, and kinematic SSI was considered using the ASCE-7 method.
Furthermore, response spectrum analysis was employed to determine the design response;
posteriorly, non-linear static and dynamic analyses to evaluate the seismic performance
following the recommendations of FEMA P-58 for a fixed base and flexible base for both
types of soil were used. The main conclusions of this study are listed as follows:

1.  The flexible foundation models evaluated using spectral modal analysis reached
higher drifts than the rigid foundation models. This is due to the flexibility induced
by the foundation system at the base. However, the stresses are lower when the
flexible foundation is considered; therefore, it is recommended that the designs be
performed with a rigid foundation and the drifts verified with a flexible foundation;

2. A maximum reduction of the design base shear was around 6.36% for the 4 stories
archetype due to kinematic SSI effects. However, this reduction decreases as the
period of the structure or story levels increases, reaching average reductions of 1.5%;
a few kinematic effects were significant for design purposes;

3. The capacity curve in flexural base models achieved a slight reduction in strength
and stiffness compared to rigid base models. However, the performance point in
the flexural-based and rigid-based models without demand reduction due to inertial
interaction reached very similar values. On the other hand, the models considering
the demand reduction proposed by ASCE reached a better performance point due to
the effects of kinematic interaction;

4. The flexible-based models subjected to earthquakes scaled to the MCE reached drifts
much higher than those established in the Venezuelan seismic code. Even fixed-base
models reported drifts greater than the normative drift for the Managua and Turkey
earthquakes in the case of high-rise buildings. Therefore, it is not possible to avoid
collapse mechanisms in the archetypes evaluated for these earthquakes;

5. The fragility curves using SSI effects show that the probability of collapse increases
compared to the cases of buildings analyzed with a fixed base. However, for the
24-story archetype, the fixed-base model reached a maximum probability of collapse;

6.  The collapse mechanisms in the archetypes with fixed and flexible bases developed
plastic hinges in beams mainly and, in very few cases, hinges in columns, the latter
for the Turkey and Managua earthquakes. Therefore, the use of SSI does not affect or
modify the failure mechanisms of the structure;

7. In comparison with previous studies where footing foundations were analyzed, this
study demonstrated that the SSI effects could be mitigated when mat foundations
are employed;

8.  The authors consider necessary a clear procedure for verification of the drift story
ratio SSI. However, for design members, a fixed base model is more conservative and
safe because greater design forces are obtained;
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9. A new proposal for the reduction of the strength-reduction factor (R) must be in-
corporated into the Venezuelan seismic code to improve the safety of the structures.
Limitations in the use of RC moment frames must be incorporated for high-rise
buildings since, as the present work demonstrates, for high-period structures, the
normative provisions are not reached;

10.  Soil-structure interaction considerations must be considered mainly in terms of in-
ertial interaction for design purposes so that maximum amplified deformations can
be controlled;

11.  Other structural systems, soil types, water conditions, pile foundations, irregular
structures, and explicit finite element soil models could be incorporated to analyze
the effects of SSI in Latin American buildings, as suggested for future research.
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